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Diffractive Hard Scattering
Summary Report of the Working Group

H. Abramowicz®, J. Bartels®, L. Frankfurt®. H. .]ungd

¢ Raymond and Beverly Sackler Faculty of Exact Sciences
School of Physics and Astronomy

Tel-Aviv University, 69978 Tel-Aviv, Israel

* University Hamburg, FRG

¢ St.Petersburg Nuclear Physics Institute, Gatchina, Russia

4 CEA, DSM/DAPNIA, CE - Saclay, Gif-sur-Yvette, France
(now at Physics Department, University of Lund, Lund, Sweden)

Abstract: This report discusses the role of hard diffractive scattering in probing
new QCD phenomena expected at HERA. Within this framework it summarizes the
contributions made to this workshop which cover both theoretical investigations and
experimental feasibility studies.

1 Importance of Hard Diffractive Phenomena

Diffractive processes in deep inelastic scattering (DIS) of leptons with protons at small z and
large Q? offer a unique opportunity to probe the QCD color dynamics in the intermediate
region between asymptotic freedom and confinement. The very presence of a large fraction of
diffractive like events at high Q? is a signal for the interplay of hard and soft QCD phenomena.
In the language of color dynamics two effects are expected to play an important role, color
transparency (color screening) for systems consisting of quarks and gluons contained within a
small size configuration and color opacity for large size configurations. The interactions of small
size configurations lead to reactions dominated by hard processes with a cross section rising with
energy while the interaction of large size configurations is dominated by soft processes. The
ability to separate clearly these two regimes is essential for testing QCD both at a quantitative
and qualitative level. In particular the following issues can be addressed:

o The dynamics of compact systems, color transparency and perturbative color opacity. The
appearance of a new class of hard diffractive processes calculable in QCD is expected,
3" +p— X +p, where X is a longitudinally polarized vector meson or a system consisting
of two high pr jets. If confirmed experimentally, this would lead to a direct determination
of the gluon distribution in the proton as well as the distribution of bare quarks within
the vector meson.
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e QCD predictions for the high momentum behavior of wave functions of hadrons consisting
of light quarks and QCD physics of heavy quarkonia. In this respect the big advantage
of hard diffractive processes is that they have large cross sections and provide a variety
of new information.

Violation of DGLAP evolution equation. Theoretical estimates suggest that the increase
of parton densities at small z will slow down and that this effect can be observed at HERA
in hard diffractive processes, in the measurements of the proton structure functions at
moderate %, as well as in the measurements of the structure functions of nuclei.

o Semi-classical approximation to high energy interactions. In the limit of strong color
fields which are typical in the HERA kinematical regime, new developments and tests of
the semi-classical approach are possible.

Let us repeat that, in order to test and improve our understanding of QCD, it is important
to separate small and large size configurations in the diffractive final state. The two regions are
described by quite different dynamical mechanisms. On the other hand, the diffractive structure
function is an inclusive quantity which contains an integral over the final state configuration.
From a theoretical point of view, therefore, this structure function is more difficult than some of
the individual final states. This is why in this report the inclusive diffractive structure function
can be discussed only after having analysed the small and large size final state configurations.
This is quite in contrast to the experimental point of view: inclusive measurements of the
diffractive cross section are easier to perform than the measurement of final states e.g. the hard
di - jet events.

The outline of the report is the following. The second section gives a glossary and notation.
The third section is devoted to the introduction of the theoretical framework which allows
to understand the role of hard diffractive processes in testing the mechanism of high energy
interactions in perturbative QCD and beyond. The experimental prospects for measuring the
properties of the suggested large rapidity gap processes are then discussed in section 4. Section
5 outlines the expected theoretical implications and their significance for understanding the
role of QCD in high energy processes.

2  Glossary and Notation

In the course of the presentation we will use a customary notation for variables used in describing
deep inelastic and diffractive phenomena. For convenience we define them once for all in this
section.

In the process (the momentum vectors are given in brackets):
e(l)+p(p) =€)+ X +p'(p))

the center of mass energy squared is given by: s = (I + p)?. The center of mass energy squared
of the hadronic system is given by:

. b . 1
W’:(q-{-p)z=—Ql+2pq+mf,=Q2(;—l)+mﬁ,
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with ¢ = (qo.q) and Q* = —¢? being the 4 - momentum of the virtual photon. The Bjorken
variable z is given by:
2
@

= o
with p being the 4 - momentum of the incoming proton.

For the description of the diffractive interactions we use X to denote the final state corre-
sponding to the photon dissociation. If also the proton dissociates we denote its state by Y to

indicate that it is still separated from the state X. The kinematical variables are given in the
following. The square of the momentum transfer at the proton vertex,

t=(p-p),

where p' is the 4-momentum of the outgoing proton. In the more general case of proton
dissociation p' should be replaced by the 4-momentum of the outgoing system Y.

The fraction of the proton momentum carried by the Pomeron is:

_(p=p)qg_ Mi+Q -t

2 —
2 Pq WiyQ?—m?'

where My is the invariant mass of the hadronic system produced as the outcome of photon
dissociation, and m, stands for the proton mass. For large Q* and W? the influence of ¢ and
m, on zp is negligible. It should be noted that the subscript /P may not always be adequate,
although it still make sense to talk about the fraction of proton momentum in the interaction.
This is particularly true for models where there is no object such as a Pomeron.

In analogy to = we define 7 as the Bjorken variable related to the Pomeron,

e & _ Q'

Here again t is only included for completeness.

In the splitting of the photon into a ¢g we will denote by =z the fraction of the photon
momentum carried by one of the quarks of the pair, and by k; their transverse momentum
relative to the photon direction. The transverse momenta of jets in the final state are denoted
by pr.

3 Theoretical framework

This section reviews the theoretical ideas discussed during this workshop pertaining to the
hard diffractive scattering and its potential in clarifying and exploring the properties of QCD.
It is not meant to be a complete review of all the phenomenological activities developing very
dynamically in this area of research. Its main purpose is to outline the fundamentals of QCD
that can potentially be probed in diffractive processes.
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3.1 Classification of high energy processes

In order to understand the issue of the interplay of hard and soft physics in high energy processes
it is fruitful to classify them according to the number of involved scales [1].

Soft QCD - Physics of the Pomeron: Soft hadron collisions are usually considered as pro-
cesses with one scale &~ 1 fm. At high energy these processes have been successfully
described by Pomeron (2, 3] exchange or by Pomeron cuts as advocated since the sixties
and seventies [4] (for a review see [5]). The basic feature of this class of processes is
the Pomeron pole factorization, by which we mean that at high enough energy the en-
ergy dependence of any hadronic cross section should be given by a universal Pomeron
trajectory. With a universal Pomeron the ratio of single to double diffractive cross sec-
tions is independent of the projectile [6, 7]. This universal trajectory of the Pomeron
described by a(t) = ag + a’t with ag = 1.08 and o’ = 0.25 GeV~* [§] gives a reasonable
phenomenological description of the energy dependence of cross sections. The universal
energy dependence of cross sections is also natural in the semi-classical approximation
of [9] to quantum field theory.

Hard QCD evolution: The second class consists of hard processes which are determined by
two or more different scales involved in the interaction. Deep inelastic lepton scattering
off protons as well as all hard diffractive processes belong to this class. The hard scale is
supplied by the virtuality of the photon or jets and the soft scale on the proton side is
determined by its size of ~ 1 fm.

In order to be able to use perturbative QCD, it is important to prove that the short
distance physics factories from the soft one. For the total cross section and for special
hard diffractive processes this is achieved using the factorization theorem in QCD which
leads to the DGLAP equations describing the evolution from the large Q* scale to the
scale of soft QCD processes. The soft physics (and in particular the soft Pomeron) then
enters the boundary conditions to these equations.

The characteristic feature of two scale processes is the violation of the Pomeron pole
factorization. In hard processes at high energies one may observe different energy depen-
dences for different external particles and that the energy dependence may change as 0?
changes. Thus to avoid confusion the word Pomeron will be used in this report for the soft
QCD processes described by a universal trajectory, as it has been originally suggested.

BFKL evolution In its original form the BFKL equation is derived assuming a small but fixed
value of the strong coupling constant. The scale of a, is that of the external particle, e.g.
for onium-onium scattering the scale is defined by the heavy quark of the onium state. The
BFKL approximation therefore applies to processes with one large momentum scale. At
HERA, a clean test of BFKL would be provided by the measurement of high-pr forward
jets, with p2 &~ Q?, in low-z deep inelastic scattering, as suggested by A.Mueller [10].

Whether the BFKL can be used for predicting the z dependence of the gluon structure
function at small z is a topic of heated debate: the structure functions have not only
the scale @2, but, through the initial conditions, also contain the hadronic momentum
scale, and therefore do not provide a clean BFKL application. In deep inelastic diffractive
scattering, a promising place to look for the BFKL Pomeron is semi-inclusive diffractive
vector production 4% +p — V + X with a large momentum transfer {.
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Color transparency and Perturbative Color Opacity: Color transparency is a phenome-
non which describes within QCD the interaction of a small size color neutral parton con-
figuration with a hadronic target. The essence of color transparency is expressed in the
formula [11, 12, 13] which follows from the factorization theorem for hard processes in

QCD.

: ey | F? ‘
of = ‘Za,rrzbszr (T) zGr(x,9/b%), (1)
where b is the transverse separation between the ¢g system, [? is the Casimir operator
of the SU(3) color group and G stands for the gluon distribution in the target.

The name derives from the fact that high energy processes are dominated by gluon ex-
changes and that the cross section for a small configuration is proportional to its size
in the impact parameter space (color screening). The decrease of the cross section with
decreasing size is partly compensated by the known increase of the gluon density. At
fixed size b the cross section increases with increasing energy. At very high energy, when
the number of gluons becomes very large, the interaction cross section also becomes large
and that leads naturally to perturbative color opacity. Both phenomena are particularly
relevant for photon induced high energy interactions as the photon fluctuates into a qq
pair and most of these fluctuations lead to a small size, large relative k; quark pair where
the partons screen each other. An important consequence of color transparency is that
in the region of its applicability initial and final state interactions are suppressed. Color
transparency and perturbative color opacity phenomena can be used to probe the diffu-
sion of a small size configuration into a normal hadron size. This diffusion is characteristic
for quantum field theory phenomena and is one of the sources of leading twist nuclear
shadowing at small z. At sufficiently small & the impact parameter unitarity condition
and perturbative color opacity put dynamical limit on the region of applicability of ex-
isting pQCD methods to hard processes. In this respect color transparency and color
opacity are new phenomena, on top of perturbative QCD.

A few more words might be in place about the BFKL approximation in the diffractive
structure function. It is immediately clear that the use of BFKL approximation across the
rapidity gap faces the same problem as for the gluon structure function, i.e. it has two scales:
the hadronic scale at the coupling to the proton, the other scale characterizing the diffractive
system at the other end of the Pomeron. In addition, this latter scale is not necessarily the same
as the photon virtuality Q*. It rather depends upon details of the final state of the diffractive
system. As for the diffractive structure function, it has recently [14] been observed that. as
a result of its built-in diffusion mechanism. the BFKL itself pushes this upper scale into the
infrared region, i.e. into a region of phase space where non-leading corrections to the BFKL
approximation are expected to be large.

Beyond these more subtle difficulties in the application of the BFKL approximation to multi-
scale processes it is also not clear whether in diffractive dissociation at HERA there is enough
phase space available for building up the power-law behavior expected from the BFKL equation.
Namely, in order to achieve a multi-Regge type regime in which the BFKL approximation is
valid, i.e. where only small correlations between the subsequent parton emissions exist, the
rapidity interval available for radiation has to be large. Let us estimate the effective order of
terms containing In 1/z within the kinematics of HERA. The interval in rapidity covered by
HERA is Ay =1Inl/z +InQ/m ~ 12. A typical correlation length in rapidity space between

639

particles in multi-particle interactions has been measured to be of the order of 2 to 3 units
in rapidity. Thus the photon and proton fragmentation regions will occupy typically about 5
units of rapidity. In the multi-Regge kinematics the rapidity interval between adjacent partons
should be greater than the typical correlation length. Thus assuming a rapidity separation of
3 units, the BFKL ladder at HERA may contain not more than 2 to 3 steps. In the DGLAP
evolution or within the multi-peripheral pQCD kinematics the ladder can be somewhat longer.
It is thus not clear whether there is enough phase space available at HERA for building up
the power-law behavior expected from the BFKL equation. To unambiguously observe the
BFKL asymptotics it is necessary to find a trigger which ensures only one hard scale. Such
a kinematical condition will prevent the impact parameter space evolution to larger sizes and
will facilitate the search for the behavior predicted by the BFKL approximation (see above).

In reality, the distinction between these four types of physics is not always clear. For
example the spatial size of known hadrons varies from the proton having a radius of ~ 0.8 fm
to the T whose radius is = 0.1 fm. Thus the J/u or T scattering of a proton belongs, in a
wide kinematical range, to the second class of processes [15]. However, with the increase of the
energy of these interactions (i.e. in the Regge limit) the soft regime would dominate in most
of the rapidity space as a result of diffusion from the large scale provided by the mass of the
heavy vector mesons to the scale of soft QCD processes.

3.2 The physical picture underlying LRG events

The interest generated by the observation in DIS of a significant proportion of events with large
rapidity gaps (LRG) in the hadronic final state is easy to understand within the pQCD wisdom.
In perturbative QCD [16. 17] the probability for a gap to occur is Pyap ~ exp(—Ayw), where
Ay is the length of the gap in units of rapidity and

Qinaz a,(k?)

@ ki

w= N, dk?, (2)
where N. = 3. At low Q2. w is of the order of unity and it increases with @*. Of course
the lower limit of integration is sensitive to non-perturbative physics and thus in practice the
numerical value of w is uncertain. However one expects an exponential suppression of large
rapidity gaps and this fact is reproduced in the MC generators for DIS events. In the Lund
Model the confinement forces produce quark-antiquark pairs which fill the rapidity gap [18].

This apparent contradiction stimulated interest in the role of non-perturbative "color re-
arrangement” QCD effects in the final states. Models [19, 20] have been suggested where
LRG events arise as the result of non-perturbative random soft color interactions between the
ejected parton and proton remnants (hard radiation is accounted for using pQCD methods).
Within these models the ratio of cross section for diffraction in DIS to the total cross section
is expected to weakly decrease with increasing Q*. The decrease of this ratio with Q? seems to
be a model independent prediction of QCD since as Q? is increased at fixed z, the radiation
region will expand to fill up the whole phase space and LRG events will be suppressed. The
model of [20. 21, 22], in which the perturbative phase of radiation is described by the DGLAP
evolution is capable of describing the gross features of the data on diffraction in DIS. However
QCD radiation in terms of a BFKL type approach has been found to lead to much larger ra-
diation [23]. It seems that the probability of gap survival in the production of high py dijets

640



separated by a large rapidity gap can provide an effective testing ground for these ideas. Such
processes have been observed by ZEUS [24], CDF [25] and DO [26].

It is of interest to consider the deep inelastic processes at small z in the reference frame
where the proton is at rest, a relatively new idea in QCD. In fact, this approach is closer to
the theoretical ideas formulated in 1970’s for generalizing the then more familiar model of vec-
tor meson dominance to the parton model. In principle, the target rest frame description is
equivalent to the Breit frame description of Feynman in which the photon has no structure.
The difference in the interpretation reflects the fact that the time interval is not Lorentz in-
variant. Obviously it is only the space-time interval which is Lorentz invariant. However the
QCD formulae for the hard diffractive processes clearly reveal the equivalence between both
approaches.

In DIS, in the proton rest frame, the virtual photon fluctuates into a quark-antiquark pair
at distances . = 1/2m,z upstream from the proton (of mass m,). A formation or interaction
length can be measured when the cross section depends on the masses of the interacting parti-
cles [27]. The existence of a large interaction length in DIS has been established by Toffe 28, 29]
based on the decrease of the total cross section with %, Theoretically such an interaction length
is a basic property of the parton model- 'ladder diagrams’ which dominate the pQCD regime.
At fixed = when Q? increases pQCD cascades tend to be relevant for most of the phase space of
the final state. In this case the interaction length is a measure of the spatial distances occupied
by perturbative QCD in DIS.

In the HERA energy range “macroscopic” interaction lengths of up to 1000 fm can be
reached, while fixed target experiments reach at most [. ~ 10 fm; in other words, in the HERA
kinematics, it is a quark-antiquark pair rather than a photon that interacts with the proton.
This knowledge has deep implications for the existence of coherent phenomena in DIS at low
z [30] and is the reason why from now on the interaction length will be called coherence length.

Semi-classical calculations of the space-time evolution of a g pair created with size 1/Q* at
the origin show that the transverse size b of the ¢ pair upon arrival on the target is b* ~ 1/k}
[31, 32, 33] where k; is the transverse momentum of the quarks from the photon. Thus DIS at
small z probes the interaction of different quark configurations in the photon wave function with
the target. This observation helps to establish the equivalence between the parton model and
the proton rest frame description which is in essence the “aligned jet model™ (AJM) [31, 32, 33]
for DIS. In the AJM the large k;, qq configurations of the virtual photon are inactive and
the interaction occurs predominantly through ¢g pairs with small relative k;, with one of the
constituents carrying practically the whole of the projectile momentum. This assumption is
necessary to reconcile Bjorken scaling with the laboratory frame description and to avoid the
Gribov unitarity limit [34] saying that o(4"N) would be independent of Q? or even increase as
In Q?, if all quark-gluon configurations were to interact with the same cross section.

These quark-antiquark pairs with large transverse separation, resulting from an asymmetric
sharing of the photon momentum generate a strong color field and behave essentially like
hadrons. Thus both the parton model and the AJM naturally predict a large leading twist
cross section for diffraction in DIS - similar to that observed in soft hadronic interactions.

The modeling of diffraction with the AJM approach [33] has been implemented in the
NIKZAK generator [36] and gives a fair agreement with the data. LRG events can also be
reasonably well described in terms of diffractive interactions as given by a phenomenological
Pomeron exchange. The basic idea is that the Pomeron has a parton content which can be
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probed in hard scattering processes [37]. This approach is realized in Monte Carlo generators
such as POMPYT [38] and RAPGAP [39]. We want to stress that the contribution of naive
AJM- configurations of quarks having transverse momenta k, < /@7 is suppressed in QCD by
Sudakov type form factor. This suppression is compensated to a large extent by bremsstrahlung.
Thus within QCD the number of jets in the photon fragmentation region should increase with
increasing Q? [40].

The g configurations with sufficiently small transverse separation in space, i.e. with large
relative transverse momenta, interact with a hadronic target, 7', with a small cross section given
by eq. (1). The presence of the gluon density in eq.(1) Gr(z,9/b?) shows another distinctiv.
property of the dynamics of small objects - small objects interact with small cross section
which however increase fastly with energy due to the evolution of partons in the target. The
presence of the gluon structure function Gr(z,9/b%) distinguishes eq.(1) (derived in QC'D)
from a similar equation suggested within the constituent quark model of hadrons for quarks
interacting through two gluon exchange [41, 42, 43].

For the small gg configurations diffractive scattering is driven by two gluon exchange. It is
important to consider the suppression of gluon radiation from the pair of exchanged gluons. The
issue is the coherence in the radiation from a color neutral system when the color charges are
almost at the same impact parameter. In this case radiation of gluons with small transverse
momenta is known to be suppressed [44, 45] since such a gluon can not resolve a colorless
object. Radiation of gluons with large transverse momenta is suppressed by the smallness of the
coupling constant. This reasoning is directly applicable to hard diffractive processes initiated
by small size q§ pairs where the exchange of a colorless pair of a hard and a relatively soft
gluon can be calculated in QCD. These processes are still of a leading twist type because QCD
factorization theorem is modified for processes with diffractive final states [46]. The smallness
of the relative impact parameters is the property of QCD evolution. The amplitude of processes
with large rapidity gap is generally suppressed due to the fact that all color exchanges have to
be at the same impact parameter.

To summarize the following scenario emerges for the energy dependence of hard diffractive
scattering. In the soft QCD regime, the parton model predicts the usual Pomeron type behavior
somewhat modified by Q? evolution. In QCD, in contrast to the parton model, the contribution
of qg pairs with small relative distances b, (large relative momenta k;) is only suppressed by
a,/k? but their interaction cross section increases quickly at small z. Thus, due to the presence
of the so called anomalous photon contribution. o,y may increase faster with W? as compared
to cross sections for hadron collisions since the probability of small configurations in the wave
function of a hadron is significantly smaller than in the photon wave function. This physics is
naturally incorporated in the models for the production of qq pairs from a gluon field [40, 47).
Calculation of these diagrams leads to a reasonable interpolation formulae between soft and hard
QCD. For the small transverse momenta configuration this approach is more or less equivalent
to the AJM. At large transverse quark momenta these diagrams lead to high pr dijet production
calculable in QCD. The smooth matching of the contributions of these two types of physics
predicts the violation of universality of the intercept and of the slope of the “effective Pomeron™.
At large 3, small diffractive masses, the result may become closer to that characteristic for the

pQCD regime [30, 48].

Finally, a few words should be said about the possibility of observing deviations, in the cross
section given by eq.(1) at small z, from the DGLAP evolution equations (often referred to as
“ saturation effects®). There is very little doubt that the DGLAP-predicted small z behavior
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of the gluon distribution cannot be correct for arbitrarily small z; similarly, also the BFKL
approximation needs larger and larger corrections when z becomes very small. Qualitatively
we expect these corrections to tame the increase at small z. The observation and theoretical
understanding of such unitarization effects is widely considered to be one of the main challenges
of low z physics. Empirically we know that the rate of the increase of the gluon structure func-
tion at small x changes with the transverse size of the g pair: for small b* we observe a stronger
increase and, most likely, will have to go to smaller z before we can see the onset of corrections,
whereas for larger sizes of the ¢q system we move into the regime of the non-perturbative (soft)
Pomeron with very strong corrections already at not so small x. Hard diffractive scattering,
which, at fixed small z, allows to probe different ranges of b, therefore offers the exciting
possibility of observing the onset of deviations from DGLAP evolution. Compared to F;, these
corrections should become visible already at larger values of r, i.e. at HERA hard diffractive
scattering may be the most promising way of addressing this fundamental issue!

3.3 How to distinguish between Soft and Hard Diffractive Processes

Let us now highlight the features that can differentiate between soft and hard QCD diffractive
processes. For simplicity let us parameterize the elastic or diffractive cross section for ¥*'p in
the form

W2
i—‘: x Wi exp (B(,t +2a'ptln ) ; (3)

where as usual W is the c.m. energy of the ¥*)p collision and ¢ the momentum transfer at the
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proton vertex.

Energy dependence of the cross sections: The analysis of soft processes shows that n
is universal, determined to be n ~ 0.08 and o' ~ 0.25GeV' = [8]. These observations can be
interpreted either as evidence for the exchange of a Pomeron with small re-scattering effects [49.
50] or by saying that the observed behavior is a combination of a Pomeron with n > 0.2 and
big re-scattering effects [51, 52]. In the latter case the effective W dependence is expected to
vary from process to process.

For the hard diffractive processes we have do/dt = [2G,(z,Q%;;]* where Q2 depends
on the process (for a discussion see [53, 12, 54]). For the vector meson production Q7,, =
Q*(b1)/(b}:) < @* [55], for diffractive dijet production Q7,, = p3/(1 — 3) > p} [56, 57, 58]
(for the same process within the constituent quark model of the nucleon see also [39]). The
quantity (b}) is the effective size of the ¢ pairs in the diffractive production of vector meson
V while (b7) is the effective size of qg pairs in the total cross section for the longitudinally
polarized photon. Thus cross sections of hard diffractive processes should increase with W
considerably faster than the soft ones with a scale dependent power as dictated by the QCD
evolution equations. Hard diffractive physics corresponds to the limit when both In@Q?* and
In(1/z) increase at the same time. At fixed Q% and M%} (Pomeron type kinematics) and at
sufficiently small = the energy dependence of cross section should be again dominated by soft
QCD.

The BFKL approximation predicts an even faster increase with energy of the cross sections
for the hard diffractive processes, but taking into account energy conservation and coherent
effects in radiation tends to diminish n [60, 61, 62, 63].
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Higher twist hard processes should be specially enhanced in the diffractive production of
states with masses Q* > M} and in the processes initiated by longitudinally polarized photons.

t dependence of the cross sections: The energy dependence of the slope B of the ¢ distribu-
tion ~ exp(Bt) and its universality is a sensitive probe of soft and hard QCD [30, 64]. When soft
QCD phenomena dominate B is expected to increase with energy B, = B, +2a'p In (W?/s,),
where ap is the slope of the vacuum pole as given above. Within the HERA kinematical range
the slope should change typically by 2 units if indeed soft QCD dominates. [65]

In the hard QCD regime one expects o’ = 1/Q? and s, ~ Q*. Also the value of B, should
be significantly smaller for hard diffractive processes compared to the soft ones. For p meson
photo-production the measured value is B ~ 10 GeV~? [66] and is well understood in terms of
vector dominance model and the similarity between pN and 7N scattering. For hard diffractive
processes B should be significantly smaller since the scale of the ¢ dependence at the hard vertex
is given by Q. At small z it should be practically independent of W, B = B,, and the same for
all hard diffractive processes [30]. This seems to be not far from the current data on diffractive
electro-production of p, ¢ and in particular J/y mesons [67]. A unsolved question concerns the
kinematical region where Pomeron regime is restored in the limit of + — 0 and large but fixed
@* . The signature of this regime is a value for oy which should be the same as in the soft
hadron interactions.

Diffractive production of light quarks by transversely polarized photon is beyond the control
of hard QCD. and therefore its theoretical description is model dependent at present. One of the
ways to investigate the interplay of hard and soft QCD in such processes is to observe a difference
in the behavior of reactions initiated by transversely polarized photons as compared to those
initiated by longitudinally polarized photons: a larger value of the slope of the t dependence
and its noticeable energy dependence. Another feature of the soft diffractive processes is the
presence of maxima and minima in the ¢ dependence of the differential cross section which are
due to the interference between the impulse approximation and the re-scattering terms. For the
hard diffractive processes the re-scattering term should be suppressed. Thus for hard diffractive
processes such structures in the differential cross section should disappear with increasing Q2.

The phenomena discussed above can also be used to investigate the onset of deviations from
the DGLAP equation. Near the unitarity limit two phenomena are expected. a slowing down
of the increase of the parton densities with decreasing z and a fast increase with energy of the
t slope (significantly faster than for the soft regime) and its growth with ¢.

Diffractive charm production: Diffractive charm production may appear as an effective
probe of the hardness of the interaction processes [36, 58, 59, 68, 69, 70, 71]. If diffraction
is dominated by hard QCD and the masses of the quarks can be neglected, the fraction of
diffractive charm production is given by the ratio of the squares of the quark electric charges:
€2/ et =04. If soft QCD dominates in diffraction. for example by the exchange of two
soft non-perturbative gluons [68] or via boson gluon fusion with a gluon coming from a non-
perturbative partonic Pomeron a la Ingelman - Schlein [37], the production of charm is expected
to be smaller. An estimate of charm production can be obtained assuming a universal structure
of the Pomeron. For a typical transverse momentum of a quark in the soft QCD regime
of ~ 0.4 GeV and a bare mass of the ¢ quark of m. = 1.2 GeV, the ratio FB,I“,,.,,/F}U is
proportional to (4/9 - kZ/m?)/(6/9 +4/9 - k?/m?) =~ 0.07. A larger vield can be obtained if the
structure of the parton ladder relevant for the process depends on the channel. In reality the
expected yield of charm should be larger since QCD evolution leads to diffractive produ-ction
of high pr jets which should be enriched by charmed particles [36, 58, 59, 68. 69, 70] The
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first experimental indications are that charm production at HERA [72] is not small. Thus
the absolute value, the energy and ¢ dependence of diffractive charm production are sensitive
probes of interplay of soft and hard QCD.

Azimuthal distribution: Hard physics should manifest itself in very specific azimuthal dis-
tributions for the process € + p— > e + gqg+p [73, 74, 75]. The azimuthal distribution in
exclusive two jet production will be different for boson gluon fusion than for a two gluon ex-
change mechanism. Thus the study of azimuthal distributions should help in differentiating
between hard and soft diffractive physics.

Thus we conclude that the competition between soft and hard QCD requires attention in
the comparison between results of different groups and of different measurements of the same
group. This is because in the different kinematical ranges different physics may dominate.

3.4 Semi-classical approach to diffractive processes

In [69] a semi-classical approach to diffraction is proposed in which the proton is treated like
a classical background field. Working in the proton’s rest frame, the contributions of different
configurations of the ¢q pair in the virtual photon to diffractive and inclusive structure func-
tions are calculated. A physical picture emerges that is very similar to Bjorken’s aligned-jet
model. As the very fast partons of the pair pass through the proton they interact, essentially
elastically, with its color field, which is treated as a classical background field. This leads to
non-abelian eikonal factors in their wave-functions which allow the possibility of diffractive
scattering. Leading twist diffraction is dominated by the configuration in which one of the
partons in the pair carries most of the momentum of the photon and a large transverse dis-
tance develops between the partons by the time they arrive at the proton. Unlike the inclusive
cross section, it has no logarithmic enhancement at large Q*. The approach has a few features
similar to the more phenomenological model advocated in [19], in which diffractive events are
kinematically dominated by single gluon exchange and non-perturbative soft color interactions
allow the formation a color singlet final state.

In [76] the model is expanded to include an additional gluon in the final state. Leading twist
diffractive processes appear when at least one of the partons has a small transverse momentum
and carries a small fraction of the longitudinal momentum of the proton. The other two partons
may have large transverse momentum, i.e. they stay close together as they move through the
proton, acting effectively as one parton. This high k7 jet configuration produces the only
leading twist contribution to F{ at this order (which is constant) and In Q* enhancement of
FP. This signals that FP also has leading twist contribution from the confignration in which
the transverse momenta of the partons interacting with the target transverse momenta are
small. Phenomenologically one expects the ratio F¥/F; to decrease like 1/In Q*. There should
be fewer jets in F}?, since they appear only at order a,, than in F, where they appear at leading
order. In FP the leading twist diffraction appears at order a, which will be dominated by jets.

3.5 Hard diffractive processes calculable in QCD

It has been understood recently that hard diffractive processes, in particular elastic electro-
production of vector mesons by longitudinally polarized photons at large Q% v"+p — V +p,
and high pr dijet production. ¥* + p — q(pr)g(—pr) + p. are calculable in QCD. Although
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these processes are higher twist effects, QCD factorization theorem justifies factorization of
the hard blob from the soft blob [77]. The large interaction length at low = justifies the use
of completeness of hadron states produced in the intermediate step and as the outcome, the
calculation of the cross sections for the hard diffractive processes in terms of quarks and gluons.
Therefore, as for the deep inelastic processes, the scattering amplitude can be expressed by the
distribution of the gluons in the nucleon and in case of vector mesons by the bare quarks inside
the vector meson.

A feature particular to these new hard processes is that as a result of energy-momentum
conservation the fractions of proton momentum carried by the exchanged partons are not equal
[53, 46, 30, 78] leading to non-diagonal parton distribution. At sufficiently small = within
the leading a,Inz approximation of QCD the non-diagonal gluon distribution tends to the
diagonal one [79]. However this result could be valid even beyond this approximation since
it is the property of both multi-Pomeron [79] and multi-peripheral kinematics. Within the
leading a, In @? approximation the difference between diagonal and non-diagonal distributions,
at sufficiently small z, is calculable in pQCD because as a result of QCD evolution, in the
non-perturbative distribution, only partons with large fraction of the proton momentum are
important. The radiation from asymmetric gluons is a small correction since the gluons are
effectively at the same impact parameter. This is a particular case of Gribov's theorem [44]
which states that, as a result of gauge invariance radiation of vector particles with small pr
in high energy processes is predominantly from large distances and insensitive to the interior
structure of amplitude. For a colorless exchange only gluons with large pr can be radiated but
this radiation is suppressed by the smallness of the coupling constant. Thus there is a definite
possibility to measure the same gluon distribution in different hard diffractive processes.

The investigation of these processes will provide a novel information on the hadron structure
and on the space-time development of QCD processes at high energies. They offer the possibility
to measure parton distributions in hadrons in a new way, to establish the three-dimensional
distribution of color in hadrons as opposed to the one-dimensional one from the leading twist
phenomena and to check the predictions of QCD for the asymptotic behavior of the light-cone
wave functions of hadrons. This field is rather young, but progress in the theory and in the
experiment is rather fast.

The processes of this type which have been considered at this workshop are diffractive vector
meson production by longitudinally polarized photons, diffractive production of two high pr
jets, and large ¢ diffractive J/y production.

One of the striking experimental observations at HERA is the qualitative difference in
the energy dependence of diffractive photo-production of J/u meson as compared to electro-
production of p meson. This fact is in line with the significant high momentum tail of the
wave function of J/« which follows from realistic models of charmonium. As a result, in the
processes determined by the first power of charmonium wave function, color in the c¢ pair
is strongly localized. This explains the precocious applicability of pQCD to the diffractive
photo-production of J/4: [55]. This process is an effective probe of relativistic effects in the
charmonium wave function. The fact that such effects are large has been known long ago from
the calculation of QCD radiative corrections to the decay of J/y into leptons.

Other processes which have been considered are diffractive production of masses M* < Q*
[30, 80] and diffractive open charm production [68. 71, 58]. Both belong to a class of processes
where special care has to be taken for the contribution of the transversely polarized virtual
photon. The theoretical description of diffractive processes initiated by transversely polarized

646



photons is model dependent [81, 80]. This is because the contribution of soft physics is not
suppressed for such processes up to extremely large Q* where it becomes suppressed by Sudakov
type form factors.

The pQCD calculation of diffractive reactions initiated by longitudinally polarized photons
can in principle be applied to a more general case of low mass hadronic final states. However the
presence of crossed diagrams (4 gluon exchange) leads to the end-point, non-perturbative QCD
contribution which may spoil the predictive power of the calculation unless it is restricted to
the region of exclusive states with (1—73) < 12/Q* where p is a Q% independent hadronic scale.
This is not an issue for vector meson production as the end-point contribution is suppressed by
the the decrease of the wave function of vector mesons as ~ z(1 — z) or faster [30, 79].

3.6 Color transparency phenomenon and possible signatures

Not unexpectedly the low x physics and hard diffraction in particular indicate the importance of
color dynamics in QCD. It seems that certain aspects of hard diffraction are easier to understand
in the language of color dynamics than in the quark-parton language. The important starting
point is to view the deep inelastic scattering in the rest frame of the proton. As explained
earlier, in this frame the photon fluctuates into a g7 pair long before reaching the target. The
interaction of this photon with the target depends on the initial configuration of the ¢g. In
order to achieve scaling a la Bjorken, one has to assume that certain configurations. those in
which the pair of quarks have a large relative k7 are inactive [31, 32, 33] (this is the assumption
of the AJM).

In QCD the pseudo-neutrality of the large k, configurations is explained by the fact that
they occupy a small transverse area in which color is screened. It turns out that the interaction
cross section of such a small size configuration is not zero but proportional to the square of the
transverse distance between the partons and the gluon density in the target (see formula 1).
Thus the QCD corrections to scaling find a natural explanation. Since the interaction cross
section for a small size object is small this leads to the notion of color transparency (CT). CT
in QCD is the consequence of color screening and asymptotic freedom.

In low r processes (large coherence length) CT is expected when @Q* is large and its role
will increase with increasing Q. Albeit even at large fixed Q* when z decreases CT may
disappear. Due to QCD evolution the number of gluons increases with decreasing r and even
for an interaction of a small object the cross section may become very large and reach the
unitarity bound. Thus the regime of color transparency will lead to perturbative color opacity.
A way to enhance the role of CT is either to go to very large Q? or to select photons with
longitudinal polarization for which the gq tends to have a large relative k,. Note that the
picture which emerges in this language of color optics is very consistent with the one forged on
ideas of the QCD improved quark-parton model.

CT leads naturally to the appearance of hard diffractive processes where a color neutral
small objects traverses the target without disturbing it too much and reappears either as a
small mass diffractive final state (a vector meson in particular) or as a two jet configuration.
The fact that these interactions can be described as due to two perturbative gluon exchange
without form factor suppression requires further theoretical insight as explained in one of the
previous sections.
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One the consequence of CT is that the process of re-scattering of a small object within a
target should be suppressed and thus in general initial and final state interactions should be
suppressed in a wide range of high energy interactions (see discussion and references in [82]).
This striking prediction of QCD can be hardly understood in terms of pre-QCD ideas. This
is why CT phenomena are at present searched for at all high energy accelerators. Another
important role of CT is that it will allow to probe the onset of saturation expected at very low
I.

One of the recent experimental confirmations of ideas leading to C'T phenomenon is the
observation by H1 and ZEUS of a fast increase of cross sections of hard diffractive p, &, ¥» meson
production with decreasing x [79]. The slope of the ¢ distribution is also found to be smaller
compared to photo-production data. The E665 experiment at FNAL has found some evidence
for color transparency [83] in the p meson production. However, the data have low statistics,
cover a rather restricted range of r and Q? and cannot reliably separate events without hadron
production.

In the context of vector meson production a direct consequence of CT would be the disap-
pearance at large Q% of maxima and minima in the ¢ distribution which for soft processes are
due to the interference between the impulse approximation and the re-scattering terms.

The suppression of initial and final state interactions should be observed also in the diffrac-
tive processes in DIS off the proton. This is because at small r the initial and final state
interactions of the small size ¢¢ pair with proton remnants should be suppressed by an addi-
tional power of the size of the quark-gluon configuration b*. But there are no firm conclusions
to be drawn as yet.

A generic example of a process in which CT can be tested is the production of jets separated
by a large rapidity gap in photo-production. A real or virtual photon contains with a significant
probability an unresolved photon defined as a small size quark-gluon configuration where color is
well screened (anomalous contribution to the photon structure function and direct contribution
to the photo-production cross section). Hence C'T should be important in any process induced
by the contribution of the unresolved photon. If CT is a viable phenomenon the probability of
survival of large rapidity gaps between jets is expected to be higher for jet production initiated
by the unresolved photon contribution than for the hadronic component.

The gap survival probability P accounts for the soft interactions of the constituents which
do not participate in the hard process. The estimate of P for pp collisions within the eikonal
approximation has been made in [84, 85] and leads to the universal function of dimensionless
parameter: 7 where B is the slope of the t dependence of the scattering amplitude. The
universality follows from the fact that hard partons are concentrated at considerably smaller
impact parameters as compared to the soft ones [86]. The dependence of P on the projectile is
seen to be rather weak. Gluon radiation should be also projectile independent since its effects
cancel out in the ratio of events with and without large rapidity gap. Thus the expectation of
CT is very different from the above [86]. A significant difference in the gap survival probability
for projectiles of different size would have to be interpreted as evidence for CT,

The recent measurements of ZEUS [24] show a substantially larger gap survival probability
than observed in CDF [25] and DO [26]. In the kinematics of the ZEUS experiment one of the
jets carries a significant fraction (= 0.7) of the photon momentum. a configuration which favors
the direct photon contribution. This observation could well be the first experimental hint that
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small size configurations for which initial and final state interactions are suppressed lead to a
larger gap survival probability.

Th:ese data are in line within the assumption that color of a hard gluon can be neutralized in
hard diffractive processes by the exchange of a relatively soft gluon located at the same impact
parameter [53, 87, 88, 84, 89, 46, 79].

In particular the observed practical independence of the ratio on pseudo-rapidity implies
that the LRG events follow a & Rutherford scattering distribution, just like the non-gap dijet
events to which they are normalized and which are dominated by single gluon exchange in the
t channel [45).

To demonstrate in a model independent way that the explanation lays within CT it is neces-
sary to measure the gap survival probability as a function of the resolved photon contribution.
The advantage of using a photon target is that the kinematical region in which one of the jets
carries a significant fraction (z = 0.7) of the photon momentum [90] enhances the small size
configurations while requesting z < 0.4 — 0.5 will enhance the resolved contribution. Note that
the region of large = is suppressed in the wave function of hadrons. The gap survival probability
for the resolved contribution should be smaller. A naive estimate would lead to reduction of a
factor two,

3.6.1 Proton fragmentation region

The proton fragmentation region in the reactions 7"+ p — X + VY, where X and Y, the states
corresponding to the dissociation of the photon and proton respectively, are separated by a
large rapidity gap are expected to be sensitive to the previously unexplored features of QCD.

By definition the Pomeron type factorization means that the ratio of diffractive events
with state X" accompanied by proton dissociating into state ¥ and with the proton scattered
elastically,

_do(y+p— X +Y)/dt %)
do(y"+p—= X +p)/dt"’ (
should not depend on the choice of the hadronic state X. This factorization follows from the
assumption that high energy processes are dominated by the exchange of a Regge pole - the
Pomeron [6]. As a first step, it is important to check this Pomeron type factorization for soft

diffractive processes as a test of possible shadowing effects.

Ry

The violation of the Pomeron type factorization is expected as a consequence of QCD
evolution from large to small scale. As is known the evolution leads to a Q? dependence of
the slope of the energy dependence. As a result the total DIS cross section as well as cross
sections for hard diffractive processes cannot really be described as the exchange of one or
several vacuum poles. It is also expected, in line with the experimental measurements, that
the slope of the t distribution depends on the hardness of the process. In particular the slope
for elastic photo-production of p mesons at HERA energies is B ~ 10 GeV? [66, 91] while for
larger Q* it turns out to be smaller B ~ 5 — 7 GeV? [92, 93]. Both effects may influence the
value of Rx when going from the soft regime to the harder one [90]. Approximate factorization
may be also valid in the hard regime where two gluon exchange dominates. This is because in
Ry the non-universal = and ¢ dependence cancel out to large extent.

In QCD, the proton is represented at a given light-cone time 7 = ¢ + =z as a superposition of
quark and gluon Fock states |uud >, |uudg >, |uudgg >, [uudQQ@ >. etc. Thus when the proton
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is expanded on a free quark and gluon basis, it is a fluctuating system of arbitrarily large particle
number [94]. The light-cone wave-functions v, (x;, ki, A;) are the probability amplitudes which
describe the projections of the proton state on this Hilbert space. The structure functions
measured in deep inelastic lepton scattering are directly related to the light-cone  momentum
distributions of the quarks and gluons determined by the |, |*.

Fluctuations in the wave-functions of the proton can be studied in hard diffractive processes
as diffraction is a measure of color fluctuations. Using completeness of the hadron states
resulting from the fragmentation of the proton one can deduce the following relation between
the fluctuations of the gluon distribution in the proton and the hard diffractive cross sections:

T <plG( @) >? _ <plGEQYIp> _ g~ dolai +p = X +V)/dl :
<AGE QR >? - <pGEQNp > 5 dolritp— X+ pfdi =

5)

where G is the two gluon operator whose diagonal matrix element gives the gluon distribution
in the proton, and the state |n > is a product of the proton fragmentation. The state X can
be any state produced by a small size configuration of the initial photon. Let us consider a
kind of a bag model where a proton consists of 3 bare quarks (or models where the color is
concentrated within the constituent quarks). At sufficiently large Q* the transverse momenta
of the exchanged gluons become large and as a result both gluons scatter from the same quark.
In this case only diagonal transitions would survive at sufficiently large Q*. Thus within this
model the ratio in eq.(5) should tend to one at large Q. In general non-diagonal transitions are
non zero at large Q. because quarks and gluons belong to different representations of SU(3)
color group. The left hand side of the equation can be treated as a measure of the fluctuations
of color density in the proton. Preliminary HERA data suggest a value of 2 for the ratio on
the right hand side. This is an indication that color fluctuations may indeed be large.

4 Experimental Aspects

In the first part of this section we shall discuss the implications of present data in deep inelastic
diffractive scattering on our understanding of diffractive physics. The second part of this section
is devoted to a discussion of future aspects.

4.1 Indication for non-trivial QCD dynamics in HERA data

The measured diffractive cross section [95, 95, 96, 97] as a function of Q? shows a significant
leading twist effect. This observation indicates that there is an important contribution from
non-perturbative QCD effects for the following reasons:

o Unless the Pomeron is introduced by hand, DGLAP evolution starting at rather low
scale Q2, as advocated by GRV [98], would lead to a very small fraction of diffractive
scattering in DIS: the radiation of gluons, governed by DGLAP evolution would fill the
gap in rapidity, thus leading to an exponentially suppressed probability of finding large
rapidity gap events.

o Processes in hard diffractive scattering (initiated by a projectile in a spatially small config-
uration), that can be calculated in QCD, like vector meson - or high pr dijet production.
turn out to be higher twist processes.
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Thus the only way to obtain a significant leading twist effect is by assuming AJM [31, 32, 33]. or
QCD AJM [40], by scattering on partons in a non perturbative Pomeron [37], or by introducing
a non-perturbative mechanism to recover a rapidity gap after pQCD radiation has taken place
[19, 20].

On the other hand there are also hints in the present HERA data for an onset of hard
diffractive scattering, which cannot be explained with the assumption of a soft Pomeron, but
can be explained within the framework of QCD and CT. Present data on electro-production of
vector mesons (p, w and ¢ at sufficiently large Q? and J/y even in photo-production) [92, 93]
are in disagreement with the assumption of a soft Pomeron and can be broadly described with:

o(hard diffractive) ~ [IG;,(J‘.QS//)]I (6)

A fast increase of the cross section with energy. as in eq.(6) due to the strong increase of the
number of gluons at small z, is a signature of a hard QCD process and a signature of color
transparency.

Another observation beyond a soft Pomeron is the significant fraction of high pr dijet
events with a large rapidity gap between the jets compared to those without, as observed
in photo-production in ZEUS [24] and in pp by CDF [25] and DO [26]. The factor of seven
enhancement in the rapidity gap survival probability for photon initiated processes, as compared
to pp scattering, can be hardly explained as due to the difference in the cross sections of pp and
Vp scattering, or due to gluon bremsstrahlung. This enhancement has a natural explanation
within CT where the interaction cross section is proportional to the transverse volume occupied
by color in the projectile.

If this interpretation is correct, it means that we start to understand the role of perturbative
QCD in diffraction and its connection to inclusive deep inelastic scattering. Moreover a variety
of new processes is expected.

4.2 Future Prospects

Inclusive measurements of the diffractive cross sections are relatively easy to perform, and
do not require highest luminosity, since the cross section is about 10% of the inclusive deep
inelastic cross section. However the interpretation in terms of QCD is more difficult: even if
there is a regime of hard diffractive scattering, that can be calculated in QCD, one expects a
mixture of soft and hard QCD processes, since the inclusive cross section will be dominated by
small k; processes where pQCD calculations are not applicable. Since we aim to study pQCD
in diffraction, we discuss first diffractive processes like high pr jet. open charm and vector
meson production, since there pQCD calculations can be attempted. Then we discuss inclusive
measurements and the importance of measuring the proton fragmentation region. At the end
we mention a interesting class of processes in diffraction, the charged current interactions.

4.2.1 Diffractive high p; dijet production

The calculation of diffractive dijet production can be performed using pQCD for large photon
virtualities Q2 and high pr of the ¢(q) jets [48, 57, 59, 68, 80]:

e+p—=e+qqtp (7)
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The process is mediated by two gluon exchange. Different assumptions on the nature of the
exchanged gluons have been made: in [57] they are taken from a NLO parameterization of the
proton structure function [98]. in [68] the gluons are non perturbative and in [48] they are a
hybrid of non perturbative and perturbative ones. The cross section is essentially given by

2 2\12
do ~ [IPGP (xp,ka_:%[X” (8)
M3

at the scale explicitly given.

Due to the different gluon densities a different zp dependence of the cross section is expected
and further discussed in [99], where also numerical estimates are presented. Thus by itself the
measurement of the dijet cross section as a function of z p would yield information on the gluons
involved in the process.

A striking feature of the dijet production via two gluon exchange is the azimuthal asymmetry
between one of the jets and the electron in the jet - jet center of mass system. This asymmetry
is present, independent of the nature of the gluons, i.e. calculated for both perturbative [73]
and non-perturbative [74] gluons. Moreover this azimuthal asymmetry is completely different
from the one known for boson gluon fusion processes, where only one hard gluon interacts.

However one has to worry about the experimental separation of this processes: due to jet
finding algorithms there could be a contribution of processes ep — ¢/ +¢gg+ p, where one of the
quarks or the gluon has small k, which could possibly be interpreted as a Pomeron remnant.
By requiring exclusively 2 jets, where the 2 jets take all available My, or equivalently selecting
.rf ~ 1, the contribution from processes with additional particles becomes small [100]. Here
we defined .ry" as rf = (Q*+3§)/(Q* + M%) with 5 being the invariant mass of the two jets,
For Q* > 10 GeV? and p% > 5 GeV? the measurement can be performed for zp > 10~2. With
an estimated overall selection efficiency of ~ 70 % a statistical error of ~ 10 % can be achieved
with an integrated luminosity of ~ 100 pb™" and at least 4 bins per decade in rp. With such
a measurement one can clearly distinguish between the soft non-perturbative gluon input and
the perturbative approach [100].

To differentiate between the azimuthal asymmetry for the two gluon exchange process and
the boson gluon fusion with the gluon originating from a partonic Pomeron, a statistical error
of ~ 10 % in 7 bins in ¢ is needed corresponding to an integrated luminosity of ~ 250 pbh=!.
With such a statistical error the separation between one or two gluon exchange mechanisms
can be made at the 4o level. Both measurements, the xp dependence and the ¢ asymmetry
are of great importance. The ultimate prove of the 2 gluon exchange mechanism would be the
observation of the specific ¢ asymmetry. which is completely different from the one expected
from boson gluon fusion models. The zp dependence of the cross section would give more
inside on the nature of the gluons involved in the hard interaction.

The calculations so far are restricted to a region of relatively large 3 > 0.1. For small 3,
or equivalently large My, gluon radiation is expected to play a important role and final states
like ggg have to be considered. The inclusion of these higher order diagrams is difficult and
various approaches exist to estimate the next-to-leading order contributions [48, 80, 101, 102].
A systematic investigation of ¢gg jets is a urgent and important task.
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4.2.2 Diffractive Open Charm Production

Diffractive open charm production can be a significant contribution both to hard and soft QCD
[59, 68, 58, T1]. Having in mind that preliminary data on diffractive charm production [72] are
in broad agreement with the expectations from a partonic Pomeron, the measurements to
differentiate between hard and soft gluon exchange would require measurements of the zp,
Q? and 3 dependence of the cross section. Most probably there is no way to select exclusive
2 charm final states, since due to the mass threshold charm production can only happen at
relatively large masses My and therefore higher order corrections like radiation of hard gluons
which transform into a c¢ pair are expected to be non negligible.

A Monte Carlo [39] simulation of the process € + p — €'ccg + p with subsequent decay
¢ — D* — D% was used together with the H1[103] parameterization of the gluon density in
the Pomeron to to identify charm production and to determine efficiencies and acceptances
[104]. The criteria to identify the decay products of the D** are given in [104]. With an overall
detection efficiency of ~ 50 % it was shown that for 2 bins per decade in Q* > 25 GeV? and zp
and 3 bins in 0.01 < 3 < 0.9 a 30 % statistical error can be achieved for a integrated luminosity
of ~ 30 pb~'. A more precise measurement at high ;3 values can be made with ~ 250 pb~!, but
for a precision measurement with 5 bins per decade in ? and zp and 7 bins in 0.01 < 3 < 0.9
and a statistical error of 10 % a luminosity of ~ 2000 pb~" is needed.

With a measurement of F2, the gluon dominance in hard diffractive scattering can be

demonstrated and a decision whether soft or perturbative gluons interact can be easily made.
However special care has to be taken for higher order corrections which might be important.

4.2.3 Vector Meson Production

Diffractive vector meson production € + p — € + VM + p is another example of processes
where pQCD calculations are expected to be applicable, at high Q* for the light vector mesons,
and for heavy vector mesons like J/u» or T even in photo-production (for a discussion see
[54, 79, 105]). Strictly speaking for the case of vector mesons, built of light quarks, the QCD
calculation can only be performed for longitudinally polarized photons. This is just because of
the spatially small configuration occupied by the ¢¢ pair which then forms a vector meson. In
such a configuration again the cross section is driven by JIGP(I,QEH)r. The extension of the
QCD calculations beyond this approach is model dependent and there is no consensus on the
applicability of all the predictions [105].

In all calculations the 47 couples to the vector meson through the same quark loop. There is
agreement on helicity conservation and that at large Q? the longitudinal cross section dominates.
The different approaches differ in the way the gluons couple to the proton and to the wave
function of the vector meson which is poorly known. The advantage of vector meson production
is the possibility to select experimentally the contribution of longitudinal photons and therefore
the possibility to enter the hard pQCD regime.

Another group of processes calculable in QCD are reactions v* + p — V' + Y with large
momentum transfer squared t to the vector meson V" and with Y representing the state in which
the proton dissociates. The idea is that at sufficiently large ¢ the contribution of spatially small
configurations in the wave function of the photon and the vector meson would dominate. (The
soft Pomeron exchange should be highly suppressed due to the steeply falling ¢ distribution.)
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As a result of screening of color charge and asymptotic freedom it would be possible to justify
applicability of the methods of pQCD to calculate cross sections of discussed processes (53,
30, 106, 107]. The prospective kinematical region is —t > 2 — 4 GeV? where the phenomena
characteristic for soft diffraction disappear.

Depending on the kinematical restrictions on the proton dissociation different hard QCD
phenomena may reveal themselves such as the scattering off valence. sea guarks or gluons of
the proton target [30, 106, 56]. The contribution of the BFKL type dynamics is enhanced in
this case due to larger intercept for the z dependence [106, 56]. It is worth to note that if the
running of coupling constant is taken into account the intercept for the r dependence of BFKL
amplitude depends on ¢.

In order to distinguish soft Pomeron initiated vector meson production from the pQCD
region the following measurements are important:

o the absolute value, the z and the Q? dependence of the longitudinal and transverse photon
absorption cross sections,

o the relative yields of various vector meson production including their excited states in
photo-production and electro-production.

o the slope of the ¢ dependence as a function of z and Q? and polarization of the vector
meson,

o the energy dependence of the large { vector meson production.

Based on an extrapolation of existing data to a integrated luminosity of 250 pb~! we expect
60000 p, 6000 ® and 3000 J/¢* events with Q? > 7 GeV? giving a reasonable small statistical
error up to Q% ~ 20 — 30 GeV2. The total systematic errors are presently ~ 13 % and could
be reduced to ~ 7 % by better understanding of reconstruction errors, errors related to non-
resonant background and proton dissociation. The largest error comes from proton dissociation
background. If the proton is tagged by a Leading Proton Spectrometer, this sort of background
might be negligible, but the acceptance of such a device is only ~ 10 % in the best case,
leading to a much lower rate of tagged events. Thus the understanding of proton dissociation is
important for all the conclusions drawn from the energy and ¢ dependence of the cross sections.

The measurement of the ¢ distribution should allow to distinguish clearly hetween soft
and hard pQCD regime, since the B slope in soft interactions is energy dependent because of
o' ~ 0.25 whereas in pQCD a' 2~ 0. Again the error on the determination of o is dominated by
the proton dissociation background, and is estimated to be of the order of Aa’ = 0.1 requiring
tagging of proton dissociation down to 1.5 mrad. If tagging is possible only down to 6 mrad,
then the error on o' is twice as large, and no conclusion on shrinkage can be drawn [108]. This
shows clearly the importance of the ability to measure in the very forward region of the HERA
detectors.

The model independent measurement of the longitudinal cross section or the ratio R =
op/or can be done best with a reduced e beam energy (£, = 12 GeV), since the fluxes of
transverse and longitudinal photons differ most strongly at high y. With only 10 pb~! at each
electron beam energy the statistical error will be above 50 %. With 100 pb~! the error in the
highest W bin is reduced to 25 % [108].
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Production of J/¢ vector mesons at large {, e +p — €'+ J/i + Y — ¢ + putpu~ +Y, has a
reasonable high cross section: o ~ 6 nb in photo-production for 0.01 < y < 0.3, 0.003 < x < 1,
Q* <4 GeV?and 2 < —t < 100 GeV? (¢ ~ 0.4 nb for Q* > 4 GeV?) for the leptonic
decay of the J/i and the leptons within the detector acceptance [108]. Interesting here is
the measurement of the ¢ distribution, which should show no shrinkage, as well as its energy
dependence. However a precise determination of ¢ requires a measurement of the scattered
electron unless the measurement is restricted to very low Q% The large cross section should
enable us to measure this process in the very near future.

4.2.4 Inclusive diffractive cross sections at high Q*

The measurements of the inclusive diffractive cross section show that it is predominantly a
leading twist phenomena. As discussed earlier in this report, processes calculated using per-
turbative QCD are of higher twist. Thus we expect the inclusive diffractive cross section to be
dominated by soft, non perturbative effects. However in the region of large 3. or equivalently
in the small mass region, perturbative effects could be important, analogous to vector meson
production by longitudinally polarized photon or high pr jet production. The small 3 region,
on the other hand, could be dominated by soft Pomeron exchange processes and QCD evolution
of parton densities in the Pomeron. This would lead to the following picture:

e B < 0.1: Exchange of a soft Pomeron with a partonic substructure dominates. The
partons in the Pomeron evolve according to the DGLAP evolution equation. Due to soft
Pomeron exchange, factorization is expected,

FP(B,Q% zp.t) = f(zp, ) FF(3.Q%1). (9)

® B 2 0.8: Hard pQCD processes contribute significantly. leading to a violation of the
factorization in eq.(9) and to large higher twist effects.

¢ 0.1 £ B £ 0.8: Intermediate region. The amount of factorization breaking depends on
the interplay between soft Pomeron physics and hard pQCD physics.

To clearly establish the above picture, the zp dependence of the cross section as a function
of 3 has to be measured precisely in a region of rp < 0.01 where no significant contribution
from other possible Regge trajectories is expected. In such a scenario one could expect for
B <01 f(xp,t) ~ zp*°F. Another important ingredient for soft Pomeron exchange is the
measurement of the ¢ distribution. If soft Pomeron exchange dominates, then shrinkage of the
{ - slope is expected, whereas in the hard pQCD regime o’ ~ 0.

The relative cross sections for large and small 3 also yield information on the underlying
mechanism. In the soft Pomeron picture the cross section at large 3 should decrease with
increasing Q2. Within pQCD calculations in the large 3 region a large contribution from
longitudinally polarized virtual photons is expected [35, 48, 109. 99, 110, 30, 80] which is
absent in the partonic soft Pomeron picture.

Recent measurements of F) show a deviation of factorization at large zp [103], which could
be interpreted as a contribution from higher Regge trajectories. However to safely exclude such
a contribution we will restrict our discussion to the region zp < 0.01.

Thus the following measurements are needed:
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o Measurement of FP(zp,t,3,Q%) with rp < 0.01 and largest possible range in 3 and Q2.

o Measurement of FP(zp.t,8,Q%) with special emphasis on the large 3 > 0.8 region.

Since the inclusive diffractive cross section is large (0aigy ~ 4 nb for Q* > 10 GeV? and
rp < 0.01) the Leading Proton Spectrometer can be used to identify diffraction. A systematic
error of ~ 7 % can be achieved with the LPS [111]. A measurement of FP(zp,t,3,Q% with 2
bins in 0.07 < |t| < 0.0.35 GeV?, 3 bins in 4 < Q* < 30 GeV?, 7 bins in 0.001 < 3 <0.3and 5
bins in 0.001 < zp < 0.1 is possible for 20 pb~" with a statistical error of ~ 10 % in each bin
[111].

For a measurement of szm(.rp.d, Q7) (integrated over t) using the present experience
one can hope to achieve an overall systematic error (except for the error coming from proton
dissociation) of ~ 5 %. To achieve a statistical error of ~ 5 % with 5 bins per decade in Q?
and zp and 7 bins in 0.01 < 3 < 0.9 an integrated luminosity of 8 pb~! is needed for FP. To
achieve ~ 3(1) % statistical errors one would need 22 (200) pb~! [104].

If factorization is proven to be valid, one can measure FF directly using the wide band
beam of Pomerons by changing xp. With a luminosity of 15 pb™" and a fine granularity at
high y one can measure R¥ within 50 % for y < 0.8 [104].

If factorization does not hold. then a measurement of the longitudinal cross section can be
performed only by lowering the proton beam energy (from E, = 820 GeV to E, = 500 GeV).
Changing the proton beam energy would lead to better acceptance in the high mass region. On
the other hand, as stated in the section on vector mesons. changing the electron beam energy
gives better acceptance in the low mass region (at high 3). A luminosity of 2 pb~! for £, = 500
GeV is required to achieve a precision of the ratio of transverse to longitudinal cross section of
the order of ~ 50 % [104].

4.2.5 Proton fragmentation region

So far we considered only processes (the ones that can be calculated within pQCD as well as
processes mediated by soft Pomeron exchange) where a quasi elastic proton can be found (at
least in principle) in the hadronic final state. This is easiest done by using the Leading (Forward)
Proton Spectrometers, where both energy and transverse momentum of quasi-elastic protons
can be measured, at the expense of event rates. Experimentally it is necessary to have clear
measurements of the proton fragmentation region in order to subtract possible contributions
from double dissociation and to control the background from non-diffractive events.

Proton dissociation is interesting on its own for the following reasons:

e If the cross section for inclusive diffractive scattering is mainly due to soft Pomeron
exchange, then one should observe that the ratio Ry = ole+p— e+ X+ Y)/ole+p—
¢+ X + p), where Y is the proton dissociation system separated in rapidity from the
system X, should not depend on the system X.

e In the hard diffractive regime, when spatially small size configurations are selected (high
pr dijets or vector mesons), it is interesting to test the factorization hypothesis. A change
of regime cannot be a priori excluded.
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e In going from large rapidity gaps between X and Y in e+p — €'+ X¢+Y to smaller and
vanishing rapidity gaps, the transition between diffraction and inclusive deep inelastic
scattering can be studied [112].

o In the spirit of studying the fluctuations in the wave function of the proton it has been
advocated that the intrinsic charm contribution may not be negligible [113]. Intrinsic
heavy quarks Fock states could be materialized by the virtual photon probe and released
in the proton fragmentation region. This effect if present would lead to spectacular events
with two muons produced in the very forward region.

Experimentally the proton dissociation system can be effectively measured with tagging
devices in a rapidity range of 7 < 5.9 with ~ 100 % efficiency for masses My > 3 GeV starting
with an efficiency of ~ 10 % at masses My > 1 GeV. In order to determine the slope of the

distribution: p )
o 1
ang :C(m) 0

one needs to measure My at least in 2 ranges. The dominant uncertainty comes from the badly
known multiplicity and pp distributions of the particles in the system My. The error on a is
estimated to be A, ~ 0.14 for tagging up to rapidities of n < 5.9 [114]

High efficiency tagging of proton dissociation or even better performing calorimetric mea-
surements in 7 < 5.9 requires detector upgrades‘[115]. In addition one has to ensure as little
dead material as possible in front of the tagging device or calorimeter.

It should be stated very explicitly that if magnets for an improvement of the HERA lumi-
nosity [116] are installed in a region of > 3.5(~ 70mrad) then even tagging of the system My
is made difficult.

4.2.6 Charged Currents

So far we discussed only neutral current processes, but also charged current processes (via W
exchange) should occur in diffraction at large xp. As in inclusive deep inelastic scattering,
only at very high Q? the cross sections for neutral current and charged current processes are of
similar size. Since the Pomeron is a flavor singlet system, one would expect the charged current
cross sections for electron and positron beams to be the same.

The cross section can be estimated [117] using the present knowledge of the diffractive
structure function FP,
ool ~ 2pb (11)

for zp < 0.1. The rapidity gap for charged current events is smaller than for neutral current
events since high diffractive masses are involved due to the W mass. With cuts on the transverse
momentum and the transverse energy and a missing transverse momentum of 4 GeV the
diffractive charged current efficiency is ~ 35 %. With a luminosity of 1000 pb~* the cross
section could be measured with a precision of ~ 5 %. With such a luminosity also the 3
dependence of the cross section can be determined with a 20 — 30 % statistical error. This
measurement requires an efficient tagging of the non-diffractive background. The use of the LPS
is impossible because of the small acceptance and therefore devices to tag proton dissociation
and non-diffractive background are essential.
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5 Expected Significance of Hard Diffractive Scattering:
Limit of Applicability of the DGLAP Evolution Equa-
tion

It is widely expected that the fast increase of parton distributions at small x cannot be sustained
without running into conflict with the unitarity of the S matrix (see e.g. [118]) for the interaction
of small size wave packages, that is with the positiveness of probabilities for physical processes.
However the most stringent restriction on the region of applicability of the DGLAP or BFKL
equations follows from the requirement of positiveness for single particle density in the central
rapidity region [35].

At sufficiently small z, LO and NLO ay lnxgz—o approximations as well as the leading

a, Inz approximation predict a fast increase of the amplitudes for hard processes which run
in conflict with probability conservation. The restriction on the applicability of the DGLAP
evolution is that the leading twist contribution to the cross section of a small size gq pair
scattering off a proton target should be much larger than the next-to-leading twist effect. Since
this cross section is well formulated only in the pQCD regime, the reasoning below may only
give restriction on the region of applicability of conventional QCD methods. To estimate this
restriction let us consider the scattering of a ¢g pair off a target . Let us decompose the cross
section in powers of 1/Q*. Let us denote by oy the inelastic single scattering cross section due
to the exchange of one ladder and by o the double scattering inelastic cross section due to the
exchange of two ladders. The application of the Abramovsky, Gribov and Kanchely cutting
rules [119] leads to the following relations between the cross sections:

Top = 01— 02, (12)
0y = Ou+ Odiff, (13)
oy Z 402. (14)

where the subscripts el and diff denote the elastic and diffractive cross sections. The last
equation follows from the requirement of positiveness of single particle densities. One of the
consequences of the above equations is that in models in which shadowing is due to the exchange
of two ladders (due to triple BFKL type diagrams [118, 109]) it may cause not more than 25%
depletion in parton distributions. That is to say that shadowing calculated within these models
is unable to prevent the increase of parton densities without violating the positiveness of single
particle densities. Further eikonal diagrams cannot be used since more than two rescatterings
of the gq pair leads to violation of energy conservation in multi-particle production.

The optical theorem implies that

0.2

S tot 2 :). 15
T lGTrB(l+n)(l+h) (15)

where
ReAr d
= e} Az, QY. (16)
"= TmA2dInz visimAlz Q)
with A — the amplitude for gg pair scattering off the proton, & - the fraction of events due

to inelastic proton dissociation and B - the slope of the ¢ dependence as measured in hard
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diffractive processes. This can now be used to put restrictions on the region of applicability of
QCD evolution equation by requiring that

2
o )
oy 24— (1 + 7*)(1 +&). 17
2 A2 (1 4+ 7)1+ ) (17)
Numerical estimates indicate that, for Q? of the order of few GeV?, the kinematical region where
the DGLAP equation becomes inapplicable for the diffractive processes and for the structure
functions seems to be within the kinematics of HERA. To conclude, the decomposition over
powers of Q? may be violated at small z in the HERA regime. Since the numerical estimates
rely also on experimental measurements of B and & the improvement in those will make the
limits tighter.

Another restriction on the region of validity of the pQCD evolution follows from the unitarity

of the S matrix applied to hard processes,

tot > %e] + Tproton dissociation: (18)

Using the optical theorem we obtain an estimate for the kinematics where the increase of parton
distributions should slow down [30],

2
Ttot
Ttot >

2 ™ [$
2 Terg Lt +K). (19)

One may even include the increase of B with energy, B = r3,/4+20,[In s/s,]" to obtain a strict
inequality. For Pomeron exchange n = 1 while n = 2 for the Froissart regime. Again numerical
estimates suggest that for hard diffractive processes this boundary may be within the HERA
kinematics.

Both constraints leads to the expectation that we may become sensitive to the unitarity limit
within HERA kinematics [30, 55] (see also [120]). The features which are being investigated
include the z and Q? dependence of the diffractive jet photo-production, charm production and
production of vector mesons.

Characteristic features of unitarity corrections near the unitarity limit are the slowing down
of the increase of parton distributions at small r and a fast increase of the effective slope of the
t dependence with energy and ¢ [30].

The interesting question remains whether the manifestation of the unitarity limit can also
be reached for o(y"p) = %’,‘3172 ~ 7mr. There is no doubt that for small Q? higher-twist
contributions become important and participate in the transition from the strong rise of F;
to the soft Pomeron in the photo-production cross section. It is not yet clear at which Q2
values this transition will start. On the one hand it has been demonstrated that one can
find input distributions to the DGLAP equations which describe the data down to Q? ~
1 GeV? [98]. However it would be premature to draw from this the conclusion that higher
twist corrections are negligible. So far no systematic analysis of higher twist corrections at
small = has been performed. Furthermore, it has been shown that for flat input distributions
the DGLAP is sensitive to higher order corrections (re-summation of singular terms in the
anomalous dimension). All this leads to the impression that the issue of unitarity corrections
to Fy at low Q7 is still waiting for clarification. The reason why hard diffraction may be a
better place to look for a manifestation of the unitarity limit is that, by varying the final state
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we have a handle on the transverse size of the ¢g pair, whereas in Fj the size is always small
(of the order of b ~ 1/Q?).

The behavior of small = processes at extremely small z is still a challenge for theory. Theo-
retical investigations of one hard scale processes like onium-onium scattering [121] suggest the
existence of a new QCD regime of large parton densities where all interactions can be described
in terms of pQCD. In the two scale processes (for example F, at small z) soft QCD physics is
probably not suppressed: this follows from the analysis of the multiple (> 3) rescatterings of
a small size g pair off a nucleon. However the elastic eikonal approximation is known to have
problems with probability and energy conservation in multi-particle processes [122] and ignores
the leading diagrams in pQCD. It therefore seems likely that the unitarization of F, at small z
is a non-perturbative issue.

6 Summary

The scientific program that emerges from the studies and discussions in the Working Group is
as follows:

1. Inclusive measurements of F,Dw) and FLD“” as a function of 2, @2, zp, 3 and t in as wide a
range of variables as possible. One should be able to establish the region of dominance of
soft and hard physics. Assuming that we need to differentiate ap in the range of 1.05 to
1.25, it would be desirable to measure ap with a precision of Aap = 0.04. The required
luminosity, assuming the forward tagging capability down to 5 ~ 6, are:

Q7 [ GeV?] luminosity [ Ldt [ pb™']
Q% < 100 ~ 10
100 < Q7 < 500 <60
2000 < Q% < 3500 ~ 250

The cross section for charm production depends strongly on the regime of the physics
behind diffractive processes. The predictions vary between 10 to 40 % of the inclusive
cross section. For the integrated luminosities above, given the low tagging efficiency, a
statistical error of 30% is achievable by decreasing the number of bins,

Hard physics should be accompanied by a change in the Q2 dependence, from a leading
twist to higher twist effect. The most sensitive probe is given by the measurements of
Fi. A model independent determination of F. requires running at lower energies. The
error is determined by the run with lowest luminosity. An error of 25% on Fr/(F, — Fy)
requires an integrated luminosity of 10 pb=! with the proton beam energy of 500 GeV.

The t dependence is essential to establish whether the observed tendencies are due to
the change from soft to hard physics. This can be done only with the forward /leading
proton spectrometers. It is estimated on the basis of existing data that for an integrated
luminosity of 40 pb™" in the present running conditions one could expect 20000 events
with the proton tagged by the LPS for 4 < Q* < 30 GeV?). That would allow to establish
the lack of shrinkage at the 3o level and to determine ap with the same precision as in
the inclusive case down to 3 =~ .001. To cover the region of Q* > 100 GeV? with the
same precision a 10 fold increase in luminosity would be required.
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2. To test in depth the dynamics of vector meson production we need to measure the longitu-
dinal cross section as a function of x, Q% and ¢ for at least the p, ¢ and J/v vector mesons.
To achieve a precision of Aap = 0.06 about 100 events per * are required. In order to
probe the region of Q* > 30 GeV?, be it for the p meson, an integrated luminosity of 100
pb~! is required. An integrated luminosity of 250 pb~' would allow measurements for
the ¢ and J/v» in the same region with comparable significance. For the latter luminosity
also few T events are expected in the higher Q? region. A meaningful measurement of
shrinkage could be performed only for the p meson and up to Q* ~ 30 GeV?. Assuming
SCHC and 100 events per bin an error of 40 % on R can be achieved. A similar precision
without assuming SCHC would require running at lower electron beam energy with at
least 10 pb~! integrated luminosity. All the estimates are obtained assuming that proton
dissociation can be controlled at a 5% level. A useful cross check could be done with the
LPS for low Q?, p production. Here again the ideal measurement would be with a tagged
proton in the LPS.

The large t vector meson production does not require any special environment. For large
t diffraction the expected cross sections are relatively large.

3. For diffractive exclusive large pr jet production the region of interest is that of M} < Q.
Since color is well localized in the wave function function of the projectile photon and
the hard scale is defined as p%/(1 — 3) relatively low pr jets (with pr = few GeV) can
be considered. A typical integrated cross section for p3 > 5 GeV?, Q* > 10 GeV? and
in the range 50 < W < 220 GeV turns out to be of the order of 20 pb assuming a two
perturbative gluon exchange as the dominant mechanism and is about 2.5 times larger
than expected from non-perturbative gluons. For an integrated luminosity of 250 pb~
about 2500 events identified in the detectors are expected in the best case. To be able to
establish the two gluon exchange mechanism the azimuthal asymmetry has to be measured
and in order to exclude an asymmetry typical of boson-gluon fusion whole statistics is
necessary.

Here again not only the rp and Q? dependence is of interest but also the ¢ dependence
which is the barometer for the hardness of the interaction. However this is beyond the
reach of HERA experiments unless the LPS would be operational throughout the whole
integrated luminosity.

4. Study of large rapidity gap events in charged current interactions offers many attractive
possibilities to study the parameters of the Standard Model. The main advantages are
due to the isoscalar nature of the Pomeron and the point-like coupling of the W boson
to quarks. One could imagine that by tagging for example W — ¢s transition with a
large rapidity gap one could measure the V., element of the Kobayashi-Maskawa mixing
matrix without the uncertainty of final state interactions.

However estimates of the detectable cross section for CC diffractive scattering lead to an
number of events of the order of 1/pb~!. This estimate would decrease by factor 2 if the
forward taggers in the proton fragmentation region were not available.

ot

. Two options for measuring the invariant mass of the proton dissociation system have
been considered. Assuming high efficiency forward taggers covering the region down to
7 = 5.9 the mass distribution can be determined at best with a systematic error of 13%,
mainly due to the uncertainty in the hadronization process. This error can be substantially
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improved by introducing calorimetry and running at lower proton energy. This knowledge
is of interest in its own right. It affects all the inclusive diffractive measurements without
LPS tagging. In the present estimates this is the major source of systematic error. Tagging
of the forward region with high efficiency could decrease this error by factor 3. This is
of particular importance if diffractive measurements are to be continued after the HERA
upgrade.

The polarization options have not been discussed in depth. The expressed opinions were
very much in favor of diffractive measurements with polarized beams. It was felt that it could
have an impact on a deeper understanding of the diffractive mechanism.

The emerging scenario is the following:

e The inclusive measurements of the diffractive structure functions could be completed
with 100 pb~!. Roughly speaking this would lead to an understanding of hard diffractive
physics similar to what was known about the DIS structure of the proton before HERA.
An integrated luminosity of 10 pb~" at lower proton energy is highly recommended for
model independent measurements of the longitudinal structure functions.

e The program of hard diffractive physics, vector meson and exclusive jet production at
high @2, could in principle be continued after the HERA upgrade. This will have to
be investigated further. However, based on the present understanding, this will not be
meaningful unless the tagging of the forward region is preserved and unless there is a good
understanding of the systematics acquired before the upgrade. Given the importance of
diffractive scattering in understanding QCD we recommend that the design of the upgrade
takes into account the need for preserving high efficiency forward tagging.
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The subject of this report is the production of jets with large transverse momenta in diffractive
deep inelastic scattering. We will concentrate on events with two jets in the final state, i.e.
events with a quark- and an antiquark jet. Due to the high photon virtuality Q* and the large
transverse momenta of the jets we can use perturbative QCD to describe this process. From a
theoretical point of view, diffractive jet production should allow an even better test of pQCD
than diffractive vector meson production since it does not involve the uncertainties connected
with the wave function of the meson.

After defining the kinematic variables we will present in some detail the main results of our
analysis that was performed for the production of light quark jets. A more extensive account
of these results can be found in [1, 2]. Related and in part similar work on quark-antiquark
jet production has been reported in (3, 4]. We will close this report with a comment on open
charm production.

2 Kinematics

We assume the total energy s to be much larger than the photon virtuality Q? = —¢* and
much larger than the squared invariant mass M? = (¢ + zpp)? of the jet pair. We constrain
our analysis to events with a rapidity gap and we require the momentum fraction zp of the
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i-k+zpp

P—TFPP

Figure 1: One of the four diagrams contributing to the hard scattering 4* +p — g4+ p. The
outgoing (anti)quark momenta are held fired.

proton’s momentum carried by the pomeron to be small, zp < 1. zp can be expressed as
zp = (M? + Q%)/(W? + Q%) where W is the invariant mass of the final state (including the
outgoing proton). We keep the transverse momentum k of the jets fixed with k? > 1 GeV?. It
will be convenient to use also 3 = zg/zp = Q*/(M* +Q*). The momentum transfer ¢ is taken
to be zero because the cross section strongly peaks at this point. An appropriate ¢t-dependence
taken from the elastic proton form factor is put in later by hand.

For large energy s (small zp) the amplitude is dominated by perturbative two gluon ex-
change as indicated in fig. 1, where the kinematic variables are illustrated. In fig. 2 we define
the angle & between the electron scattering plane and the direction of the quark jet pointing in
the proton hemisphere (jet 1 in the figure). The angle ¢ is defined in the ¥*—IP center of mass
system and runs from 0 to 2.

jet plane

Figure 2: Definition of the azimuthal angle ¢ in the y*~IP CMS

3 Results

In the double logarithmic approximation (DLA), the amplitude of the process can be expressed
in terms of the gluon structure function. The cross section is therefore proportional to the
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square of the gluon structure function. The momentum scale of the latter can be calculated.
We thus find as one of our main results

24 M\
do ~ [sz,, (Ip,kzg;{'T>] : (1)

Performing our numerical estimates, however, we include some of the next-to-leading correc-
tions (proportional to the momentum derivative of the gluon structure function) which we
expect to be the numerically most important ones.

From (1) one can deduce that, in our model, Regge factorization a la Ingelman and Schlein
(5] is not valid, i.e. the cross section can not be written as a zp-dependent flux factor times a
- and Q*-dependent function.

In the following we present only the contribution of transversely polarized photons to the
cross section. The corresponding plots for longitudinal polarization can be found in [1, 2]. As
a rule of thumb, the longitudinal contribution is smaller by a factor of ten. Only in the region
of large 3 it becomes comparable in size.

Figure 3 shows the zp-dependence of the cross section for Q* = 50GeV?, 3 = 2/3 and
K2 > 2GeV?. We use GRV next-to-leading order parton distribution functions [6]. Our
prediction is compared with the cross section obtained in the soft pomeron model of Landshoff
and Nachtmann [7, 8] with nonperturbative two-gluon exchange. Its flat zp-dependence,
characteristic of the soft pomeron, is quite in contrast to our prediction.

Further, we have included (indicated by hybrid) a prediction obtained in the framework of
the model by M. Wiisthoff [9]. This model introduces a parametrization of the pomeron based
on a fit to small zg data for the proton structure function Fy. In this fit. the pomeron intercept
is made scale dependent in order to account for the transition from soft to hard regions. The
z p-dependence is not quite as steep as ours but comparable in size.
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Figure 3: xp-spectrum Figure 4: k*-spectrum

Figure 4 presents the k*-spectrum for different values of Q* between 15 GeV? and 45 GeV?.
Here we have chosen zp = 5103 and § = 2/3. The quantity & given with each Q? value
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describes the effective slope of the curves as obtained from a numerical fit of a power behaviour
~ (k*)~%. We have taken k?* down to 0.5 GeV?*. For 4 = 2/3 the eflective momentum scale of
the gluon structure function in (1) equals k*/(1 — 3) = 1.5 GeV?2.

Integrating the cross section for different minimal values of k* we find that the total cross

section is dominated by the region of small k*. If we choose. for instance, rp < 0.01, 10 GeV? <
Q% and 50 GeV < W < 220 GeV, the total cross section is

Trot 20 pb for k* > 5GeV?
owe = 117pb  for k* > 2GeV?.

In the hybrid model of [9] the corresponding numbers are

O = 28pb  for k* > 5GeV?
owe = 108pb  for k* > 2GeV?.

In accordance with fig. 4 these number show that the cross section is strongly suppressed with
k?. We are thus observing a higher twist effect here. For comparison, we quote the numbers
which are obtained in the soft pomeron model [7]. With the same cuts the total cross section
is

Owe = 10.5pb  for k? > 5GeV?
o = 64pb for k? > 2GeV?.

The S-spectrum of the cross section is shown in fig. 5 for three different values of Q*. Here
we have chosen zp = 51072 and k* > 2GeV?. The curves exhibit maxima which, for not too
large Q?%, are located well below 3 = 0.5. For small 3 we expect the production of an extra
gluon to become important. First studies in this direction have been reported in [9, 10] and in
[11], but a complete calculation has not been done yet.

1/edo [do
da /df3[pbarn] .
! two gluon exc] angr?-har —
Foson-g jion fusinn
0.6 two gluon exchange-soft ---- |
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Figure 6: Azimuthal angular dis-

i 5: 3-spectru )
B P 5 tribution
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The most striking observation made in [2] concerns the azimuthal angular distribution, i.e.
the ¢-distribution of the jets. It turns out that the Jets prefer a plane perpendicular to the
electron scattering plane. This behaviour comes as a surprise because in a boson gluon fusion
process the jets appear dominantly in the electron scattering plane [12]. The azimuthal angular
distribution therefore provides a clear signal for the two gluon nature of the exchanged pomeron.
This is supported by the fact that a very similar azimuthal distribution is obtained in the soft
pomeron model by M. Diehl [7, 13]. Figure 6 shows the ¢-dependence of the ep—cross section
for the hard pomeron model, the soft pomeron model and for a boson gluon fusion process. We
have normalized the cross section to unit integral to concentrate on the angular dependence.
Thus a measurement of the azimuthal asymmetry of quark-antiquark jets will clearly improve
our understanding of diffractive processes.

Finally, we would like to mention the interesting issue of diffractive open charm production.
It is in principle straightforward to extend our calculation to nonvanishing quark masses [14].
A similar computation was done in [L5]. A more ambitious calculation has been performed in
[16] where also higher order correction have been estimated. The cross section for open charm
production is again proportional to the square of the gluon density, the relevant scale of which
is now modified by the charm quark mass

2 L M2\ 12
do ~ [J:pG,, (Ip. (m?+k?) Q—rﬁ—)] . (2)

Integrating the phase space with the same cuts as above the charm contribution to the jet cross
section is found to be [14]

o = 8pb for k? > 5 GeV?

g = 29pb  for k? > 2CeV?.
In the case of open charm production one can even integrate down to k? = 0 since the charm

quark mass sets the hard scale. One then finds for the cé contribution to the total diffractive
cross section

o = 101pb for k? > 0 GeV?.
In the soft pomeron model the corresponding numbers read [7]

o = 48pb  for k? > 5GeV?
17pb  for k? > 2QeV?
59pb  for k? > 0GeV?.

I

Ttot

Trot

In [16], where corrections from gluon radiation are taken into account. the relative charm
contribution to the diffractive structure function is estimated to be of the order of 25-30%.

4 Summary and Outlook

We have presented perturbative QCD calculations for the production of quark-antiquark jets
in DIS diffractive dissociation. The results are parameter free predictions of the corresponding
cross sections, available for light quark jets as well as for open charm production. The cross
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sections are proportional to the square of the gluon density and the relevant momentum scale of
the gluon density has been determined. The azimuthal angular distribution of the light quark
jets can serve as a clean signal for the two—gluon nature of the pomeron in hard processes.

The two-jet final state is only the simplest case of jet production in diffractive deep inelastic
scattering. The next steps should be the inclusion of order-a; corrections and the extension to
processes with additional gluon jets. Such processes become dominant in the large-M? region.
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Abstract: The diffractive production of vector mesons in ep interactions at low r is
a subject of heated debates. This chapter consists of four contributions written by
the original authors and expresses the possible scenarios which are to be investigated
experimentally.

1 Hard diffractive vector meson production

contributed by L. Frankfurt, W. Koepf and M. Strikman

The derivation of our QCD formulas [1] consists of three essential steps:

(i) The process factorizes into three stages: the creation of a quark-gluon wave packet, the
interaction of this packet with the target, and the formation of the vector meson. The wave
packet’s large coherence length., ﬁlN—x' justifies using completeness over the intermediate states.
(ii) For longitudinal polarization, the end point contribution is suppressed by 1/Q?%. which
supports applying the factorization theorem. This important result follows from the well known
light-cone wave function of a photon and conformal symmetry of PQCD, which dictates the
dependence of the vector meson’s asymptotic wave function on the momentum fraction carried
by the quarks. For transverse polarizations, the onset of the hard regime is expected at much
larger Q? since large distance effects are suppressed only by the square of a Sudakov type form
factor, exp(—4 In? %2-).

(iii) As a result of the QCD factorization theorem, the hard amplitude factorizes from the softer
blob [2]. Thus, within the leading o, In @* approximation, the cross section of hard diffractive
processes can be written in terms of the distribution of bare quarks within the vector meson
and the gluon distribution in the target.

The respective cross section can thus be expressed through the light-cone wave function
of the vector meson, ¥y (z,b = 0), a well defined and intensively researched object in QCD.
In addition, there is not much freedom in the choice of this wave function since the absolute
normalization of the cross section is related to the vector meson’s leptonic decay width, T'ySe4-.
Our numerical analysis has found a number of distinctive features of these hard diffractive
processes (see Ref.[3] and references therein):
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L. A significant probability of small transverse size (b,; ~ 3/Q) minimal Fock g configura-
tions within the vector meson’s light-cone wave function.

2. A fast increase of the cross section at small z and a relatively slow Q? dependence, both
resulting from the Q? evolution of the parton distributions.

3. To avoid contradiction with b-space unitarity, the increase of the cross section with de-
creasing T Should slow down. For Q2 ~H Gevg, this is expected at z ~ 10"3 [3]

4. For longitudinal polarization, an almost flavor and energy independent ¢-slope, while for
transverse polarizations, soft QCD may reveal itself in a larger value as well as an energy
dependence of the latter.

5. At large @ the diffractive electroproduction ratio of p and ¢ mesons follows from the
form of the e.m. current in the standard model, i.e. restoration of SU(3) symmetry. Some
enhancement of the relative yield of the ¢ meson is expected due to its smaller size.

6. The diffractive photoproduction of J/¥ meson is dominated by relativistic cé configura-
tions. Significant diffractive photoproduction of T mesons.

7. Large cross sections for the production of excited states, ep — epV’, with a ratio propor-
tional to My 'y 4.-, in qualitative difference from photoproduction processes.

8. Model estimates found large 1/Q* corrections to the basic formulas resulting from quark
Fermi motion within the vector meson and from shadowing effects evaluated within the
eikonal approximation. However, the reliability of these estimates is still unclear since
similar corrections follow from the admixture of ggg components to the vector meson’s
wave function and because the elastic eikonal approximation is inappropriate. Note that,
in an exact calculation, the contribution of more than two rescatterings by the ¢ pair
should be zero due to energy-momentum conservation.

2 v"p— Vpatsmallt
contributed by P. V. Landshoff

All models [4, 5, 6, 7, 8, 9] couple the ¥ to the vector meson V through a simple quark loop,
to which is attached a pair of gluons which interact with the proton. The models differ in two
essentials: what they assume about the wave function that couples V' to the ¢7, and what they
assume about how the gluons interact with the proton.

Because the models have the same quark loop. there is general agreement that the ~* and
the V should have the same helicity, and that

2
%y 2 (1)
ar my,

so that at large Q? longitudinal production dominates. Presumably the detailed dependence
of or/or on @ is sensitive to the form of the wave function. The very simple form assumed
by DL fits the data reasonably well [10], but more theoretical work is needed to decide just
how much can be learnt about the wave function from this. Also. according to (1), for heavier
flavours it will need a larger Q* to achieve dominance of the longitudinal polarisation; it is
likely that most of the J/v» production at HERA will be transverse.
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The way in which the gluons couple to the proton will determine the W-dependence. If
they couple through a soft pomeron, then

do '
E = (t,Q’) e((:-o |t])log W (2)

with € ~ 0.08 and o’ = 0.25 GeV~2. If the data find a larger value of ¢, this may be a sign of the
BFKL pomeron (though this is unlikely [11]), or of whatever other mechanism is responsible
for the rapid rise seen in ¥W; at small z. Some of the models seek to make a direct connection
between the energy dependence of exclusive vector electroproduction and the rise of vW, at
small z, but there are theoretical problems in this. The soft-pomeron form (2) predicts that the
t-slope changes with W in a particular way; if the soft pomeron is not involved the forward-peak
shrinkage will surely not ocurr at the same rate and is likely to be significantly slower, though
this is not understood. Notice that f(t,@?) contains the square of the elastic form factor of
the proton and so is not a simple exponential: the t-slope will vary with ¢. Notice also that
its measurement is particularly sensitive to any contamination from nonelastic events, which
become increasingly important as |¢| increases.

3 Shadowing corrections in diffractive QCD leptopro-
duction of vector mesons

contributed by E.Gotsman, E. Levin and U. Maor

In our paper [12] the formulae for the shadowing corrections ( SC ) for vector meson diffractive
dissociation ( DD ) in DIS have been obtained within the framework of the DGLAP evolution
equation in the region of low z. It is shown that the rescatterings of the quarks is concentrated
at small distances ( r? @i ) and can be treated theoretically on the basis of
perturbative QCD. '

The numerical calculation of the damping factor defined as:
20 p=Ve) [with SC|

5 . 1
LGPVl [ yithout SC) I m)

shows that the SC (i) should be taken into account even at HERA kinematic region and they
generate the damping factor of the order of 0.5 for J/W production at W = 100 — 200GeV for
Q® = 0—6GeV? (see [12] for details); (ii) t he value of the SC is bigger than uncertainties
related to the unknown nonperturbative part of our calculations, and (iii) DD in vector meson
for DIS can be used as a laboratory for investigation of the SC.

The calculation of the SC for the gluon structure function depends on a wide range of
distances including large ones (r3 > m). This causes a large uncertainty in the
pQCD calculations which, however become smalleruat low 2. We show that the gluon shadowing
generates damping, which is smaller or compatible with the damping found in quark sector.

The cross section of the vector meson DD is shown to be proportional to (:—::%’;-)2 [12]. This
formula takes into account all possible SC and it is derived in the leading log approximation
of pQCD (for the GLAP evolution). It means that the experimental data for DD for vector
meson production provides information about dF3/1nQ?, from which we could extract the
gluon structure function in the DGLAP evolution equation in the region of low z.

676



4 Vector mesons

contributed by N. N. Nikolaev and B. G. Zakharov

The amplitude of exclusive vector meson production [14, 15, 16, 17, 18] reads (we suppress the
polarization subscripts T and L) M = [ d*7dz¥3,(z, 7)o (x,r) ¥, (2, 7), where Wy, are the color
dipole distribution amplitudes and a(z, r) is the color dipole cross section. On top of the gBFKL
component which dominates o(z.r) at r < R. = 0.3fm, at larger r in o(z,r) there is a soft
component. The non-negotiable prediction as that at a sufficiently small z the rising gBFKL
component takes over at all 7. The small but rising gBFKL contribution provides a viable
description of the rise of soft cross sections. My, are dominated by r =~ rs = 6//Q* + mi.
The large value of the scanning radius rs is non-negotiable and makes vector meson production
at best semiperturbative, unless Q* + mj 220-40GeV?, ie., unless rs < R.. Because the
scanning radius rs is so large, the formulas for the production amplitudes in terms of the
vector wave function at the origin are of limited applicability at the presently studied Q%
When rs < R. and the soft contribution is small, one can relate M7 to the gluon density in
the proton but at a very low factorization scale ¢f.;, = 7(Q*+ m$) with 7 =0.05-0.2 depending
on the vector meson. The energy dependence of vector meson production at rg ~ 0.15fm, i.e..
Q*(Y) ~ 0 and Q*(J/¥) ~ 100GeV? and Q*(p) ~ 200 GeV? probes the asymptotic intercept
of the gBFKL pomeron. The major gBKL predictions are:

1. A steady decrease of Rpp with Q* in op/or = RyrQ?/mi with Rpr ~ 1.

9. When fitted to W42, the effective intercept A is predicted to rise with @%. Tt also rises
with W and flattens at a Q? independent A ~ 0.4 at a very large W. The universal
energy dependence is predicted for all vector mesons if one compares cross sections at
identical Q2.

3. Comparing the Q* dependence of Mz, makes no sence, the real parameter is rs and /or
Q* = Q* + m}, the ratios like (J/¥)/p exhibit wild @?* dependence but we predict
the flavor dependence disappears and these ratios are essentially flat vs.Q%. The Q?
dependence must follow the law x @, where n is about flavor independent, typically
n ~ 2.2 at HERA. The x Q*" fits are strongly recommended.

4. Strong suppression of the 2S/15 cross section ratios by the node effect is a non-negotiable
prediction, these ratios are predicted to rise steeply and then level off on a scale QR?* < mi.
Steady rise of these ratios with energy is predicted. For the D-wave vector mesons the
ratio D/1S is pedicted to have a weak Q* dependence in contrast to the 25/18 ratio.

5. The gBFKL pomeron is a moving singularity and we predict the conventional Regge
shrinkage of the diffraction cone. The rise of diffraction slope by ~ 1.5 GeV~2, which is
about universal for all vector mesons and at all Q2. is predicted to take place from the
CERN/FNAL to HERA energies. An inequality of diffraction slopes B(2S) < B(15) is
predited. For the p'(2S) and ¢'(25) the diffraction cone can have a dip and/or flattening
at t = 0. For the 18 states, the diffraction cone for different vector mesons must be equal
if compared at the same Q*.
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Abstract: The analysis of exclusively produced vector mesons in deep inelastic
scattering offers the opportunity for detailed tests of QCD predictions. This report
gives an overview of the expected rates for vector meson production and investigates
the accuracy which can be achieved with an increase in statistics and a better
understanding of the existing detector components of the H1 and ZEUS experiments.
Requirements for the HERA luminosity and detector upgrades are described for
several vector meson related measurements.

1 Introduction

The study of the exclusive production of vector mesons provides important information on
the hadronic structure of the photon and the nature of diffraction. The simplicity of the final
state makes this process attractive for almost parameter-free QCD calculations. Several recent
QCD based approaches are available to predict the cross section for exclusive vector meson
production [1, 2, 3, 4]. These calculations require the presence of a hard scale to be applicable.
In addition phenomenological models also give estimates for this process [5]. The comparison
of the HERA data with these estimates will help to test those models and to determine the
kinematic range in which they are reliable,

The aim of this report is to determine which of the theoretical predictions can be tested by
experiment (and in which kinematic range). which accuracy is needed to distinguish between
different models and what are the demands for the HERA machine and experiments to perform
such measurements. The focus of this work is on the vector meson production at high @2 or ¢.

Throughout this paper we assume that the central detectors of the H1 and the ZEUS
experiments are available in their present setup and that the ongoing improvement of the
detector understanding will allow to use the full tracking systems of the two experiments.
The forward components of the detectors are of special interest for the estimate of the proton
dissociation contribution to the cross section. The limits to the measurements due to the layout
of these components are investigated.

This article is organized as follows: Chapter 2 gives an introduction to the kinematic vari-
ables and a brief overview of some QCD modggdor elastic vector meson production. Based on
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these models, estimates for the rates of exclusively produced vector mesons are given. Chap-
ter 3 describes the detector setup, the expected acceptance in the kinematic range and the
expected systematic uncertainties of the measurements. In Chapter 4 the accuracy of future
measurements is evaluated. Chapter 5 summarizes the requirements for HERA.

2 Cross section estimates

2.1 Vector meson production at large (Q*
In this section some general aspects of elastic vector meson electro-production,
e(k) + p(P) = e(k') + V(v) + p(P') (1)

will be briefly discussed.
The kinematic variables which are used throughout the paper are defined as follows:
2

° Qz = —q2 = —(k—k’)"). o r= AP
o l=(q—v)=(P-P), o s=(P+k)3
oy:g. o W= /s,

where Q* is the negative square of the 4-momentum transfer at the electron vertex, y is the
inelasticity parameter, ¢ is the 4-momentum transfer squared between the photon and the vector
meson, z is the Bjorken variable, s is the ep center-of-mass energy squared and W is the 4*p
center-of-mass energy.

The ep cross section is related to the y*p — V 'p cross section:

d*oii(ep — eVp)
dy dQ*

where 't is the flux of transverse virtual photons given by

] I‘T 0’,“1("’.]1 — ‘])) (2)

[y = Qem (1 -y +4%/2) 3)
T n-sz . .
Hard diffractive electro-production of longitudinally polarized vector mesons has been studied
recently in the framework of perturbative QCD [2], where the cross section of the Y'p—=Vp
process was calculated within the leading a, In /?Q_ approximation of QCD using the leading
QCD
order parton densities within the proton. V' denotes any vector meson (e. g. p,p', 6, J/¥, T).
When the momentum transferred to the target ¢ tends to zero and Q* > M, where My is the
vector meson mass, the cross-section for the hard diffractive electro-production has the form:

dotoy | _ 7Ty Myad(QOT(QY)n}
da | 3apmQ°®

where I'y_.,+ .- is the decay width of the vector meson into an e*e— pair. The parameter Ny is
. _ ]fi'l;j:‘@\-(:.k.) Lo . . . _
defined as ny = Eﬁfm’m , and vy is the light-cone wave function of the qq component
of the vector meson. zG(x,Q?) is the gluon distribution in the proton and 7'(Q?) is a factor
connected with the Fermi motion of the quarks within the vector meson.
The predictions of pQCD for diffractive elecg‘o-product ion of vector mesons have been partly
compared with the existing experimental results [6, 7, 8]:

(1+i3:4) Gz, Q)




e A fast increase of the cross section of electro-production of vector mesons with the y*p
center of mass energy W, o ~ WO8-09  The rise is connected with the behavior of
the gluon density with decreasing z. The non-perturbative two-gluon-exchange model of
Donnachie and Landshoff [3] predicts a cross section rising as ~ W32 which, after taking
into account the shrinkage of the forward diffractive peak becomes ~ W02,

e The dominance of the longitudinal polarization, o1 /0T o Q*/M§; .

o The absolute magnitude of the cross section is reasonably well explained, though uncer-
tainties in the knowledge of G(r,Q?) are too large to make a quantitative comparison.

e The account of Fermi motion of the quarks within the vector meson leads to a strong
suppression of the cross section. The dependence of the suppression factor T'(Q?) on the
Q? for light and heavy mesons was presented in [2].

e The Q? dependence of the cross section can be parameterized as Q™ with n ~ 4. The
difference of n from the asymptotic value of 6 is changed by the Q? dependence of the
factors [a,(Q?)xG(z,Q%)]* ~ Q and of T(Q%).

Based on equation (4) with the GRV94 LO gluon distribution [9], we have calculated the cross
section? for production of longitudinally polarized vector meson states or(7"p) as a function
of W for the different ranges of Q* for the following vector mesons: p(770), p(1700), &(1020),
J/1(3097) and Y(9460). The kinematic ranges were chosen as 20— 150 GeV? for Q% and 40 - 220
GeV for W. The cross section (4) was integrated over ¢ between tyin = 0 and tmer = 1 GeV?
assuming the € behavior of the cross section with slope b =5 GeV~2. The total cross section
Gwot(7°p = Vp) is defined as: oi(y'p — Vp) = ar(y'p = Vp)(1/R + =), where ¢ is the
polarization parameter, ¢ = ﬁ—ﬁ, R = op/or, and o7 is the transverse ¥°p cross section.

In fig. 1 the total (4°p — pp) cross sec-
: : T 10
tion as a function of energy Wis dlsplay(?d. ~ g
One can see the predicted (1, 2] strong rise = / -
of the cross section with W. —~ | = i L
s . ¥ Q1L qqetFE
Using the electro-production cross sections Q
we have calculated the expected number of 7 . ok = ]
vector mesons Ny: agl * ”
~
Ny =o(ep— Vep) x L xBr;  (5) E v GO
& ;

. . 5 -2 o 2
where £ denotes the integrated luminosity 10 F : ggig:g?,
and Br the branching fraction of vector > A o
mesons. We have considered the following B O 75<Q°<150

s Eded - + - ] 1 1 1
decay C_h“{“ds : p(770),p(1700) — 77", 10 /56080 100 120 140 160 180 200 220
6= KtK=, J/¥, T — ete” and ptpu~. W GeV

The value of Br = 0.3 was assumed for

p(1700) = m+7~ decay. Figure 1: Predicted cross section of p° pro-

duction as function of W and Q* [1,2].

In table | the estimated rates of events with £=250 pb™" are displayed. In addition we show
in the table the extrapolated number of events for 250 pb~', based on the currently available
event statistics. 681

[ case of heavy mesons production Q* was replaced by Q*+ M.

Q7[GeV?] [20-25 [ 25-35 | 35-45 [ 45-70 [ 70-150 || Total Q% > 7GeVZ estim. [rom data |
p(770) 1100 | 800 250 170 30 2350 60000
$(1020) 150 100 40 20 5 315 6000
,(1700) | 17 | 40 | 13 | 1 1 95 -
J/¢(3097) | 130 130 60 30 10 360 3000
T(9460) | 1.7 | 16 | 13 | 08 | 05 | 6 -

Table 1: Estimated number of events in the measurable W range for different Q* ranges. W
would like to thank E. Gallo for preparing the estimated number of events from the current
data.

2.2 Vector meson production at large ¢

The process yp — V + X, where V is a vector meson and X is a hadronic state originated by
the diffractive dissociation of the proton (fig. 2(a)), in the limit of large ¢, has been described
in the BFKL formalism in terms of the exchange of a perturbative QCD pomeron [11, 4]. In
such a model, the vector meson is produced quasi-elastically, i.e. in the proton rest frame it
carries nearly all the energy of the photon. The photon can be either quasi-real (Q* ~ 0) or
virtual (Q% > 0).

2.2.1 Kinematics and cross section

In addition to the standard kinematic variables, the model [11, 4] uses two extra variables.
These are the scaling variable, 7, and the ‘energy’ variable 2 defined as:

e S y = 30 oz W
TTQ@ M) Eo B\ mg)

where z, is the fraction of the proton momentum carried by the struck parton. The variable
z is proportional to the rapidity gap between the produced vector meson and the scattered
parton. The differential cross section for the process yp — V' X, when the photon is transversely
polarized, is written as:

dor(yp = VX) 16 . _"’_C'; o )
didz, G(%-fHSlg(q(rg-twqug.m 2| F) P

where G, ¢ and § represent the gluon, quark and anti-quark densities respectively, and F is
the product of the two-gluon scattering amplitude and the form factor associated with the 4V
vertex [11, 4]. The cross section for longitudinal photons is assumed to be oy, = (Q*/M} )or.

2.2.2 Monte Carlo Generators

Two Monte Carlo generators have been written which simulate the large t vector meson pro-
duction process, named HITVM [15] and RHODI [16]. The available vector mesons are p,
w, @, J/w or T in both generators. However, as a non-relativistic wave function is used in the
calculations, the predictions for the p, w and ¢ mesons are not as reliable as for the heavier
vector mesons. The two Monte Carlo generators agree in their results for both the yp and ep
cross sections. The main difference between two generators is the modeling of the proton
remnant:

e e e e e



figures 2(b), 2(c) and 2(d), respectively. Note the strong increase of the cross section with W

and that this model predicts a very small W-dependence of the t-slope (o’ < 0.1 GeV~2).
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Figure 2: For the process ep — €'VX at large t. (a) shows the Feynman diagram, (b) the W
distribution, (c) the |t| distribution fitted with p, -e ¥*' and (d) the M% distribution fitted with
p1 - (Mx)? when V = J/i. The closed and open circles represent the generated distributions
and the distributions after applying the p, and 0 cuts indicated in the text, respectively. For
these plots the HITVM generator was used.

o In RHODI the multiplicity and momentum distribution of the hadrons produced from
the proton dissociation are generated using parameterizations of the pp — p(p)X results
from the UA5 experiment [12] and imposing two requirements on My: M3 /W?* < 0.1
(to ensure that the interaction be diffractive) and My > m, + m. (to remove the events
with only a proton in the diffractive state X).

o In HITVM, the struck parton can be either a valence quark, gluon or sea quark and in
each case the proton remnant is a diquark, quark+diquark or quark+baryon respectively
(based on the method used by PYTHIA [13]). Then the resulting particles are given to
JETSET [13] to hadronize.

2.2.3 Cross section predictions

Table 2 summarizes the ep cross sections expected for J/y' production and also the expected
number of J /1 — utu~ (or ete™) events for a luminosity of 100 pb~='. In order to simulate the
apparatus acceptance, events were accepted only if both muons are in the range 6° < # < 155°
and p; > 1.0 GeV. The predictions are calculated in the region 0.01 < r, < 1.0, [t|> 2.0 GeV?
and using a, = 0.3 and the structure functions MRSA [14]. The predictions are very sensitive
to the value of a,: for example when a, = 0.38Be cross section is reduced by a factor of 20.
The generated and accepted distributions in W, [¢| and M} for Q* < 4GeV? are shown

Kinematic o(ep — €'J/YX) (nb) N(J/p = ptu)
Range Q*<4GeVI[Q7>4GeV? [ Q7 <4 GeVI [ Q7 > 4 GeV
0.000 < y < 1.00 46. 1.4 250000 8000
0.015 < y < 0.60 30. 1.0 150000 6000
0.010 <y < 0.30 17. 0.67 100000 4000
Muon p; and 6 cuts 5.90 0.36 35000 2000

Table 2: Cross section predictions and the expected number of J [y — u* i~ events for 100 pb="
nrp p

3 Detector performance

This study is based on the present layout of the two multi-purpose detectors at HERA H1 and
ZEUS. It is assumed that in the near future the full tracking system of both experiments will be
available and that during the HERA upgrade no changes to the tracking chambers are needed.
The acceptance of the tracking systems of the two detectors is similar. In case of the ZEUS
detector the polar coverage of the central drift chamber is 16° — 165°, the forward tracking
chambers cover the region 7° — 28° and the rear tracking system the region 160° — 170°.

Like for the selection of all diffractive processes at HERA, an efficient tagging of very forward
particles is needed to distinguish between single and double dissociative events.

The identification of all vector meson decay products and of the scattered electron allows
the complete and precise reconstruction of the event kinematics. However. the additional
detection of the scattered proton selects an almost proton dissociation free subsample and
allows additional important cross checks. Due to the small acceptance of a leading proton
spectrometer (~ 5%), measurements are limited to the low Q? region.

More important for future vector meson selections at large Q? is the tagging of proton
fragments in the very forward region. This method to separate single from double dissociative
events has the advantage of high acceptance and is not limited to a small t-region. We will
discuss the importance of tagging particles as forward as possible in the context of systematic
errors.

We assume for the study that the trigger for the vector meson events will not be a basic
problem. The clean topology of the events should help to select such events already in a very
early trigger stage.

3.1 Acceptance

The understanding of the detector acceptance increases normally slowly with time. Using the
DIPSI Monte Carlo generator [10] we checked with the standard simulation of the ZEUS
detector that the average acceptance of vector mesons is above 60% in the relevant W range.
For the following we used the simple approximation that the chance to identify a vector meson
is high if its original direction is within the acceptance range of the tracking chambers.

Figure 3 shows the pseudo-rapidity (y = —Intan %) of the vector mesons as function of W
with @? as additional parameter; the depend%ge of the acceptance on t and My is in case of
large Q* very small. For example using the complete tracking system for Q% = 20 GeV?, the
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Figure 3: Rapidity of scattered vector meson as function of W and Q* for nominal beam
energies (left, £, = 820 GeV., E, = 27.5 GeV') and reduced proton energy (right, E, = 350
GeV). The full lines indicate the acceptance of the tracking chambers. The dashed line
shows the acceptance of the full tracking system for shifted vertex runs (£70 cm).

accepted W range for vector mesons is roughly 25 — 220 GeV. Additional shifted vertex runs
(with z £ 70 cm) can extend the 7 range by + 0.4 units and increase the W range slightly.

Changing the proton beam energy to lower values helps to extend the measurements to
smaller values (see fig. 3 for a proton beam of 350 GeV). Measurements down to W = 10 GeV
will be possible and therefore the results of the NMC collaboration can be cross-checked. A
change of the electron beam energy does influence the direction of the vector meson only at
very large W values, close to the kinematic limit, but it shifts the events to higher values of y.
Measurements with a reduced electron beam energy can therefore be used to estimate R, the
ratio of transverse to longitudinal cross section, directly, without the assumption of s-channel
helicity conservation.

The acceptance as function of Q* depends mostly on the layout of the detector responsible
for tagging the scattered electron. The main calorimeters of the H1 and ZEUS experiments
can be used for this purpose down to Q2 values of a few GeV?. Events with smaller Q* values
can be selected with additional taggers along the beam pipe. For the full reconstruction of the
event kinematics at least the measurement of the direction of the scattered electron is required.

3.2 Systematic errors

The systematic uncertainties will become more important for the measurements at high lumi-
nosity. The sources of uncertainties can be divided into the following subgroups: reconstruction
of the final state particles, non-resonant background. proton-dissociation and other sources like
luminosity measurement, radiative corrections, non-physical background. The following esti-
mates are based on the two presently available publications on vector meson production at high

Q*[7,8].

1. Reconstruction: The present error es 'E%ate in the cross section measurements related
to uncertainties in the acceptance and the reconstruction of the event kinematic is about
7%. A large effort is underway by both collaborations to get a better determination of

the position of the scattered electron, a better understanding of the track reconstruction
efficiency and of the sources of calorimeter noise. This certainly will reduce the system-
atic error soon. The usage of additional components (tracking chambers in the forward
and rear region, new components in the very forward region) will create new sources of
uncertainties. Overall a reduction of this error down to 4% should be possible.

2. Non-resonant background: Neither the shape of e. g. the resonant p-mass peak nor of
the underlying non-resonant background is known for the production of vector mesons at
large Q? values. So far different assumptions about the shape of the non-resonant mass
distributions were used to fit the data and to estimate this background source (6%). The
higher statistics in future measurements will help to constrain the assumptions about the
shape and the fit result. An estimate of 4% seems reasonable.

3. Proton-dissociation: With an uncertainty of about 8% the estimate of the contribution
of events where the proton dissociates is the largest source for the systematic error. The
contribution (and therefore the error estimate) can be reduced either by tagging the
outgoing proton or by tagging excited proton states of very low masses. Due to the
higher acceptance the second method is favored for the vector meson selection. The main
problem for the cross section measurement is the a priori unknown mass-spectrum of the
excited proton states.

Monte Carlo simulations are used to estimate the untagged mass distribution of the proton
fragments for different detector layouts. We studied the two cases that the tagging device
has an acceptance down to 1.5 mrad or only down to 6 mrad (the lower limit of 1.5
mrad is given by the fact that for a momentum transfer squred (t) on the proton of about
1GeV? the proton is scattered by 1.2 mrad!). In the first case, excited states of the proton
above 1.8 GeV, while in the second case above 2.2 GeV are rejected. Assuming a mass
dependence of the excited proton state ~ M3*? such devices can veto 92% (84%) of the
events where the proton dissociates. Assuming the cross section for proton dissociation
to be of the same order as for the elastic scattering. the remaining background of about
8% (16%) can be constrained by assumptions about the My or t dependence. We assume
one half of this contribution as a conservative estimate of the systematic error.

For the determination of the t-slope, this error leads to an uncertainty of the measured
slope of about +£0.2 GeV~2 (£0.4 GeV~?).

4. Other sources: Compared to the errors above, the uncertainties of the luminosity mea-
surement should be negligible and the improved knowledge of the (Q*-dependence will
reduce the uncertainties in the calculation of radiative corrections.

The following table summarizes the estimates of systematic errors:

error 93/94 future estimate
reconstruction related % 4%
non-resonant background 6% 4%
proton-diss. background tagged at 1.5 / 6 mrad 8% 4% | 8%
other sources 5%

3% 1% / 10%

The overall systematic error is therefore gégected to be about 7% (or about 10% if only
proton fragments above 6 mrad are tagged). Since the dependence of the background on the



kinematic variables is not known, for cross section measurements the error contribution has
to be taken into account for each measured bin independently, rather than using an overall
normalization uncertainty. In case of the measurement of R, cross section ratios are measured
at the same W and Q? values (but different y), it can be therefore assumed that the systematic
errors partly cancel and a systematic error of 5% is reasonable.

4 Accuracy of measurements

In this section the accuracy is estimated for future measurements related to elastic vector meson
production under the assumptions explained previously 3, We consider the measurement of the
power & of the W-dependence, the change of the t-slope described by the value of o' and the
ratio of o /or = R. Different theoretical predictions for these observables are available. The
aim of this section is to define the luminosity needed to distinguish between the predictions.

In order to minimize the error of the measurement, some time was spent to optimize the
bin sizes. As long as the statistical error dominates, the chosen bin size has almost no influence
on the resulting error. If only two or three bins in W are used for the § and o' measurement,
the loss of “lever arm” in W gives a slightly higher error. If the systematic error becomes
important, the best results are observed if the bin size is adjusted such that the systematic
error is smaller or equal to the statistical error in each bin.

The estimate of the error of the § and o' measurement is almost independent on the assumed
model. Once the W and t range is given by the detector acceptance, the error depends only
on the number of events which are available in a given Q*interval. Following the ideas of
Frankfurt et al. [2], in the range of large Q* (> a few GeV?) the dynamics of vector meson
production will vary only slowly with @?, thus relatively large bins in Q* can be used. See
tables 1 and 2 for the expected number of events in the given Q* ranges.

4.1 W-dependence

Equidistant W-bins were used and a systematic error of 7% was added to the statistical error
in each bin. The resulting error for & is shown in fig. 4. The lines correspond to the accessible
W range at Q* = 20 GeV? if either only the central tracking chambers of the experiments are
used or the full tracking systems are available. In the second case with about 100 events in
a given Q? interval the error on § is = 0.2. HERA data can therefore very soon discriminate
between the very different predictions of e.g. Donnachie-Landshoff and QCD approaches for
the p meson. With an integrated luminosity of about 230 pb™" this accuracy can be expected
for Q? values up to 35 GeV? also for ¢ and J/¢» mesons. Above 1000 events the systematic
error dominates and limits the precision on § to 0.05. This limit is important at low Q7 values
for p, ¢ and J/¢ production.

4.2 o'-measurement

The (non-) observation of “shrinkage” requires a detailed understanding of the t-dependence of
the cross section. The slope of the ¢ distribution of proton dissociative events is smaller than
the slope of the elastic sample. Therefore proton dissociation becomes important at large t
values and limits the accuracy of the measurement of the t-slope.
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3The following study is done for the elastic vector meson production; however, the results are in principle
also valid for the production of vector mesons at large (.
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Figure 4: Estimate of the error for a § mea- Figure 5: Estimate of the error for a &' mea-
surement as function of the number of events surement as function of the number of events
in a given Q* range. in a given Q* range.

In each W-bin the statistical error for the t-slope measurement was calculated. We used for
the t-fit the range 0.1 — 1.0 GeV?. The lower limit is given by the expected beam emittance for
the low 3 optics of HERA, the upper limit by the influence of proton dissociation background.
To the statistical error we add the systematic error of Ab = +0.2 GeV~? (0.4 GeV~?). The
error of the a'fit is shown in fig. 5.

The value of @’ in soft physics is about 0.25 GeV~=2. To establish that this value is excluded
by 2 standard deviations, the error of the measurement should be below 0.12 GeV~%. From
fig. 5 it can be seen that at least 1000 events are needed. From table 1 it can be concluded
that only the p cross section at higher Q7 values is large enough to enable such a measurement.
With a luminosity of 1000 pb~! the requested accuracy can be achieved also for the ¢ and J/¢
mesons at intermediate Q* values.

If proton fragments can only be tagged above 6 mrad the resulting error is almost twice as
high. It is then impossible to measure o’ with the requested accuracy. This result demonstrates
very clearly the importance of a good tagging of proton fragments in the very forward region.

4.3 Measurement of R

The measurement of the ratio between the cross section of longitudinally and transversely
polarized photons gives additional information about the structure of a virtual photon. Two
different approaches are available to measure R: either comparing the cross sections at fixed W
and @2, but at different beam energies (the ratio of the transverse to the longitudinal photon
flux changes with the ep center-of-mass-energy) or assuming s-channel helicity conservation
(SCHC) and measuring the helicity distribution of the final state particles.
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Figure 7: Error estimate for the measure-
ment of R from the helicity distribution of
the final state particles. For the estimate
of the systematic uncertainty a flat dis-
tributed background with an uncertainty
of 5% is assumed.

Figure 6: Error estimate for R. The cross section
is measured in the shown W,(Q%bins at two dif-
ferent electron beam energies (27.5, 12 GeV) with
about 10 pb~! luminosity. The dotted lines indi-
cate constant values of the VM scattering angle.

4.3.1 Reduced beam energy

At the nominal beam energy, the acceptance of the central tracking limits the measurements of
exclusive vector meson production to small and intermediate values of y(4:107° <y < 0.5).
The transverse and longitudinal photon fluxes differ significantly only at very high y values.
The practical way for the selection of vector mesons at high y values is the reduction of the
electron beam energy. The error estimate of R for some W- and Q*- bins is given in fig. 6.
For this estimate we used the cross section prediction for the p-meson of section 2.1, assumed
a 5% error between the two cross section measurements at high and low beam energies and
considered the case that about 10pb=! are available at each energy. The error, which is mostly
of statistical nature, is in all bins above 50%. If 100pb~"' are taken at each energy, the error in
the highest W-bins is reduced to about 25%.

4.3.2 Assuming SCHC

The helicity distribution of the vector meson decay products contains information about the
polarization of the vector meson. If one assumes that the helicity is conserved in the diffractive
interaction, the vector meson has the same polarization as the original photon. The fraction of
transversely to longitudinally polarized photons can therefore be estimated. The assumption
of SCHC has been proven for small values of t and Q2. But an indication was seen. that this
assumption is not true at large values of ¢ [17].

The acceptance for vector mesons is reduced if cos(f), 0, being the polar angle of one
decay product of the vector meson in the vector meson c.m. system, is close to 1. In that
case typically one of the decay particles has only a very small momentum. However, the region
of [cos(0x)| < 0.8 is unaffected. The error of aﬁg? to the helicity distribution is plotted in fig.7.
The accuracy of this method is better than the one described in 4.3.1. A combination of both

methods might be used to check SCHC.

5 Conclusions

The analysis of exclusively produced vector mesons at HERA provides important tests of QCD
predictions. Significant differences exists in the predictions between phenomenological and
perturbative QCD models. We concentrate in this report on the QCD predictions available at
large values of t and Q2. We studied the requirements for the HERA accelerator and the two
experiments H1 and ZEUS to enable measurements which can distinguish between those models.
As examples we focused on the obtainable accuracy in the measurement of the 1¥-dependence,
the observation of shrinkage and the measurement of the ratio between the longitudinal and
the transverse cross section.

For a luminosity of about 250pb=" the measurements with heavy vector mesons are limited
by the available statistics. The high luminosity option of HERA is therefore favored. For
measurements with the p° vector meson, and with the heavier vector mesons at very high
luminosity, the main systematic uncertainty becomes the estimate of proton dissociation. A
very good tagging of the forward proton or proton fragments is needed. Tagging devices sensitive
to an angle of 1.5 mrad relative to the proton direction are needed to reduce this error to the
level of other uncertainties. It is recommended to have a redundant system of tagging devices
with decreasing angular acceptance to be able to study the angular distribution of the proton
fragments and to separate scattered protons at large momentum transfers from dissociated
protons.
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Abstract: A review of theoretical models of diffractive structure functions in deep
inelastic scattering (DIS) is presented with a view to highlighting distinctive fea-

tures, that may be distinguished experimentally. In particular, predictions for the

behaviour of the diffractive structure functions F2, FP, 'QD(Cha"m are presented.

The measurement of these functions at both small and high values of the variable
A and their evolution with Q? is expected to reveal crucial information concerning
the underlying dynamics.

1 Models of hard diffractive structure functions in DIS

It is natural to start with a definition of what we mean by the terms *hard’ and ‘diffractive’
when applied to scattering of electrons and protons. High energy scattering processes may be
conveniently classified by the typical scales involved. By hard scattering we mean that there
is a least one short distance, high momentum, scale (e.g. high pr-jet, boson virtuality, quark
mass) in the problem that gives one the possibility of using factorization theorems and applying
perturbative QCD. In case of diffractive DIS this is the photon virtuality, @, however this hard
scale is not necessarily enough and indeed QCD factorization may not even be applicable to all
hard diffractive scattering in DIS (see [1, 2, 3] for discussions and refs). It has been shown to
be applicable to diffractive production of vector mesons initiated by a longitudinally polarized
photon [4]. For the time being we will use the definition, due to Bjorken, that a diffractive
event contains a non-exponentially suppressed rapidity gap. Rapidity is the usual experimental
variable related to the trajectory of an outgoing particle relative to the interaction point:
given approximately by n &~ —In(tan(6/2)) (in a cylindrical system of co-ordinates centered
on the interaction point, with the z-axis along the beam pipe and polar angle 0). This rather
obscure sounding definition results from the fact that within perturbative QCD large rapidity
gaps (LRG) are suppressed because a coloured particle undergoing a violent collision will emit
radiation that would fill up the gap. The suppression factor increases with the interval of
rapidity but it’s absolute magnitude for diffractive processes in DIS is uncertain. An additional
source of rapidity gap supression comes from an overall damping factor associated with multiple
interactions. The amount of damping is found to be much smaller in DIS than that typical for
soft processes (e.g. proton proton collisions see [5]) making LRG events more likely.
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Theoretically, for *diffractive’ electron proton scattering in DIS one must observe the proton
in the final state. In practice this is very difficult for HERA kinematics since the highly
energetic scattered proton disappears down the beam pipe in most events. This means that
the current measurements also contain contributions from interactions in which the scattered
proton dissociates into higher mass states. This uncertainty is considerably alleviated by the
advent of the Leading Proton Spectrometer (LPS) which will provide crucial information about
diffraction (for the first data from the LPS see [6]). The significance of the difference between
the experimental working definition of diffraction and the theoretical one is an interesting but
as yet unresolved problem (it is certainly possible to produce large gaps in rapidity in ‘non-
diffractive’ processes, e.g. via secondary trajectory exchanges).

Such LRG events occur naturally in processes known to be governed by soft processes (e.g
proton anti-proton scattering at high energies). This is explained naturally in the context of
Regge theory : at high enough energies one reaches the so-called Regge limit (s > t and s > all
external masses) and all hadronic total cross sections are expected to be mediated by Pomeron
exchange and to exhibit the same energy behaviour. This expectation is born out by the data
(see e.g. [7]), which shows that a wide variety of high energy total elastic cross sections have
the same energy dependence which is attributed to the trajectory of the soft pomeron. The
energy dependence for diffraction in these processes is discussed in e.g. [8].

Scattering of virtual photons and protons at small enough z corresponds to the Regge limit
of this subprocess (3 > 1, § > Q% M?__ ). It is natural to ask if the diffractive events observed
in the DIS sample also exhibit the universal behaviour even though we are now considering off-
shell scattering for which, strictly speaking, Regge theory does not necessarily have to apply.
One of the reasons why hard diffraction at HERA at small = is so interesting is that as =
decreases, for fixed large ? there should be a transition between the hard short distance
physics associated with moderate values of r and the physics of the soft pomeron which is
widely believed to dominate at very small z. It is a theoretical and experimental challenge to
establish whether LRG events in DIS in the HERA range are governed by hard or soft processes
or whether they are actually a mixture of both. The purpose of this report is to discuss the
current theoretical models for diffractive structure functions in an attempt to address this
problem, and, in particular, to outline the benchmark characteristics of the various approaches
to facilitate the search for appropriate experimental tests.

In analogy to the total DIS cross section. the diffractive cross section in DIS can be written,

doP Aol m i y?
= —1
drpdidrdQ? rQ* 4 2(1 + RP(2,Q? zp.t)
where D denotes diffraction, RP? = FP/(FP — FP) and y = Q*/sz : t =0 is usually assumed
since the cross section is strongly peaked here.

] FP(2,Q% g, t) (1)

Ingleman and Schlein [9] suggested on the basis of expectations from Regge theory that the
diffractive structure functions could be factorized as follows:

FP(z,Q% zp,t) = f(ze: t)FF (3, Q% 1), (2)

where @? is the photon virtuality, 7y is the fraction of the proton’s momentum carried by the
diffractive exchange and ¢ is the associated virtuality, 3 = Q*/(M? 4 Q?) = z/ap, with M?
the mass of the diffractive system. The last relation for 3 in terms of z, the Bjorken variable,
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is a good approximation but only holds for negligible ¢ and proton mass [10]. Due to lack of
information on the remnant proton both ry and ¢ can only be estimated indirectly or have to
be integrated out.

The 1993 HERA data [11, 12, 13] confirmed the presence of events with large rapidity gap
between the proton direction and the nearest significant activity in the main detector, in the
total DIS cross section at the leading twist level (i.e. this contribution persisted to high values
of @%). These events constitute approximately 10 % of the total sample (compared to ~ 40%
in photo-production). As has been known for many years and as Bjorken has recently pointed
out [14] the fact the diffractive cross section is present in the total sample as a leading twist
effect (i.e. it ‘scales’) at large Q? and small z does not necessarily imply that the mechanism
that creates these events is point-like. For a careful discussion of the kinematics of hard and
soft diffraction in a variety of different reference frames see [15].

The observed events were also not inconsistent with the Regge factorization of eq.(2). Since
the cross section had the same power-like zy dependence (in f) over a the wide range of (3. Q?)
that were measured it was tempting to postulate that a single mechanism or ‘exchange’ was
responsible for these events. The presence of the gap tells us that this object is a colour singlet
and since the centre of mass energy was very high, the exchanged object became known as the
‘Pomeron’. From this observation it is natural to ask, following [9], if the partonic content of
this ‘particle’ may be investigated by changing 3 and Q?, with 3 interpreted as the momentum
fraction of the pomeron carried by the struck parton; f in this picture is interpreted as ‘the
flux of pomerons in the proton’.

This approach has led to a plethora of theoretical papers in which the parton content of
the Pomeron at some small starting scale, Q3. is treated in various physically motivated ways
(relying strongly on Regge theory). The DGLAP [16] equations of perturbative QC'D (to a given
logarithmic accuracy) are then used to investigate the evolution with Q? of this parton content.
Formally the use of the DGLAP equations is inapplicable for the description of diffraction
because the presence of the gap makes it impossible to sum over all possible final hadronic
states. Their use in this context is at the level of a plausible assumption. In some papers an
analogy is drawn with the proton [10, 17, 18] and a momentum sum rule may be imposed on
the parton content. Others models [10, 19, 20] take the view that that the Pomeron may be
more like the photon and so can have, in addition, a direct coupling to quarks within the virtual
photon. Although it is no longer clear once a direct coupling has been introduced whether the
concept of a Pomeron structure function has any meaning.

Fits [10, 17, 21] to the 1993 data on diffraction reveal a partonic structure that is harder
(more partons at high ) than the proton and that gluons contain a large fraction of pomeron
momentum (up to 90 %) with a large fraction of these at high 3. Clearly in a quantitative
sense such statements will depend on the physical assumptions used to parameterize the input
distribution. However qualitatively these statements are reasonable. The paper of Gehrmann
and Stirling [10] is particularly useful in discussing Pomeron structure function models in that
it discusses and compares two models: model 1 which has only resolved component and imposes
a momentum sum rule on the parton content and model 2 which also allows a direct coupling
of the Pomeron to quarks. This leads to rather different predictions for the Q* evolution of
these two models (see curves labelled *GS(I), GS(II)" in fig.(1)). Model 1 evolves in a way
familiar to the evolution of the proton structure function in QCD, i.e. as Q? increases there
is a migration of partons from high to low 3. In model 2, as a result of the direct coupling
of the pomeron to quarks (at ‘3 = 1), the high 3 distribution is supplemented and, provided
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the direct component is large enough, one expects an increase of parton densities with Q? over
the whole 3 range, which is also an expectation of the boson-gluon fusion model of [22] (see

fig.(1)).
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Figure 1: Distribution of x5 FP(3,Q% x) as a function of 3 and Q?, at fired x5 = 0.005, for
various models. For key assignments - see text.

The high gluon content of the pomeron that comes out of the LO QCD factorizable pomeron

models indicate that the pomeron structure R-factor, R?(3,Q% zy) = FP(3.Q% xs)/ Fi D(8,Q% zw),

where FP = FP — FP, may be considerably bigger (RP ~ 1) than that for the proton
(R” ~ O(a,)). Clearly in order to provide a theoretically consistent prediction for FP a
NLO QCD calculation is required. Such a calculation has been performed by Golec-Biernat
and Kwieéinski [17] who consider a model with resolved partons in the pomeron subject to a
momentum sum rule. For high 3, R is small in such models but it can reach 0.5 for 3 < 0.1.
It has a much softer dependence on 3 than F¥ (see *GK’ in figs.(1.2)).
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Figure 2: RP as a function of 3 and Q* for rp = 0.005. The pomeron structure function model
‘GK’ differs markedly from the two gluon exchange models *NZ,BW, LND,RS.BP" at high and
low 3. Of these, those based on the dipole approach to BFKL, ‘NZ BP', produce markedly
different 3 and Q* behaviour to *‘RS,BW,LND".

This picture of the pomeron structure function has been discussed in detail elsewhere and
will not be repeated in further detail here. For a lucid account of this picture and of the 1993
data see [21], The latest results from H1 [23, 24] on the 1994 data (which has a factor of
10 increase in statistics and covers a broader kinematical range) suggest that single particle
factorization no longer holds over the full kinematical range and that particularly for small 3
it breaks down, i.e. f in eq.(2) become 3 (but not Q?) dependent. A possible explanation of
this is that sub-leading Regge exchanges play an important réle [23, 24, 25].

The paper by Ellis and Ross [26] calls into question the validity of these parton model
approaches using kinematical arguments concerning the virtuality of the struck parton. They
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stress the importance of measuring diffractive events at high 3 and predict a slow power-like
increase with Q? in this region in contrast to the logarithmic decrease that may expect from a
naive QCD evolution.

This and others models are. broadly speaking, similar in spirit to the old aligned jet model
(AJM), which is a kind of parton model approximation to the wavefunction of the photon (see
(14, 15] and refs.), and it’s QCD improved formulation (see [27] and refs.). Consider virtual-
photon proton scattering at high energies (small ) in the proton’s rest frame. In this frame the
virtual photon, whose energy, qo, is the largest scale, fluctuates into a qq at a large distances,
l. = 1/2M,x = qo/Q?, from the proton. As loffe [28] observed many years ago these large
distances are important in determining the DIS structure functions. For the HERA energy
range this ‘coherence length’ can be as large as 1000 Fm. In other words, at enough high
energies we may consider DIS as the interaction of the quark anti-quark pair with the proton.
The transverse size of the pair on arrival at the proton is b} =~ 1/k3.

In the configuration in which one of the quarks carries most of the momentum of the photon
a large transverse distance develops between the fast and the slow quark by the time it arrives
at the proton. This large system. in which the pair is initially ‘aligned’ along the direction of the
original photon, essentially interacts with the proton like a hadron. This aligned configuration
gives a leading twist contribution to F, and FP| the latter being interpreted as the fraction of
events where the produced pair is in a colour singlet state. Since the slow quark is almost on
shell, the AJM is similar to the parton model and there is no leading twist contribution to Fj,
from this configuration.

In the configuration in which the momentum is shared more equally the quarks can stay
closer together in transverse space and may interact with the proton perturbatively. These
configurations contribute at leading twist to Fy(x, Q%) and Fp(z,Q%). In the former the inte-
gration over the momentum fraction leads to the logarithm in Q? (coming directly from the
box diagram). For such small configurations colour transparency phenomena are expected: the
emission of initial and final state radiation is suppressed [27].

A semi-classical calculation [29, 30] in which the proton is treated like a classical background
field, leads to results very similar to those of the AJM. Working in the proton’s rest frame, one
considers the interaction of different kinematical configurations of the highly energetic partons
in the virtual photon with the soft colour field of the proton. These interactions induce non-
abelian eikonal factors in the wavefunctions of the partons which can lead to diffractive final
states. In [30] the addition of gluon to the final state is considered. Leading twist diffractive
processes appear when at least one of the three partons has a small transverse momentum and
carries a small fraction of the longitudinal momentum of the proton. The other two partons
may have large transverse momentum. this means they stay close together as they move through
the proton, acting effectively as one parton. This high k- jet configuration, produces the only
leading twist contribution to FP at this order (which is constant ] and In Q? enhancement of
FP. This signals that FP also has leading twist contribution from the configuration in which
all the transverse momenta are small. Several qualitative phenomenological predictions come
out of this picture. One expects the ratio FQD/I-} to decrease like In Q% and there to be fewer
high-pr jets in FP than in F, (they appear only at order a, in the former). Leading twist
diffraction appears at order a, in FP which will be dominated by jets.

Buchmiiller and Hebecker [22] present a model of diffraction in DIS based on the dominant
process being boson gluon fusion, with the colour singlet state being formed by soft colour
interactions (SCI). The main point is that diffractive and non-diffractive events differ only by
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SCI, the kinematics are expected to be similar since one gluon carries most of the momentum
of the exchanged system. This idea has also been developed in [31, 32] which provides a Monte
Carlo simulation of SCL

The simplest QCD model for diffractive exchange is a pair of ¢-channel gluons in a colour
singlet state. Such an exchange is a common feature of many models [33, 34, 35, 36, 37, 38,
39] and leads to a diffractive structure functions which are proportional to the gluon density
squared. The dynamical content of these models differ in the treatment of QCD corrections
and choice of gluon density and will be discussed in more detail below.

It may be possible to distinguish these models from those in which soft colour interactions
play arole [29, 22, 30] by comparing FP(z, Q% xs) with (2, Q?) for fixed Q* and intermediate
3. For the latter the following scaling relation is predicted:

C
F{(2,Q* x5) = —Fy(7s,Q") 3)

where (" is a constant.

In [33] where diffraction is governed by two gluon exchange one expects this behaviour to
be multiplied by a factor z;*, where A > 0.08 and will depend on k3. (see below). In the dipole
approach to BFKL [38, 39], in which the dipoles couple via two gluon exchange a similar result
is expected but with a larger power 5%, A = ap — 1 = 12a,In(2)/7 possibly softened by
inverse powers of logarithms in 1/zp [38, 40]. Of course, in this case, the individual energy
dependences of F, and F¥ is expected to be a lot harder.

In the perturbative QCD approach advocated by Bartels and Wiisthoff [33] the coupling
of the pomeron to the hadronic final state can be derived without any additional parameters
except the strong coupling. The following ansatz is used for the unintegrated gluon density:

L i-ap(@)

CEYT Y
with the effective scale-dependent pomeron intercept (which explicitly, albeit mildly, breaks
the factorization of eq.(2) since it depends of Q%) ap(Q?) = 1.08 + 0.11n[In(Q?/1GeV?) + 3]
for Q* > 0.05GeV? and 1.08 below this. This gluon density is then fitted to the available data
on F,. Predictions for the diffractive cross section (which is proportional to [W(zp, k3, Q2))?
integrated over k%) with ¢g and gg in final state are then presented over a wide range of 3.
Now the relevant scale in ay is the virtuality k.

v(z. ki, QF) ~

In the limit 3 — 1 the longitudinal contribution, which is formally ‘higher twist’, is finite
so is expected to dominate over the transverse part which goes like 1 - 3. This highlights the
fact that the concept of ‘twist’ must be applied very carefully in diffraction - contributions
which naively appear higher twist may in fact dominate at high (2% in certain regimes. With
an additional gluon in the final state one finds a (1— 3)* behaviour at large 3. For small j this
configuration dominates and the cross section diverges like 1/3. In summary, a characteristic
A spectrum is found that shows that emission of the additional gluon is bound to the small 3
region whereas the large 7 is dominated by the longitudinal photon. Numerical results, labelled
‘BW’, using the ansatz of eq.(4) for FP, and RP as function of 3 and Q* are shown in figs.(1,2).

The large mass, small 3 or triple Regge regime (s > M? > @Q* > Ajcp) has also been
investigated in detail by Bartels and Wiisthoff (see [41, 42, 43] and refs). Theoretically the
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emergence of a 4 gluon t-channel state which builds up the large diffractive mass is expected.
Experimentally, this region is hard to investigate since the requirement of a large mass tends
to close up the rapidity gap making it difficult to distinguish experimentally from the non-
diffractive background and also because the diffractive final state may not be fully contained
in the main detector. This situation is improving now that the first data collected with the
LPS is becoming available [6]. For the purpose of this report we will discuss expectations in
the not-too-small 3 regime.

Diehl [34] has calculated the contribution of ¢g in the final state to the diffraction cross
section in the non-perturbative two gluon exchange model of Nachtmann and Landshoff [36. 44].
Numerical predictions for this model (applicable for not-too-small 3), labelled ‘LND’, are shown
in figs.(1,2,3). This model predicts a relatively small contribution of charm in diffraction (less
than 10 % over a wide range of zp, 3. Q%).

The high /3, small mass regime of diffraction is considered explicitly in [37] who work in
co-ordinate space of the transverse distance between the quark and the anti-quark. They claim
that at high enough 3 (> 0.4) only the ¢g contributes (in agreement with [33]) and that for
B > 0.7 diffractive scattering from the longitudinal photon dominates for which only small
distances (by ~ 1/Q) contribute. The effective scale of the gluon density relevant to diffraction
is k2/(1 — /) (see also [45]) which is clearly hard for high 3. This implies that for high J (see
fig.(2)) RP becomes greater than unity in sharp contrast to the Pomeron structure function
model of [17]. For the transverse photon distances of by ~ 1GeV? dominate which is used
to justify the use of perturbative QCD and the use of evolution equations, using GRV input
distributions, for the diffractive structure functions.

The series of papers by Genovese, Nikolaev and Zakharov [46, 47, 48, 49| provides a model
for diffraction inspired by the QCD dipole approach [50, 39, 51] to the generalised BFKL [52]
equation. In [48] they strongly reject the factorizable pomeron model and instead suggest that
a two component structure function for the pomeron with valence and sea partons having dif-
ferent pomeron flux factors. The absolute normalizations of these components of the diffractive
structure function are substantially the same as evaluated in 1991 [39], before the HERA data
have become available. In recent papers for this Regge factorization breaking model specific
predictions for Fr, [46] and charm [47] are given (see ‘NZ in figs.(1,2,3)).

The curves, labelled ‘RS’, shown in figs.(1,2,3) are from a Monte Carlo simulation developed
by A.Solano and M.Ryskin, for the dissociation of the virtual photon to two and three jets [53].
The formulae used are the same as those in the LMRT [35] model but use a GRV [54] gluon
distribution and a simplified version of the NLO corrections.

Bialas and Peschanski also present predictions for hard diffraction [38, 40] based on the QCD
dipole picture of the BFKL equation. In this picture they find that most of the diffractive cross
section comes from the interaction of qg pairs whose transverse size is of the order of the target
size as seen by the virtual photon. The perturbative QCD prediction is enhanced by the BFKL
resummation and by the number of dipole configurations in the initial proton state. In the
factorized picture they find a strong z5 dependence modified by log corrections. They expect
RP to be a strongly varying function of 3 and to go above unity for large 3. The number of
diffractive events increases with Q? over the whole range. At small 3, i.e. large masses, they
expect a scaling violation to be similar to that seen in F, at small z. Predictions of this model
for FP and Rp have been presented recently [55] and are shown. labelled ‘BP". in figs.(1,2).
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Figure 3: Predictions for the charm content in diffraction, as a fraction on the total diffractive
sample, as a function of 3 and Q* for xx = 0.005. The mazimum value of 3 reflects the charm
threshold and increases with Q*.

9 FP (Charm)

The ratio of charm events observed in the diffractive structure function is in principle a very

good test of the hardness of the processes feeding the ¢¢ production. Clearly a measurement of
the 3 and Q? spectra for these charm events will provide a lot more information.

If hard QCD dominates in diffraction, i.e. the transverse momenta of the ¢q in the loop are
large, k% ~ Q7 the relative yield of charm in diffraction is determined by the electric charges
of the quarks and should be about 40 %. In the Pomeron structure function models of [10] the
charm contribution comes from boson gluon fusion and is indeed large. Model 2 predicts that it
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should also be large at high J in comparison to model 1 (compare ‘GS(I)" and *GS(II) in fig.(3)).
Also since diffraction is a higher twist effect one would expect the FP(charm) p(total charm)
to decrease quickly as a function of Q2.

In the naive AJM, since the quark transverse momenta are small, one would expect a very
small charm content. Within the QCD-improved AJM this may be expected to increase with
@Q? and for sufficiently high Q? the charm contribution to diffraction should approach that
anticipated from hard physics.

The early paper of Nikolaev and Zakharov [49], predicts that the diffractive contribution
to open charm is around 1 %. In a recent paper [47], they present predictions for the charm
contribution to diffraction and suggest a very steep rise at small zp strongly breaking Regge
factorization; at zy = 0.005 this leads to a charm content of about 10 % (see "NZ’ in fig.(3)).

In a numerical study of the influence of the small k7 region in the BFKL equation, in [56), it
is shown that the dominant contribution to diffraction comes from the region of small transverse
quark momenta, even for large @*. This would seem to favour a small charm contribution in
this model.

The LMRT approach [35] is based on the same Feynman graphs for v — qq and v — ¢qg
dissociation as [33, 37, 41, 42] and [37, 39, 46, 47, 48, 49, 51]. 2 However in the LMRT case the
most realistic MRS(A") gluon distribution (which fits all the present data) were used and the
main NLO corrections. including an estimate of the K-factor in the O(%7?) approximation.
were taken into account. Thanks to the large anomalous dimension v of the gluon structure
function g(z, k}) o« (k})" at small z = 25 the infrared divergence is absent from the kr-integral
and, even for the transverse part originated by the light quarks, the dominant contribution
comes mainly from small distances (see also [37]) and doesn’t depend too much on the value
of the infrared cutoff. This short distance dominance is reflected in the large charm content
of the Monte Carlo [53] and of [35] (see curves ‘RS™ and 'LMRT" in fig.(3), respectively). The
LMRT predictions are normalised using a phenomenological fit to the '93 ZEUS data and show
a significant threshold behaviour for 4 approaching the kinematical limit. The sharp increase
for low values of 3 comes from the inclusion of real gluon emission (see [35]), which is not taken
into account in LND.

The measurement of the charm contribution in diffraction, which should be available in
the near future (at least for D production [57]), will certainly help our understanding of the
interplay of hard and soft physics in diffraction.
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Abstract: The purposes and possibilities of future diffractive structure function
measurements at HERA are presented. A review of the current range and accu-
racy of the measurement of Ff(s)(d.x,,.Qz) is presented and an estimate of the
precision of future measurements is given. A feasibility study is performed on the
measurement of the structure functions Fy "(8,z,.Q%t). FL 4om: RP®, RPW
and FF'. Included in this study are estimates of the integrated luminosity required,
the analysis techniques to be employed and values of systematic error that could be
expected.

1 Introduction

The first pioneering measurements of the deep inelastic diffractive cross section at HERA have
yielded great insight into the mechanism of diffractive exchange and the partonic structure of
the pomeron [1. 2. 3, 4]. The precision of present measurements is, however, inadequate for the
study of many quantitative aspects of this picture. The origin of the gluonic structure of the
pomeron and the interface between soft and hard physics are unresolved questions that would
benefit from the higher luminosity offered by HERA in the years to come. In addition, the
substantially different partonic structure of the pomeron in comparison to usual hadrons makes
diffraction a challenging test for perturbative QCD [5]. Furthermore, it has been suggested
that the emerging data from HERA may provide fundamental insight into the non-perturbative
aspects of QCD, leading to a complete understanding of hadronic interactions in terms of a
Reggeon Field Theory [6].

In this paper we study the measurements that can be made of inclusive diffractive cross
sections with the luminosities which may be achieved in the future running of HERA. We
evaluate what precision is possible for these measurements, and attempt to highlight those
measurements which will be of particular relevance to achieving significant progress in our
understanding of QCD .
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Figure 1: Schematic illustration of the method of selecting events to define a diffractive cross-section, showing
the definitions of the kinematic variables discussed in the text. The systems X and Y are separated by the
largest gap in true rapidity in the 4*-p centre of mass system. The system Y is nearest to the direction of the
incident proton in this frame of reference.

2 Experimental Signatures of Diffractive Dynamics

A prerequisite for any precision measurement of a hadronic cross section is that it must be de-
fined purely in terms of physically observable properties of the outgoing particles. Since there
is, as yet, only the beginnings of a microscopic understanding of the mechanism responsible for
diffractive dynamics, and since there are a plethora of wildly different predictions for how the
diffractive cross section should depend on all of the kinematic variables, it is the experimental-
ist’s job to provide a well defined measurement unfettered by any ad hoc assumptions about
how the cross section should behave.

For the interaction ep — eX (X =Anything) the cross section is usually measured differen-
tially as a function of the two kinematic variable z and Q? defined as follows:

i Q*=-¢* (1)
2P . q' !

where g and P are the 4-momenta of the exchanged virtual boson and incident proton respec-
tively, and y is the fractionza] energy loss of the electron in the rest frame of the proton. The
differential cross section ﬁ’ may then be related to the proton structure functions F, and

Fr=F,-R/(1+ R) by:

9

d%c 2ra?

dzdQ? ~ T:m [2(1 -y + 113] - Fy(z, Q). (2)

Such an interaction may be further characterised by dividing the total hadronic final state
(i.e. the final state system excluding the scattered lepton) into two systems, X and Y, separated
by the largest gap in true rapidity distribution of particles in the y*-p centre of mass system, as
shown in figure 1. When the masses of these two systems, My and My, are both much smaller
than the y"p centre of mass energy W then a large rapidity gap between the two systems is
kinematically inevitable, and the interactions are likely to be dominantly diffractive.

The two additional kinematic degrees of freedom may be specified by introducing the vari-
ables t, 3 and z:
t=(P-Y), (3)
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The hadronic cross section to be measured is therefore d:;;(;{ﬁ. The presence of a rapidity

gap may then be identified experimentally by use of the calorimeters and forward detectors of
the experiments. For sufficiently small values of My, the system X will be completely contained
in the central calorimeters, allowing an accurate determination of 3 and r,. Tagging of energy
in the very forward direction allows both the mass of system Y and the magnitude of |¢| to be
constrained, but does not allow a direct measurement of ¢.

A leading proton spectrometer (LPS) “tags” particles which follow closely the path of the
outgoing proton beam separated by only a very small angle. By tagging the particle at several
points along it's trajectory and with detailed knowledge of the magnetic field optics between
the interaction point and the tagging devices, it is possible to reconstruct the original vector
momentum of the particle. Thus it is possible to select a sample of events containing a “leading”
proton with E, ~ Eg“"“. An LPS permits an accurate measurement of ¢, and provides an
independent method of selecting interactions sensitive to diffractive dynamics. Since there is
no need for all the hadrons of system X to be contained within the main calorimeter it is
possible to make measurements at higher values of z,., so that subleading contributions to the
cross section may be confirmed and further investigated.

Regge phenomenology has been highly successful in correlating many features of the data
for both elastic and inelastic hadron-hadron cross sections [7]. At high energies (low x,) the
data are dominated by the contribution from the leading trajectory of intercept a(0) 2 1. The
most simple prediction of Regge phenomenology is that at fixed My the cross section should
vary o z " where n is related to the intercept of the leading trajectory by n = 2a(t) —1.! The
size of the rapidity gap is kinematically related to the value of x, by Apy~ —Inz, [8]. It is
easy to show that at fixed My the rapidity gap distribution is then related to a(t) by:

dN —Any2-2a(t)
—_— a(t), 6
A & (e727) (6)

Hence for a(t) < 1 the production of large rapidity gaps is exponentially suppressed, whilst for
a(t) > 1 it is exponentially enhanced [9]. With z, fixed, then extensions of the simple Regge
model are necessary to predict the My dependence. For sufficiently large masses, it is perhaps
possible to use Miiller’s extension of the optical theorem [10] (“Triple Regge”) to achieve this
aim, and for small masses the vector meson dominance model [11] may be appropriate.

There is much evidence from hadron-hadron data (7], and some from ep data [4] that ad-
ditional (“sub-leading”) trajectories are necessary to reproduce the measured hadronic cross
sections. The Regge formalism permits ¢ dependent interference between some of the differ-
ent contributions rendering problematic any theoretical predictions for the dependence of the
measured hadronic cross sections on My, rp, W2 or t.

Estimates of the diffractive contribution to both deep-inelastic and photoproduction cross
sections have been made using the My dependence at fixed W [2].

't is worth pointing out that at @* > 0 then z, is the basic Regge variable, not W? as is sometimes
assumed.
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3 Future Measurements of F«f ()

The 1994 H1 data (3, 4], corresponding to ~ 2 pb~!, have allowed a measurement of F;.D(s) to
be made in the kinematic region 2.5 < Q? < 65 GeV?, 0.01 < 3 < 0.9 and 0.0001 < zp < 0.05.
For Q? < 8.5 GeV? this was achieved by taking data with the nominal interaction point shifted
by 470 cm allowing lower angles to be covered by the backward electromagnetic calorimeter.

The dependence of F,D(z’ on zp was found not to depend on Q* but to depend on 73,
demonstrating that the factorisation of the ¥*p cross section into a universal diffractive flux
(depending only on zp) and a structure function (depending only on 3 and Q?) is not tenable.
These deviations from factorisation were demonstrated to be consistent with an interpretation
in which two individually factorisable components contribute to F,D(a). These two components
could be identified with pomeron (/P) and meson contributions T "P "™ where np =
1.29 = 0.03 £0.07 and np = 0.3 £0.3 £ 0.6. Scaling violations, positive with increasing logQ*
for all 3, were observed and could be interpreted in terms of a large gluon component in the
diffractive exchange, concentrated near z,/p = 1 at Q? ~ 2.5 GeV? [12, 13, 3, 4].

Given the significant progress in the understanding of diffractive dynamics that has been
achieved with the existing data, the goal of future measurements is twofold: to extend the kine-
matic regime of existing measurement, and to achieve highest possible precision, particularly
where existing measurements have uncovered interesting physics. In the 1994 measurement,
with 5 bins per decade in both @? and z,., and 7 bins in 3 between 0.01 and 0.9, then in the
interval 8.5 < Q? < 65GeV? there were an average of ~ 100 events per bin, corresponding to a
statistical accuracy of ~ 10%?2. The different sources of systematic error for the 1994 measure-
ment are shown in table 1, along with an estimate of the level to which they may be reduced in
the future. The largest single error arises from the combination of limited Monte Carlo statis-
tics (10%) and different possible final state topologies leading to varying corrections for finite
efficiency and resolution (10%). The latter contribution was estimated from the difference in
the correction factors calculated for two possible 4 IP interaction mechanisms:

e a quark parton model process in which the 4= couples directly to a massless quark in the
exchange with zero transverse momentum,

® a boson—gluon fusion process in which the 4* couples to a gluon in the diffractive exchange
through a quark box.

Numerous experimental measurements of diffractive final state topologies at HERA are now
available [4] which constrain the data to lie between these two possibilities. Therefore, it is
reasonable to assume that the error arising from a lack of knowledge of the final state topologies
may be reduced by a factor of ~ 2 such that it no longer dominates the total error. Monte
Carlo statistics can obviously be increased. Therefore, it is reasonable that in the future a
measurement may be made with a total systematic uncertainty of 5% or less. To reduce the
statistical error to 5% (3%) would require 8 pb~! (22pb~!) of data.

Less luminosity is required to achieve the same statistical precision at lower Q. However,
to reach the lowest possible Q% with the widest possible range in z (and hence in T,) it

2The variation of the cross section with Q? of approximately Q=% was partially offset by an increasing bin
size with increasing Q2.
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H1 1994 Preliminary H1 Future
Error Source JF‘E(:’)/F,DQ) JFZ,D(J)/FP 2
Main Calo’ Hadronic E Scale: +5% 3% 1%
Backward Calo’ Hadronic E Scale: +15% 3% < 0.5%
Backward Calo’ Elec. E Scale: +1.5% 5% 3%
Tracking Momentum Scale +3% 2% 1%
Scattered Lepton Angle: +1 mrad 2% 1%
t dependence: e5F% 1% 0.5%
zp dependence: 7702 3% 1%
3 dependence 3% 1%
Mx /zp resolution 4% 2%
Background (photoproduction and non-ep) 0.1% < 0.1%
MC Statistics/Model Dependence 14% 4%

Table 1: Sources of systematic error for the H1 1994 Preliminary measurement of F'ZD(J’A The
results of calculations to estimate the extent to which these uncertainties may be reduced are
shown in the right hand column. These calculations take cognisance of the new SPACAL
backward calorimeter installed by H1 [14], and rely upon future measurements made using the
LPS and forward neutron calorimeter based upon a minimum luminosity of 10 pb™".

is advantageous to run with the interaction vertex shifted forwards along the proton beam
direction. We calculate that 2 pb™' of such data would give a statistical accuracy of 5% in
the region of overlap between nominal and shifted vertex data, allowing a precise cross check
of the two analyses. It is important to note that the HERA magnets are not optimised for a
shifted vertex configuration, and so such data take twice as long to collect as for the nominal
configuration.

Theoretically, and consequently experimentally, the region of high 3 is of particular interest.
The evolution of sz(s) with @2 at high /3 is expected to depend crucially upon which evolution
equations are pertinent to diffractive dynamics. In particular, a DGLAP [15] QCD analysis [13,
3, 4] demonstrates that the H1 data are consistent with a large gluon distribution. concentrated
near r, p = 1 at Q* ~ 2.5GeV2. In this case then F,Dm should begin to fall with increasing
Q* at 3 = 0.9 for Q* > 10GeV?, The presence of a sufficiently large “direct” term in the
evolution equations would lead to a indefinite increase with Q? [16]. Thus a measurement of
FP® at high 4 to the highest possible Q? is desirable.

At fixed ep centre of mass energy /s the range of 3 that may be accessed decreases with
increasing Q? such that:
3> Q

srr'r;u:ymu: :

(7)
The acceptance for a measurement of '20(3' at 3 = 0.9, based upon the interval 0.8 < 5 < 1,
therefore extends to a maximum Q? of ~ 3500 GeV'? for zp < 0.05, where the cross section is
likely to be dominantly diffractive. To achieve 10% statistical precision in a measurement in
the interval 2000 < Q* < 3500 GeV? (bin centre Q* = 2600 GeV?) would require ~ 200 pb~'.
However. a measurement of 30% statistical precision, requiring only ~ 20 pb=1, would already
be significant in light of theoretical calculations which differ by more than a factor of 2 in this
region.
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F2D(4)

4 Measurement of

For particles with £ < Ep (here Ep is the proton beam energy) then the HERA magnets
separate them from the proton beam allowing particles to be tagged for { ~ tyn. For particles
with £ ~ Ep then only those particles with transverse momentum Pf 2 0.07 GeV? may be
tagged [18]. Consequently, for diffractive measurements then the acceptance in  is limited to
t 5 —P?/(1—z,) = —0.07GeVZ. TFor a process with a highly peripheral ¢ dependence then this
limitation results in the loss of 30 to 40% of the total cross section. The geometrical acceptance
of the current ZEUS detectors is ~ 6% [17], giving an overall acceptance in the region z, < 0.05
of ~ 4%.

Tantalising first measurements of the ¢ dependence of deep-inelastic events with a leading
proton have been presented by the ZEUS collaboration [18]. The observed dependence on ¢
of do/dt o €, b= 5.9+ 1.25}1 GeV™2, lends strong support to a diffractive interpretation of
such interactions. The measurements of b differential in z,, @ and Q* that will be possible
with increased luminosity are eagerly awaited.

A preliminary measurement 1'"2")(3’ using an LPS has also been made [19]. In order to use

mes dt F,‘,D(") it is necessary to extrapolate from the
measured region at high |¢| into the region of no acceptance to t,;,. To make this extrapolation
with the minimal assumptions about the ¢ dependence, it is necessary to have at least three bins
in t for each bin in 3, Q* and z,. This means that ~ 150 pb~! of data are required to make a

measurements of Fi ") to estimate FPB — i

measurement of similar accuracy to the existing data for on(a)‘ Obviously it would be possible
to study the ¢ dependence in aggregate volumes of phase space and make a measurements
with a factor 3 fewer statistics, relying upon model assumptions about the variation of the ¢
dependence with 3, Q% and z,. Even with 150 pb™" of data, the extrapolation into the t region
of no acceptance relies on the assumption that the ¢ dependence is the same in the measured
and unmeasured regions. It is not clear that the resultant theoretical uncertainty will be less
than the 5% uncertainty in the overall normalisation resulting from proton dissociation for
existing measurements of F2D(3).

The primary purpose of the LPS is the diffractive “holy grail” of measuring FZD(”(H. Q% 2 1),

Measurements of any possible “shrinkage” of the forward diffractive scattering amplitude (in-
creasing peripherality of the ¢ dependence with decreasing ) are likely to have unique power
for discriminating between different theoretical models of diffractive dynamics [5]. In addition,
the ability to select subsamples of events in which there is an additional hard scale at the
proton vertex is of great theoretical interest [5]. It is therefore of the utmost importance that
the 100 to 150 pb~" of data necessary to make an accurate measurement of F;"H)(J.Qz,z,, t)
are collected by both collaborations with the LPS devices fully installed.

The LPS also allows measurements at higher r,. for which the rapidity gap between the
photon and proton remnant systems X and Y becomes too small to observe in the main
calorimeter. This will allow the contributions to the measured hadronic cross section from
subleading trajectories to be further investigated. Combining information from the scattered
lepton and proton will allow the invariant mass My to be reconstructed in the region z,, > 0.05,
where it would otherwise be impossible.

Tagged particles with £ < Eg*™ will provide information about the way in which protons
dissociate into higher mass systems. Particles thus produced are kinematically unlikely to gen-
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erate a significant background in the region z,, < 0.05, but for larger z,, then this background
will become increasingly important.

5 On the Determination of F}¥

A fundamental question in the study of hard diffractive processes is the extent to which
perturbative QCD dynamics may be factorised from the proton vertex. Some recent calculations
of diffractive cross sections [20, 21] consider the interaction in terms of a hard (perturbative)
phase producing a coloured partonic system which subsequently interacts with the colour field
of the proton via the exchange of non-perturbative gluons. Such “soft colour interactions” [21]
allow colour to be exchanged between the photon and proton remnant systems such that in
some fraction of the events both will become colour singlet states separated by a potentially
large rapidity gap. In such models the evolution of the effective parton distribution functions
(PDFs) will be driven by the evolution of the PDFs of the proton. Alternatively. it is possible
that the presence of a large rapidity gap will confine any evolution dynamics to within the
photon remnant system X. The effective PDFs will then depend only upon and @2, and not
upon r,, as in the former case.

The 1994 H1 data have been demonstrated to be consistent with a factorisable approach
in which a large gluon distribution is attributed to the pomeron in the region z, < 0.01 or
over the whole kinematic range for the sum of two individually factorisable components [4].
At next to leading order (NLO) then a large gluon distribution GT(3.Q?) necessitates a large
longitudinal structure function, F{F (3, Q%):

2
FEe.qY =248 p [P U1

S ¢} g 3
" ® |3 6 +82. (1= g)fc”(f,Q‘) SN C)
A prediction for Fy(3,@?) based upon a NLO QCD analysis of the data could be tested directly
since the wide range in z, accessible at HERA leads to a wide variation in the /P’ centre of
mass energy \/s.p = \/Tps. This means that in factorisable models, at fixed 3 and fixed @? the
same partonic structure of the pomeron may be probed at different values of , corresponding
to different values of y:

Q 1
= s, 9
y 8 z, (9)
If the dependence of the diffractive structure function can be factorised such that
FP(8.Q%zp) = f(z) F7 (8, Q%) (10)

and FF is non-zero, then a measurement of F2D(3) assuming F'=0 is lower than the correct
value of FP™ by the factor §(y, 3, Q%):

_ FP9(Measured) _ 2(1 —y) +y*/[1 + RF(3.Q%)]

. (11)
FP®(True) 2(1—y)+y?

Thus under the assumption of factorisation, a measurement of FF(3.Q%) is possible by mea-
suring the extent of the deviation from a simple # " extrapolation from higher z .. The size
of this effect is shown for different values of RF = FF/(FF — FF) in figure 2. Also shown
is the range covered by the existing 1994 data and the range that could be covered by future
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Figure 2: The expected fractional deviation dzy) of P'ZD(:" from an extrapolation from high
z,, for RP = 0 (horizontal solid line), RF = 0.5 (dashed line), ¥ = 1.0 (dotted line) and
RP = 5.0 (dash-dotted line) for Q* = 10GeV?, 3 = 0.5. The vertical solid line indicates the
kinematic limit of y = 1. The larger box indicates the area covered by the preliminary 1994
HI measurements, which extended up to y ~ 0.5 with an accuracy of ~ 20%. The smaller hox
represents a future measurement with a total error of 7% extending to y = 0.8,

measurements at HERA. [t is clear that in order to see this effect it is necessary to make a
measurement at y values above 0.7 with a total error of less than 10%. For high values of 3 the
extrapolation of qu(a) into the high y region of interest should not be significantly compromised
by the possible presence of subleading trajectories, which contribute only at high z,. (low y).

A comparison between the values of FF determined from such apparent deviations from
factorisation and the values expected from a QCD analysis of I"ZD'J’ constitutes a powerful test
of both the validity of factorisation and the applicability of NLO QCD to diffraction at high

Q.

6 Measurements of RP®) and RP®)

Since an evaluation of FF using the techniques described in the previous section require
theoretical assumptions concerning factorisation, such an analysis is clearly no substitute for
a direct measurement of the ratio of the longitudinal to transverse diffractive cross sections,
RP(z,,B). A good measurement of this quantity is vital for a full understanding of the diffrac-
tive mechanism and should provide an exciting testing ground for QCD. There is at present no
theoretical consensus on what values to expect for RP, although all models suggest a substan-
tial dependence on B with most suggesting an extreme rise as 3 — 1 [3]. A measurement of
RP to any precision leads us into unexplored territory.

Measurements of RP have so far been restricted to DIS exclusive vector mesons produc-
tion [22] by a direct measurement of the polarisation of the final state resonance. This method
could perhaps be used for the bulk data if the directions of the final state partons could be
inferred, but is likely to be difficult due to the problems of running jet analyses on low mass
final states. Instead we investigate a slightly modified version of the method used to determine
R(z,Q?) for inclusive DIS [23].
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The general form relating the structure functions FP and FP to the ep differential diffractive
cross section can be written in analogy to the inclusive cross sections [24].

d“O’D 47 2 y2

(83
—_— P e
dzpdidzdQ? ~ 207\ TVt oay ROO)(z, Q2 2 p.1))

VB (z, Q% zp, t), (12)

where RPW) = (pP®) _ 20 FPW) /(22 FPW) = of/of. Although a measurement of RP*) as
a function of all 4 variables is the most desirable measurement and must be an experimental
goal, statistical limitations are likely to mean that initial measurements must be made without
a reliance on a leading proton spectrometer (LPS) and so t is not measured. In this case we
define anm and RP®) as

d*c2 ira? y?

— (] =
depdzd@? Q4 Q=9+ 2(1 + RPB)(z, Q% zp))

VB, (2, Q% zp), (13)

In this case R is the ratio of the longitudinal to transverse cross section only if RPM) has
no dependence on ¢.

Analysis of equation 13 reveals that in order to make a measurement of R? independent of
FP at least two ep cross sections must be compared at the same values of z, Q? and r, but
different values of y. This is achieved by varying the ep centre of mass energy, \/s. There are
of course many possible running scenarios for which either or both beam energies are changed
to a variety of possible values. A full discussion on this point is given in [23]. For the present
study we examine the case when the proton beam is roughly halved in energy from 820 GeV to
500 GeV and the electron beam remains at a constant energy of 27.5 GeV so that data is taken
at the 2 values of s of s = 90200 GeV? and s = 55000 GeV?. This setup allows for a reasonable
luminosity at the low proton heam energy and enables systematic uncertainties concerned with
detection of the scattered electron to be minimised. In this scheme we make a measurement
of the ratio of the ep differential cross sections, r = afJoP, for two values of Y, Yhi and y,
(corresponding to the high and low values of s) for fixed «. @Q*, z,, and (if measuring RPMW) ¢,
Equation 12 or 13 is then used to determine RP.

It is also apparent from equation 13 that in order to have the greatest sensitivity to RP
measurements must be made at the highest y;, possible (and thus lowest electron energy). This
is illustrated in figure 3, where it can be seen that for values of y, = 0.5 (or lower) there is
little change of r for different values of R?. The upper limit in y;, is crucially dependent on
the ability of the detectors to discriminate and veto against photoproduction events in which
a pion is misidentified as an electron. Experience has shown, however, that for the diffractive
events the low mass of the final state reduces the chance of faking electron when compared to
the more energetic non-diffractive events. For this study we take a central value of Yo = 0.8
with a lower (upper) bin limit of 0.75 (0.85) so that good electron identification for energies
above 4.15 GeV is assumed.

The kinematic range of the measurement projected onto the 2-Q* plane is shown in figure 4
for both CMS energies. To ensure that the scattered electrons are well contained within the
backward detectors we place a maximum 6, cut of 174°. This restricts us to Q? > 5 GeV?
and = > 107", In order to ensure good acceptance in the forward region we impose a cut of
z, < 0.01.

For low electron energies the kinematic variables are well reconstructed and have good
resolutions if the electron only method is used [25, 26]. Since the major problem with this
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Figure 3: Dependence of the ratio, r, of the ep cross sections at s = 90200 and s = 55000 with
RP for various values of y at s = 55000.

Number of Events Number of Events
log, = without LPS with LPS
Ep = 820 GeV | Ep = 500 GeV Ep = 820 GeV | Ep = 500 GeV
-4.125 41 28 0.82 0.56
-3.875 36 25 0.72 0.50
-3.625 19 13 0.38 0.27
-3.375 9 6 0.18 0.12
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Figure 4: A projection of the kinematic range onto the 2-Q? plane for a) a proton beam of
E, = 500 GeV and b) a proton beam of £, = 820 GeV for an electron beam of 27.5 GeV. The
shaded region represents the proposed region of study. Also shown is the restriction on the
kinematic range imposed by a maximum @, cut of 174°.

measurement will be in reducing the statistical error we select bins as large as possible whilst
maintaining enough bins to investigate any variation of RP with the kinematic quantities. A
suitable choice would be 4 bins per decade in z, 4 bins in 3 and if the LPS is used 2 bins in t.
The bins in 3 and { are optimised so as to contain approximately equal numbers of events at
each z value. Identical bins in these variables are used for both CMS energies.

In order to estimate the statistical errors on the measurement we used the RAPGAP gen-
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Table 2: The estimated number of events in each bin for an integrated luminosity of | ph~!
for the 2 proton beam energies and an electron beam energy of 27.5 GeV, assuming 4 bins per
decade in z, 4 bins in 8 and (for measurements with the LPS) 2 bins in 1. RP was set to 0.5.

erator [27] with a fit to the measured H1 FP® [3] at s = 90200 GeV? and used equation 12
to determine the statistics at s = 55000 GeV?. We assumed 100% efficiency for measurements
made without any LPS and 4% efficiency for those with. The expected number of events per
integrated luminosity in each bin is summarised in table 2 for an example RP = 0.5.

For systematic errors we estimate an error of 8(r)/r of 5%. This error is conservatively
evaluated by taking the estimated error on FP (see above) and assuming any improvement that
arises from taking a ratio is offset by increased uncertainty in the photoproduction background
and radiative corrections.

An example of the sort of precision which may be obtained for a measurement of RP®) and
RPM) is shown in figure 5. For this study we assumed that many more data would be obtained
at the high CMS energy. It can be seen that for an integrated luminosity of 10 pb~! at the
lower s value a measurement of RP®) is statistically dominated with an error around 60% if
RP() — 0.5 for the lowest value of z. For an integrated luminosity of 50 pb~" at the lower s
value statistical and systematic errors become comparable and RPG) can be measured to 40%
accuracy. For measurements of RPM very high integrated luminosities are required — at least
a factor of 50 is needed for a similar precision to RP®).

. D
7 Measuring F,” ;-

Since the leading mechanism in QCD for the production of charm quarks is the boson gluon
fusion process, the diffractive charm structure function FP 4 oom is very sensitive to the gluonic
component of the diffractive exchange. It is important to establish whether the measured
FP parm 1s consistent with that expected from a QCD analysis of the scaling violations in
onm. In addition, it has already been observed in the photoproduction of J/t» mesons that
the charm quark mass provides a sufficiently large scale to generate the onset of hard QCD
dynamics. The extend to which the charm component of FP® exhibits a different energy
(z,) dependence to that of the total will provide insight into the fundamental dynamics of
diffraction.

The method used here for tagging charm events uses the D™ decay® D** — D°r},., —
(K=7*)7},,. The tight kinematic constraint imposed by the small difference between the D**

3Charge conjugate states are henceforth implicitly included.
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Figure 5: The estimated errors for an example central value of RP = 0.5 for a) 10(500) pb~" at
s = 55000 GeV? and 50(2500) pb~" at s = 90200 GeV? and b) 50(2500) pb~" at s = 55000 GeV?
and 250(12500) pb™" at s = 90200 GeV? for a measurement of RP®) (RP™)). The inner error
bar represents the statistical error and the outer the statistical and systematic error added in
quadrature.

and D° masses means that the mass difference AM = M(K77,10u) — M(K'7) is better resolved
than the individual masses, and the narrow peak in AM provides a clear signature for D*%
production. The chosen D° decay mode is the easiest to use because it involves only charged
tracks and because the low multiplicity means that the combinatorial background is small and
that the inefficiency of the tracker does not cause a major problem.

A prediction of the observed number of events is obtained using RAPGAP with a hard
gluon dominated pomeron structure function taken from a QCD analysis of e [3]. The
cross section predicted by this model for D** production in diffractive DIS is compatible with
the value measured in [4]. The acceptance of the detector is simulated by applying cuts on
the generated direction (6) and transverse momentum (p) of the decay products and on the
energy of the scattered lepton (E.). The p. cut used is 150 MeV, which is approximately
the value at which the H1 central and forward trackers reach full efficiency. This cut has
a major influence on the acceptance for DT mesons, because the momentum of the slow
pion e is strongly correlated with that of the D**, so a D** with p; much less than
150 MeV x Mpes /M,+ = 2 GeV cannot be detected. The p)-dependence of the acceptance is
shown in figure 6a. There is no obvious way of extending the tracker acceptance to lower p,,
so this cut is not varied.

Figure 6b shows the average acceptance for a D"t over the region 10 GeV? < Q* < 100 GeV?
and all values of 3 and for p; > 2GeV. It can be seen that extending the angular coverage
from the present 25 < 6 < 155° range in the backward direction to 170° in conjunction with
lowering the scattered lepton energy cut used in present analyses significantly improves the
acceptance, especially at low z,. Figure 7 shows the number of D** which one might expect
to detect in the low- and high-Q? regions with a total integrated luminosity of 750 pb=". It can
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Figure 6: The acceptance for D** in the region 10 GeV? < Q?* < 100 GeV?, shown as a function
of (a) pp and (b) z,. The continuous line in (b) shows the results with central tracking only
and a requirement E. > 10 GeV. The other lines show the effect of extending track coverage
in the backward direction and including E. down to 5 GeV.

be seen that even with this large integrated luminosity, cross section measurements can only
be made with an accuracy of 10% in this binning.
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Figure 7: The number of D** expected to be observed in 750 pb™" in the range (a) 10 GeV? <
Q? < 25 GeV? and (b) 50 GeV? < Q? < 100 GeV?, predicted using RAPGAP with a hard-

gluon-dominated pomeron.

Whilst one waits for 750 pb™', it may be worthwhile attempting to increase the statistics
by investigating other decay modes which are experimentally more demanding. The D** decay
to D°r},, has a branching fraction of nearly 70% [28] and is the only decay mode giving a
charged track in addition to the D” decay products. However, the D° decay to K~7* has a
branching fraction of slightly less than 4% [28]. so there is clearly room for a large improvement
in statistics if other channels can be used. For example the use of a silicon vertex detector
close to the interaction point, such as that already partly installed in H1. should enable the
secondary vertex from the decay of the D° which has a decay length 7 = 124 um [28]. to be
tagged. This could be used to extend the analysis to other channels, including semileptonic
decays, which are otherwise difficult to use. The gain in statistics, neglecting the vertex-tagging
inefficiency. can be up to a factor of ~ 20 (if all channels are used), with a further factor of ~ 2
available if inclusive D® production is used rather than relying on the D™+ decay.
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8 Summary and Conclusions

We have argued that a precise hadron level definition of the cross section to be measured is
essential in order that future high precision measurements of diffractive structure functions may
be treated in a consistent theoretical manner. Although 20 pb~" of integrated luminosity will be
enough to achieve precision in the measurement of F), ® at moderate @Q?, in excess of 100 pb~!
is necessary to make a comprehensive survey of diffractive structure within the kinematic limits
of HERA. An attempt to determine F¥’ will be an important tool in establishing the validity of
both factorisation and NLO QCD in diffractive interactions. A direct measurement of RP®) is
shown to be feasible with 10 pb~" of integrated luminosity taken at lower proton beam energy.
A substantial integrated luminosity is demonstrated to be necessary to complete an exhaustive
study of the diffractive production of open charm, although statistics can be markedly improved
by exploiting the full range of possible charm decays.
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Figure 5: The estimated errors for an example central value of RZ = 0.5 for a) 10(500) pb~" at
s = 55000 GeV* and 50(2500) pb~" at s = 90200 GeV? and b) 50(2500) pb™" at s = 55000 GeV?
and 250(12500) pb™" at s = 90200 GeV? for a measurement of R (RPM). The inner error
bar represents the statistical error and the outer the statistical and systematic error added in
quadrature.

and D° masses means that the mass difference AM = M(K7m,u) — M(KT) is better resolved
than the individual masses, and the narrow peak in AM provides a clear signature for D=+
production. The chosen D decay mode is the easiest to use because it involves only charged
tracks and because the low multiplicity means that the combinatorial background is small and
that the inefficiency of the tracker does not cause a major problem,

A prediction of the observed number of events is obtained using RAPGAP with a hard
gluon dominated pomeron structure function taken from a QCD analysis of FP® [3]. The
cross section predicted by this model for D** production in diffractive DIS is compatible with
the value measured in [4]. The acceptance of the detector is simulated by applying cuts on
the generated direction (#) and transverse momentum (py) of the decay products and on the
energy of the scattered lepton (E.). The p. cut used is 150 MeV, which is approximately
the value at which the H1 central and forward trackers reach full efficiency. This cut has
a major influence on the acceptance for D** mesons, because the momentum of the slow
pion ey is strongly correlated with that of the D**, so a D** with p, much less than
150 MeV x Mpes /M.+ =~ 2 GeV cannot be detected. The pi-dependence of the acceptance is
shown in figure 6a. There is no obvious way of extending the tracker acceptance to lower p, .
so this cut is not varied.

Figure 6b shows the average acceptance for a D"+ over the region 10 GeV? < Q* < 100 GeV?
and all values of 3 and for p; > 2GeV. It can be seen that extending the angular coverage
from the present 25 < 0 < 155° range in the backward direction to 170° in conjunction with
lowering the scattered lepton energy cut used in present analyses significantly improves the
acceptance, especially at low z,. Figure 7 shows the number of D** which one might expect
to detect in the low- and high-Q? regions with a total integrated luminosity of 750 pb=". It can
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Figure 6: The acceptance for D** in the region 10 GeV? < Q2 < 100 GeV?| shown as a function
of (a) py and (b) .. The continuous line in (b) shows the results with central tracking only
and a requirement E. > 10 GeV. The other lines show the effect of extending track coverage
in the backward direction and including E! down to 5 GeV.

be seen that even with this large integrated luminosity, cross section measurements can only
be made with an accuracy of 10% in this binning,
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Figure 7: The number of D** expected to be observed in 750 pb=! in the range (a) 10 GeV? <
Q* < 25 GeV? and (b) 50 GeV? < Q* < 100 GeV?, predicted using RAPGAP with a hard-

gluon-dominated pomeron.

Whilst one waits for 750 pb~", it may be worthwhile attempting to increase the statistics
by investigating other decay modes which are experimentally more demanding. The D=+ decay
to D7, has a branching fraction of nearly 70% (28] and is the only decay mode giving a
charged track in addition to the D° decay products. However, the )9 decay to K—7% has a
branching fraction of slightly less than 4% [28], so there is clearly room for a large improvement
in statistics if other channels can be used. For example the use of a silicon vertex detector
close to the interaction point, such as that already partly installed in H1, should enable the
secondary vertex from the decay of the D°, which has a decay length cr = 124 yum [28], to be
tagged. This could be used to extend the analysis to other channels, including semileptonic
decays, which are otherwise difficult to use. The gain in statistics, neglecting the vertex-tagging
inefficiency, can be up to a factor of ~ 20 (if all channels are used), with a further factor of ~ 2
available if inclusive D production is used rather than relying on the D** decay.
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8 Summary and Conclusions

We have argued that a precise hadron level definition of the cross section to be measured is
essential in order that future high precision measurements of diffractive structure functions may
be treated in a consistent theoretical manner. Althou%h 20 pb~! of integrated luminosity will be
enough to achieve precision in the measurement of /% ) at moderate Q?, in excess of 100 pb™*
is necessary to make a comprehensive survey of diffractive structure within the kinematic limits
of HERA. An attempt to determine F will be an important tool in establishing the validity of
both factorisation and NLO QCD in diffractive interactions. A direct measurement of RP®) is
shown to be feasible with 10 pb=" of integrated luminosity taken at lower proton beam energy.
A substantial integrated luminosity is demonstrated to be necessary to complete an exhaustive
study of the diffractive production of open charm, although statistics can be markedly improved
by exploiting the full range of possible charm decays.
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The LPS in diffractive physics with HERA upgrade.

T. Massam

August 27, 1996

The functions of the LPS in the analysis of diffractive events are twofold:

1. To measure the transverse momentum of the proton and thus obtain a direct measurement
of t.

9. To measure the mass, My of the diffractively produced state and/or tag its diffractive
nature.

To perform either of these tasks well requires a good geometric acceptance for the proton.

This contribution contains an updated summary of the verbal presentation and further
information is appended to the ZEUS interaction region study.

1 Transverse momentum measurement

The conclusions are that a HERA upgrade with a low-3 solution will introduce serious and
probably unacceptable systematic errors in measurements of t—slope parameters. Because
these uncertainties are due to the transverse momentum spread (??) within the emittance of
the incident proton beam, they will be present in any method of measuring t—distributions so
measurements of slope parameters should be completed before the upgrade.

There may remain some possibilites of measuring lower slopes if they are found above
pr = 1GeV since in the low-beta upgrade the LPS acceptance will extend above 1GeV, but
with reduced acceptance.

Table 1: Emittance parameters of the proton beam

Normalized emittance 2.000e-5 | metres
Quantity Horizontal | Vertical | units
B 3.00 0.15 | metre

0.131 | 0.0293 | mm
0.0437 | 0.1953 | milli radian
0.036 0.160 | GeV

T space
Tangle

T transverse—momentum

9

2 My measurement.

Measurements of z, on the other hand will not deteriorate with the upgrade. At lower values
of Mx the kinematics are such that a measurement showing that the proton momentum is
close to 1.0 (e.g. ;0.99) gives a clear tag of a quasi two-body low-t event. At higher values of
M. and provided that Q* is not very high, My can be measured using the LPS momentum
measurement.

These statements are quantified by the expression:
M} = Sy(l—z—ap) + t — 2pF " prelectron (1)

where z and y are the deep inelastic parameters, 2. is the leading proton momentum/incident
proton momentum, pr are the momentum components transverse to the incident beam.

The uncertainty in My resulting from the transverse momentum spread in the beam is then

A beam leading—proton
At = 28 {Pr

.‘Ix i p'srcnuered—electron} (2)

TL

3 Statistical accuracy

Geometrical acceptance in the spectrometer is restricted by the aperture between the beam and
the vacuum system. Detectors cannot be placed closer to the beam line than the beams 100
profile. When a low-/3 optics is introduced, it modifies the phase space in such a way that the
minimum pr which can be accessed by the detectors is increased and for the proposed upgrade
this results in about a factor of two loss in events rate. For events which will need pre-scaling
with the higher luminosities, this can be recuperated by introducing a suitable trigger and
reducing the scaling factor.

The upper limit to the aperture affects the upper limit of t which can be reached. It
depends on the details of the magnet and vacuum chamber design and this is being studied in
collaboration with the upgrade designers.
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Abstract: The measurements that can be achieved with the use of the ZEUS
Leading Proton Spectrometer are reviewed, focussing on the diffractive physics.
Estimates of the systematic errors on some of the measurements are given, together
with an estimate of the integrated luminosity needed.

1 Introduction

The two experiments H1 and ZEUS at HERA are equipped with forward spectrometers to
detect the scattered proton in ep interaction. This study concentrates on the physics program
in diffractive physics achievable with the ZEUS Leading Proton Spectrometer (LPS).

The LPS consists of six stations of silicon microstrip detectors placed along the proton
beam line at distances of 23 to 90 m from the interaction point. The LPS detects protons
scattered at small angles with respect to the beam, corresponding to proton transverse momenta
pr £ 1 GeV. The HERA beam magnets are used to determine the proton momentum. The
resolution on the fractional longitudinal proton momentum, z; = p' /p, where p is the incoming
proton beam momentum and p’ is the momentum of the scattered proton measured in the
spectrometer, is 0.4% at high zz. The pr resolution of 5 MeV is less than the beam transverse
spread at the interaction point of < 100 MeV. The LPS selects a clean sample of single diffractive
dissociation events ep — epX and measures the square of the four-momentum transfer ¢ at the
proton vertex directly.

The first physics results achieved are based on the 1994 data [1], [2], when the three stations
S4, S5 and S6, extending from 63 to 90 m, were operational. In this configuration the LPS
geometrical acceptance extends approximately from zz =~ 0.5 to z; = 1 and from pr ~ 0 to
pr = 0.8 GeV, and it varies as a function of z; and pr. For z; > 0.97, that is for single
photon diffractive dissociation events, the ¢ range covered is between 0.05 and 0.4 GeV?, with
t ~ —p}/zr. In this range the geometrical acceptance is approximately 6%.

With the complete installation of all six stations, the LPS can measure in an extended
region and the acceptance in the region at high z, is approximately a factor two larger. The
resulting acceptance is shown in figure 1, and it will be used in the estimation of the integrated
luminosity needed for the LPS measurement.
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Figure 1: Acceptance table in the zp, pr plane for coincidences between any two stations of the
LPS out of siz.

2 Measurements with the LPS

The list of topics of interest in hard diffractive scattering is long and is discussed in detail in
the summary [3]. Among all the processes of interest there are some which cannot be explored
fully without the use of the LPS.

The t distribution is claimed to be the testing ground for the hardness of diffractive processes.
The LPS is the unique tool for measuring the ¢ distribution for all inclusive processes in which
the pr resolution achieved with the main calorimeter is larger than the typical width of the ¢
distribution itself.

Another area which cannot be explored without heavy use of Monte Carlo simulation is the
large mass diffraction, where the existing detectors, except for the LPS, loose their sensitivity
to the presence of large rapidity gaps.

FD(4)

Thus this report concentrates on the measurement of the diffractive structure function F,
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and of the ¢ dependence in DIS. The numbers presented here for these specific cases can then
be easily rescaled to estimate the luminosity requirements for any diffractive processes.

3 Diffractive Cross Section in DIS

The differential cross section for diffractive DIS events can be written in terms of the diffractive
structure function F.‘.D ) as

d'oayy _ 2ma’ 2y pDU) g 2

W_TQ‘(1+(1 ¥)") F, (B, Q% z p,t), (1)
where a is the electromagnetic coupling constant, y is the fractional energy transferred to the
proton in its rest frame; in the expression above the contributions of the longitudinal structure
function and of Z° exchange have been neglected. Assuming that diffractive interactions are
due to pomeron exchange, z,, is the momentum fraction of the proton carried by the pomeron
and f3 is the momentum fraction of the struck quark with respect to Bgs

Diffractive DIS events are selected in the LPS requiring a well reconstructed proton track
with zz > 0.97. The uniqueness of the LPS for the determination of the diffractive cross section
is due to four reasons:

e the ability to select a clean sample of single diffractive dissociation events through the
proton tagging (estimates are that the background due to other physics processes is below

5%);
o the ability to measure ¢ directly;
e good resolution in 8 and z ., in the region 0.001 < 8 < 0.1;

o the ability to determine the background to diffraction by extending the measurement of
the proton at low z; (z < 0.97).

As shown in the formula above, the differential cross section is a function of four variables,
Q* t,z, and B. The quantities Q? and y are reconstructed from the electron variables (electron
angle and energy) or from the double angle variables, as for the inclusive F, measurement. The
quantities z  and f are reconstructed from the variables at the electron vertex and from the
mass My of the final hadronic system into which the virtual photon diffractively dissociates:

2 z

B:QZ%M;; :c,,:B:l—:cL (2)
where W is the 4°p centre-of-mass energy and z the Bjorken scaling variable. With the LPS,
the measurement can extend to higher masses (therefore to lower values of 3 and higher values
of z,.) compared to measurements based on rapidity gap selection. In the high mass region, My
can be reconstructed from the momenta of the electron and the proton, My = sy(1 —z — zr),
achieving a very good resolution (for Mx 2 25 GeV the resolution is 15%, for My ~ 80 GeV
it is 6%).
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3.1 Measurement of do/dt

One of the first measurements performed with the LPS has been the determination of the ¢
dependence in diffractive DIS events. The measurement was performed integrating over the
kinematical region 4 < Q* < 30 GeVZ2, 70 < W < 210 GeV,0.02 < 8 < 0.4 and z; > 0.97,
and for 0.07 < [t| < 0.35 GeV?. The resulting distribution is exponential and expressed as
do/d|t| ~ exp(—b|t|) leads to a value of b which is within errors in agreement with what is
expected for the soft pomeron, although on the low side.

One of the prediction of models based on the soft pomeron is the shrinkage of the diffractive
peak with increasing c.m. energy. Measuring in two W bins around 50 GeV and 200 GeV, at
an average Q* of 10 GeV? and an average mass of 10 GeV, one expects:

b (W) =~ bo+ 22" In(W?/(M} + Q%)) GeV~? ~ 6 GeV 2, 3)

b (W ~200) — b (W =~ 50) ~ 2a'In(200?/50?) ~ 1.4 GeV~2, (4)

where by >~ 4.5 GeV~? and o' ~ 0.25 GeV~? is the slope of the soft pomeron trajectory.
For the hard pomeron the expectations are that o/ ~ 0 (no shrinkage), which means that
b (W ~200) = b (W =~ 50).

In order to measure a difference between the two values at the 3o level in these two W bins,
the error on b should be of the order of 0.3 GeV~2 ie. of the order of 5% for b ~ 6 GeV~2,
With 20 pb~!, about 4000 tagged LPS events can be collected for each W point, obtaining a
statistical error on b (W) of 3 +4%. The dominant systematic errors are due to the alignment
of the LPS with respect to the beam and to the unfolding of the proton beam transverse
momentum spread. The estimate is that, with the present configuration, a systematic error of
3% on b could be achieved, giving the possibility to measure the shrinkage with the required
precision. The HERA luminosity upgrade by means of low-3 quadrupoles would restrict the
range in ¢ where there is acceptance for the LPS, moving the lower |¢| limit from 0.07 GeV?
to 0.27 GeV? [4], reducing the statistics. In addition the low B quadrupoles increase the beam
dispersion in transverse momentum at the interaction point, thus increasing the systematic
error on b. The effect is shown in fig. 2. The observed ¢ distribution is a convolution of the
Pt exponential folded with the py dispersion caused by the beam emittance represented by a
2-dimensional gaussian in transverse momentum space, whose width increases slowly during the
lifetime of the beam. Therefore, the observed p distribution is also a 2-dimensional gaussian
and can be approximated by an exponential whose slope cheu;ges with time. The size of this
effect is shown in fig. 2 for the 1994 HERA optics (B= = T;8, = 0.7) and for the proposed
low 3 quadrupoles configuration (8. = 3;3, = 0.2); for a slope of 6 GeV~2 in the proposed
configuration, the beam emittance would change the slope by as much as 20%, with a strong
dependence on the size of the emittance of the beam. The systematic error on b induced by
this correction is estimated to increase to 7 — 12%.

3.2 Measurement of FzD(”

The systematic errors on F2*) are limited by the kinematic reconstruction of z,Q? the My
reconstruction, the background subtraction and the LPS acceptance. The systematic errors due
to the acceptance of DIS events and z,Q* reconstruction are the same as for the inclusive F,
measurement. In the intermediate y region a systematic error below 5% has been achieved [5]
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Figure 2: Effect of the low B optics on the measurement of the diffractive slope b with the LPS.
The bands are the range of variation induced by the growth of the emittance during the lifetime
of the proton beam.

and could be reduced to 3% with a better measurement of the electron and hadronic variables
in the next years. The My reconstruction, as already mentioned, is well under control at
high masses, Mx 2 10 GeV, where the LPS information is used, and should provide a precise
measurement for 3 < 0.1. A systematic error of 3% could be achieved. The background is due
mainly to two processes. The beam halo background comes from interactions of beam protons
with the residual gas in the beam pipe or with the beam collimators, accidentally overlapping
with genuine DIS events. This type of background can be easily subtracted and estimated
requiring energy and longitudinal momentum conservation and can be controlled at the level
of 1%. The second type of background is due to processes where the proton does not remain
intact, like proton dissociation, Reggeon exchange other than the pomeron and non-diffractive
interactions. In this case the z spectrum peaks at low values, and study of the low zp, data
can shed light on the nature of the remaining background under the diffractive peak. An error
due to this background of 2% could be achieved. Finally the error due to the LPS acceptance
(LPS alignment and calibration and run-to-run dependence of the acceptance) can reach an
ultimate precision of 5%. Summing in quadrature all the above contributions, a systematic
uncertainty of 7% could be achieved in each bin. The HERA upgrade would severely affect the
LPS acceptance increasing the systematic error due to this contribution.

The LPS allows measurement of the structure function F,D () in the four variables ¢,z ,,3,Q%

If 2 measurement were made in two ¢ bins (0.07 < |t| < 0.12 GeV?, 0.12 < |t| < 0.35 GeV?),
in three Q7 bins in the range 4 < Q? < 30 GeV?, in seven 3 bins in the range 0.001 < B <05
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and in three to six z, bins in the range 4 x 107* < z, < 3 x 1072, 70 events on average
per bin are expected with 20 pb~" (in those bins within kinematic range at HERA). This
results in an average statistical error of the order of 12% for each bin, to be compared with the
systematic error of 7%. Fitting the z,, dependence with (1/z,)* for every Q%,t and J interval,
the statistical error on the slope a could be measured with a statistical precision of 5 to 15%
and a systematic precision of less than 3%, testing if factorization holds in the mentioned 3
range. Table 3.2 shows the error on a in individual 3 bins. The error at low 3 is larger because
the HERA kinematics limit the accessible range in z ..

B Number of z,, bins Number of events per bin | Statistical error (in%) on ﬂ
~001] 3(10%<z,<3x107%) 50 +15%
~003[3(2x10®* <z, <3x107?) 70 +10%
~0.1 |5(4x10* <z, <3x10°?) 70 +6%
~03 |5(4x10* <z, <3x107%) 70 +5%

Table 1: Estimated number of events in 3 intervals for 20 pb~! of collected LPS data, for 3 Q?
bins, 2t bins and 3-5 . bins, and relative statistical error on the power a of the z . dependence.

4 Summary

The LPS provides a very powerful tool to study diffraction at HERA. In particular it provides
the direct measurement of ¢, it allows the selection of a clean sample of single diffractive
dissociation events and it extends the measurement to low 8 and high z,. The proposed
HERA upgrades would severely limit the LPS acceptance, especially at low ¢ as shown in [4]. An
estimated integrated luminosity of 20 pb~* collected with the LPS would allow a measurement
of the differential diffractive structure function F,D () in a reasonable binning in z,,3, Q% for
Q? < 30 GeV?, with a statistical error of 12% and a systematic error of the order of 7%. Note
that the LPS efficiency compared to the luminosity delivered by HERA is of the order of 50%:
20 pb~! collected by the LPS correspond to 40 pb~! delivered by HERA. The factorization
breaking could be tested with a precision of 5 — 15%. The shrinkage of the diffractive peak
could be tested unambigously in two W bins, integrating over Q?, with 4000 events per bin,
obtaining a precision of 0.3 GeV~2 on the slope b and of 0.1 GeV~? on «'.
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Abstract: Following the observation of one large rapidity gap CC DIS event by
ZEUS in 1994 dedicated studies were made on theoretical and experimental as-
pects of diffractive CC scattering. The theoretical estimate of the cross section is
aii'_j_{)x(rm < 0.1) = 2.1 232 pb. Monte Carlo study shows that the signature of
these events is sufficiently unique to enable good background rejection at about 35%
signal efficiency. With 1 fb=! of integrated HERA luminosity measurement of the
diffractive CC interaction should give a significant contribution to our understand-
ing of diffractive phenomena.

1 Introduction

Within the ZEUS sample of charged current DIS events. selected from the 1994 e*p data,
one event was found satisfying a large rapidity gap (LRG) selection as used in the NC DIS
analysis [1]. This corresponds to the cross section [2):

il‘;fﬂ:x(Qz > 200GeV?) = 0.8 t18(stat.) =+ 0.1(syst.) pb. (1)

I
This event is interpreted as a diffractive charged current DIS event, where the W+ exchange oc-
curs between positron and pomeron. Following this observation dedicated studies were made on
both theoretical and experimental aspects of diffractive CC scattering. Perspectives of precise
diffractive CC DIS measurement after the planned HERA upgrade were also investigated.

2 Cross section estimate

The cross section for diffractive CC DIS can be expressed, similarly as in the case of NC DIS,
. . . . c cC
in terms of the diffractive structure functions F:D and ng) :

Coify _ G} My 1 "
dAdQ*dz,, — 47 (Q*+ M3.)? 3 92

[(1+ (1= y)*) FSp (8.Q%z,) £ (1- (1-y)?) BES (8@ 2,)],

727 728



where z, is the fraction of proton momentum carried by the pomeron, whereas 3 is the fraction
of the pomeron momentum carried by the parton coupling to the W. The cross section is
integrated over the undetected four-momentum transfer to the proton system.

In the studies presented here factorization of diffractive structure functions is assumed, 1.e.
they are decomposed into a pomeron flux factor independent of the hard scattering process and
into parton distributions in the pomeron. The calculations were performed in QPM approxima-
tion, neglecting higher order QCD contributions as well as any scaling violation of diffractive
structure functions.

Assuming that the pomeron contains ancecqual amount of up and down quarks and antiquarks
C . . . . .
the Fp, structure function vanishes and F,  can be related to the diffractive structure function

measured in NC DIS, 3
Ko =5 FP . 3)

In the following the parameterization of the ZEUS diffractive structure function measurement|[1]
was used,

FPO = (1/2,)*-b-(B(1 = B) + = - (1 = B)?), (4)

¢
2
where the values of parameters fitted to data are

1.30 + 0.08 (stat)*57% (sys),

0.018 £ 0.001 (stat) = 0.005 (sys),
¢ = 0.57+0.12 (stat) £0.22 (sys).

a

Integration of the cross section formula 2 using relation 3 vields’

ds ‘ d
a4 (2, < 0.1) = 2.1 33 pb. (5)
The error on the cross section is dominated by the uncertainty in the slope parameter a, to
which the cross section is very sensitive. This is shown in figure 1, together with the error band
on the value of a measured by ZEUS. Precise measurement of the diffractive CC cross section
can significantly constrain the description of the pomeron flux factor.

The integration of the cross section was limited to , < 0.1, as for higher z,, diffraction is
not well defined. In case of diffractive CC DIS this is a significant constraint, since, due to the
W mass in the propagator term (eq. 2), the diffractive CC cross section decreases very slowly
with z,, approximately like (ﬁ)“". It also means that, in contrast to what we observe in NC
diffractive scattering, the cross section is dominated by events with high M. (invariant mass of
the pomeron-W system).

3 Experimental signature

In 1995 a dedicated trigger was implemented at ZEUS to select diffractive CC events. The
selection is based on two basic requirements: the event should have a rapidity gap in the

I The assumption of equal u and d contents of the pomeron also implies that the e~p and e*p CC diffractive
cross sections are equal.
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Figure 1: Total cross section for diffractive CC scattering as a function of the pomeron slope
parameter a. The arrow indicates the value of o241 corresponding to a measured by ZEUS [1].
The vertical dashed lines indicate the quoted error on a.

forward direction (to select diffractive events) and a significant missing transverse momentum
(to select CC events).

Due to the high diffractive masses involved, the expected rapidity gap is much smaller than
in diffractive NC DIS. Hence we require a minimal rapidity gap observable in the main detector,
corresponding to no energy deposits in the calorimeter cells adjacent to the beam pipe hole.
This cut can be slightly released, thus increasing the selection efficiency, if the contribution of
nondiffractive events is additionally suppressed by use of scintillator counters placed behind
the main calorimeter very close to the beam pipe. This so called Proton Remnant Tagger tags
charged particles produced in the pseudorapidity interval 4.3< n <5.8.

To select CC events it was required that there is missing transverse momentum of at least
4 GeV. Monte Carlo studies showed that both photoproduction and NC DIS background can
be very efficiently suppressed by additional cuts based on the transverse momentum — pr and
the transverse energy? - Er of the event, measured both in the calorimeter and in the tracking
detectors:

2
Ld > 3 GeV?
Er Calorimeter
p2
= > 2GeV?
ET Tracking

With the additional requirement that the direction of the transverse momentum measured
in the calorimeter and from the tracking detectors agree, the efficiency of the diffractive CC
selection is of the order of 35% with a purity of the final sample of about 60%. Most of the
background comes from non-diffractive CC DIS.

2The transverse energy Er is defined as the scalar sum of the transverse momenta over all calorimeter energy
deposits, or over all tracks coming from the primary vertex, respectively.
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Figure 2: Selection efficiency (indicated in percents) of diffractive CC' DIS events as a function
of the kinematic variables Q* and /3.

Figure 2 shows the efficiency of the proposed diffractive CC selection as a function of the
kinematic variables Q? and 3. The efficiency improves significantly towards high 3. The
proposed cuts select events in a relatively narrow Q? range of about 10% — 10° GeVZ.

4 Perspectives

With the proposed upgrade schedule, HERA should be able to deliver about 1000 pb~! of
luminosity until the year 2005. This would open a wide range of possibilities in studying
diffractive CC interactions. Figure 3 shows the expected number of events observed after
selection cuts, as a function of the kinematic variables Q* and 3. The total cross section could
be measured with precision of the order of 5%, which corresponds to an error on the pomeron
flux parameter a of the order of 2%. This measurement will be very sensitive to the pomeron
flux description at high z,, as well as to the assumed factorization of the diffractive cross section
itself.

With 1000 pb~' of data also the measurement of the differential cross section becomes
possible. The cross section in 3 can be measured with 20-30% statistical error, as shown in
figure 4. Although the diffractive CC DIS events populate (after selection cuts) a relatively
narrow Q? range, this measurement can be used to test the evolution of the diffractive structure
function, when compared to low Q* NC DIS results.

High statistics of diffractive CC events should also allow a precise jet rates study. The
fraction of two jet events should be sensitive to the gluon contents of the pomeron, as they are
expected to result from the W-gluon fusion.
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Figure 3: Cross section in fb, after selection cuts, for diffractive CC DIS in bins of the kinematic
variables Q* and 3. The values correspond to the expected number of events for an integrated
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Figure 4: Measured differential cross section for diffractive CC DIS as a function of 3. Only
statistical errors are shown, corresponding to an integrated HERA luminosity of 1000pb™".

5 HERA upgrade

Results presented in the previous section were obtained with the assumption that the efficiency
for the diffractive CC event selection after the HERA upgrade will remain the same as be-
fore. Using the Monte Carlo simulation it was checked that the proposed HERA and detector
modifications should not have much influence on the measurement of CC events in the ZEUS
detector. However, the proposed modification of the HERA magnet system is incompatible
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with the present design of the Proton Remnant Tagger. It is not clear at the moment if the
installation of new tagging device will be possible, nor if its efficiency in vetoing nondiffractive
events will be compatible to the present design. If the proton remnant can not be tagged,
stronger selection cuts will have to be applied in the central detector, resulting in the reduction
of selection efficiency by a factor of about 2.
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Abstract: The potential of the HERA colliding experiments for studies of diffrac-
tive proton dissociation is investigated. Two measurement methods are considered.
The first one relies on a set of tagging devices detecting particles emitted from
the proton dissociation, while the second one involves a calorimetric measurement.
The possible accuracy of the measurement of the dissociated mass spectrum and the
measurement of the fraction of diffractive events where the proton did not dissociate
is estimated. The effect of lowering the proton beam energy is also studied.

1 Introduction

The processes under consideration are ep — eVY,e XY, where V denotes a vector meson, X is
a dissociated photon system and Y is the excited nucleonic state. They compete with reactions
where the proton stays intact, namely ep — eVp,eXp. An efficient way of separating the two
classes of events is essential for the measurements of the elastic and photon dissociation cross
sections. It is also of primary importance to test the factorization of the diffractive proton
vertex, i.e. to verify whether the probability for the proton to dissociate to a system of a given
mass, My, is the same in ep as in pp collisions and whether it depends on Q% or My.

In a naive approach, it should be easiest to study the proton dissociation in processes
involving the production of vector mesons which decay into charged particles. One could
estimate the energy, momentum and the mass of the nucleonic system from the difference
between that of the initial and scattered electron and the vector meson decay products measured
in tracking devices. One could also distinguish events with an intact proton by means of a simple
mass cut. Unfortunately, the kinematics at HERA strongly disfavors this method. The only
other possibility is by measuring the particles from the proton dissociation or the protons that
stayed intact in the scattering process. The scattered protons are already measured by ZEUS
using a leading proton spectrometer [1]. The acceptance is limited for geometric reasons and
the momentum range restricted. The leading proton spectrometer can be used to select events
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with intact protons or to describe qualitatively proton dissociation events, but it is not suitable
as a tagger of proton dissociation.

In the following we investigate the potential accuracy that may be reached in measurements
of the proton dissociation by recording the particles originating from the Y system in detectors
installed in the proton fragmentation region. The fraction of the events where the proton
stayed intact may be estimated by selecting the events where no particles were detected in
these devices. The precision of such measurements is also analyzed.

2 Modelling the proton dissociation

The creation of the Y system may be modelled as a collision of the proton with the pomeron.
Since the proton momentum is fixed the mass and the total momentum of the dissociated
nucleonic state is determined by the energy and the momentum of the pomeron. The trans-
verse momentum of the pomeron is practically zero compared to the longitudinal momenta
involved, as ph = t, where t is the exponentially suppressed squared four momentum of the
pomeron. Therefore in practice the kinematics of the nucleonic system is solely determined by
the longitudinal momentum of the pomeron or equivalently by the mass M{ ~ 4 - p, - pp.

The properties of the hadronization of the dissociated proton system depend mainly on the
mass My. Within the discussed model it corresponds to the centre-of-mass of the pomeron-
proton collision. Fig. 1 shows the dependence of the average total transverse energy and the
average charged multiplicity on the dissociated proton mass, according to PYTHIA 5.7 Monte
Carlo program [2].

At HERA the particles from the proton dissociation are emitted under small angles in the
direction of flight of the proton beam due to the strong Lorenz boost of the whole ¥ system. The
angular distributions of final state hadrons, expressed in terms of pseudorapidity ' for different
intervals of the dissociated proton mass are shown in fig. 2. These distributions were obtained
using the EPSOFT (3] MC program. It models the proton dissociation as a soft hadronic
collision of the pomeron and the proton. The following assumptions define the properties of
the final state:

e charged multiplicity according to the parametrization of pp — pN data;
e exponential suppression of transverse momenta with (pr) = 300 MeV;

e longitudinal momenta uniformly distributed in phase space.

Fig. 2 shows also how the distributions change if the average multiplicity is lowered by 30% or
the average transverse momentum is increased by 30%. The reduction of the proton beam en-
ergy to E, = 450 GeV shifts the distributions towards lower pseudorapidities which is equivalent
to larger opening angles.

! The pseudorapidity, 7, is derived from the relation n = —log(tan(0/2)), where 6 is the polar angle calculated
with respect to the proton beam direction

735

%\62 T T ,.,l.”w..A..
) 3 A, AT
< 5 E o w888y T4
- 5 F _AAA 'A'A e
(] E DN =
4 F o ADEEE B
3 E ADD =
£ A8 E
2 E ‘A-A 3
Eoa 3
1~'A'-A~ 3
0.‘Hx.A..l..‘l...l.“m“.l...‘l..uf
0 5 10 15 20 25 30 35 40
M, (GeV)

25 T L L B B B B —
10 | R =« =t
o- 00 3

C ol O
8 F SR w
L DD‘]QC'DD O 1
6 DD ]
: oot E
C Dg ]
4 F \ -
C o ]
S ]
2 = & _Z
o ]
o L N | il A TR S R
0 5 10 15 20 25 30 35 40

M, (GeV)

Figure 1: Dependence of the average transverse energy (top) and the average charged multiplicity
(bottom) on the dissociated proton mass in cvents generated with PYTHIA 5.7.

3 Tagging the proton dissociation

In this section we investigate the possibility of tagging events with diffractive proton dissociation
by detecting particles from the Y system with tagging devices installed in the forward region.
For this study it was assumed that the central calorimeter, CAL, measures up to n < 4. The
forward region was assumed to be instrumented with two counter rings symmetric around the
beam axis covering the angles 4 < n < 4.9 (tagger 1) and 4.9 < 7 < 5.9 (tagger 2). There is
a significant amount of inactive material in front of the taggers (up to one interaction length),
concentrated mainly at Z ~ 2.5 m, where in the present design of the ZEUS interaction region
the C4 collimator is installed. The preshowering effects may lead to significant distortions of
the spectra in the taggers. This was simulated assuming that a shower of 7 cm radius may start
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Figure 2: Pseudorapidity distributions of particles from proton dissociation for different inter-
vals of My (solid histogram) according to EPSOFT. Dashed and dashed—dotted lines correspond
to the distributions obtained if the charged multiplicities are reduced by 30 % or if the transverse
momenta are increased by 30 %, respectively. The dotted line corresponds to lower proton beam

energy, £, = {50 GeV.

at that place. Since the preshowering effect ensures high multiplicity of secondaries reaching
the detectors, a 100 % efficiency for tagging such events was assumed. Fig. 3 shows the fraction
of the proton dissociation events tagged by these devices as a function of the mass My. Most
of the events with My < 2 GeV escape the detection in any of the devices, however masses
My > 4 GeV will almost certainly produce particles within the geometrical acceptance of the
taggers.

The most straightforward application of forward taggers is the selection of diffractive pro-
cesses where the proton stayed intact. This is done by rejecting all events with a signal in the
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Figure 3: The fraction of the proton dissociation events tagged by the counting devices cover-
ing different pseudorapidity regions as a function of the mass My (solid histogram) according
to EPSOFT. Dashed and dashed-dotted lines correspond to the distributions obtained if the
charged multiplicities are reduced by 30 % or if the transverse momenta are increased by 30 %,
respectively. The dotted line corresponds to lower proton beam energy, E, = 450 GeV.

forward detectors. Assuming that the probability for the proton in a diffractive ep interac-
tions to stay intact or to dissociate to a given mass My is the same as in the pp collisions one
can estimate the fraction of the events with proton dissociation with no signal in the taggers.
If only the central detector with 5 < 4 is used as veto, the contamination of single photon
diffractive processes by proton dissociation is 16 + 5 %. The error was estimated by varying
the multiplicities and the transverse momenta assumed in the hadronization model by 30 %.
The result is a large fraction known with a relatively poor precision. This uncertainty directly
translates into a large error on the measured cross sections for the processes ep — €Vp, eXp.
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The fraction of events with untagged proton dissociation may be reduced to 5.7 + 1.4 %, if all
the tagging devices at 1) < 5.9 are used. A significant reduction of the remaining proton disso-
ciation fraction is possible only with devices reaching smaller polar angles, or by running with
a lowered proton beam energy. The geometrical acceptance of the taggers for the beam energy
of E, = 450 GeV is also shown in fig. 3. In that case only 2.1 + 0.6 % of the accepted events
are accompanied by an untagged proton dissociation, allowing for very precise measurements
of the cross sections for the single diffractive processes ep — eVp, eXp.

To conclude, the fraction of single diffractive dissociation events contaminated by untagged
double dissociation can be reduced by factor 3 by extending the forward tagging capabilities
from » = 4 down to y = 5.9. A 30% uncertainty in the average multiplicity and transverse
momenta of particles in proton dissociation results in similar uncertainty in the contamination.

4 Measuring the do/dMy spectrum using taggers

It is also of interest to measure the mass spectrum of the diffractive proton dissociation in
ep collisions at HERA and verify the factorization in diffractive process by comparing to pp
interactions. Such a measurement is very difficult at HERA due to the strong forward boost
of the whole Y system. Nevertheless one may attempt to estimate the behaviour of the My
spectrum even if only tagging devices are installed in the forward region. For example, one can
measure the ratio of the number of proton dissociated events detected only in tagger 2 covering
4.9 <7 < 5.9 to the number of events tagged only in the main CAL, 7 < 4. As shown in fig. 3,
the former cut selects events with c.a. 2 < My < 5 GeV, while the latter picks up those with
roughly My > 8 GeV. Assuming the distribution of the nucleonic mass in the form,

a

&) N

dM} M}
it is possible to estimate the value of a from the measured ratio of the events. However, the
region of ¥ masses selected by requiring signals in the tagging devices depends strongly on the
assumptions of the fragmentation model. We have verified, that if the assumed average multi-
plicities are off by 30 %, the obtained value of @ will be shifted by 0.11. This should be compared
to 1.08, which is the absolute value expected for a from triple-pomeron phenomenology [4, 3].
The sensitivity of a to the pr of the produced hadrons is similar. Therefore, considering the
ideal case of 100 % efficient taggers the error on the measured value of a is o, > 0.13 due only
to uncertainties in the hadronization process. If the energy of the proton beam is reduced to
E, = 450 GeV the acceptance of the tagging improves, but the uncertainty on a due to model
assumptions does not.

5 Measuring the do/dMy spectrum using calorimeters

The situation can be improved by installing calorimeters instead of the tagging devices in the
forward region. To evaluate the potential of this solution we performed a MC study assuming
that the region 4 < < 5.9 is instrumented with a calorimeter having a resolution of of/E =
60 %/VE. The granularity is assumed to be such, that one cell corresponds to A = 7 mrad
for angles 0 < 28 mrad and A@ = 40 mrad beyond that. Additionally, a position reconstruction
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Figure 4: Relation between the reconstructed and the true mass of the dissociated proton sys-
tem according to EPSOFT MC program: a) taking into account only the effect of geometrical
acceptance of the forward calorimeters, b) assuming in addition that particle momenta are ap-
proximated by their energy, c) after including the energy smearing due to losses in inactive
material and calorimeter resolution, d) and after the position reconstruction smearing is also
included.

smearing due to the transverse size of the hadronic shower was included. The showers were
assumed to begin at the C4 collimator at Z ~ 2.5 m and have a radius of 7 cm. The large
amount of inactive material in the forward beam pipe region may also significantly distort the
energy measurement. This was simulated assuming that every second particle may lose some
energy before entering the calorimeter. This energy loss was generated from a flat distribution
spanning from 0 to the particle energy. The rough estimate is based on the measurement of
energy lost by hadrons in the EMC section of the ZEUS calorimeter [1]. The main calorimeter
covering 77 < 4 was assumed to have a resolution of op/E = 40 %/VE and a granularity
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of A# = 40 mrad. The following relation was used to reconstruct the invariant mass of the
nucleonic system Y:

My pee = VET= PP = \[(E = P2)- (E+ Pz) =[5 Ei(1 - cosbi) - 2E,, (2)

where the summation runs over all the energy deposits measured in the forward region. Fig. 4
illustrates the expected quality of the dissociated proton mass reconstruction. The four plots
show how the different factors degrade the mass resolution. Based on this simplified MC
simulation one can estimate the resolution expected for the My reconstruction of oy, /My ~
100-120 %/+/My . However, if the energy of the beam is reduced to E, = 450 GeV the resolution
can improve to about oay, /My = 70-80 %/+/My, since the particles are emitted under larger
angles.

Given this quality of the dissociated proton mass reconstruction we estimated the systematic
precision one can achieve in measuring the mass spectrum. We assumed that the experimental
method is similar to that considered for the case of taggers, namely by measuring the ratio of
the number of events with mass 2 < My < 5 GeV and those with My > 8 GeV. This time, the
events were selected by requiring the reconstructed mass to fall into the intervals 0< My ree <
3 GeV and My pgc > 7 GeV. The thresholds applied on the reconstructed quantity are lower
than what is expected for the true masses, since My e is not corrected for energy lost in
inactive material and carried by the particles that escaped the detection.

Assuming the form of Eq. 1 for the nucleonic mass spectrum we estimated the sensitivity
of the measured value of a to the details of the hadronization of the Y system. Assuming
that the average multiplicities and the transverse momenta are known to 30% the systematic
uncertainty on @ can not be smaller than 0.09. However, if the beam energy is reduced to E, =
450 GeV the precision on the measurement of a improves significantly, to about 0.03.

In this analysis we have not considered the uncertainties of the acceptance due to imprecise
simulation of the effects of the dead material which may be large. Most probably, it is easier
to control these effects if a calorimeter is installed in the forward region, as the calorimet-
ric measurement is less sensitive to preshowering effects. A more realistic comparison of the
two scenario would require further investigation of these aspects as well, as the questions of
calibration, aging, radiation damage, etc.

6 Conclusions

We investigated the potential of forward detectors covering the pseudorapidities of n < 5.9
in the HERA colliding experiments for the studies of diffractive processes involving proton
dissociation and those where the proton stays intact.

The processes with an elastically scattered proton, ep — eVp,eXp, are measured by select-
ing events with no signal deposited in the forward detectors covering a range in n up to 5.9
units. Due to limited tagging acceptance, 5.7 = 1.4 % of the events may still involve proton
dissociation. If lower proton beam energy of E, = 450 GeV was used the contribution from
proton dissociation would reduce to 2.1 £ 0.6 %. For this type of studies the instrumentation
of the forward region with tagging devices is as good as the calorimetric measurement since the
geometrical acceptance is the decisive factor.
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If the mass spectrum of the dissociated nucleonic states is to be measured, instrumenting the
forward region with a calorimeter is preferable. The power a of the do JdM$ o (1/M)® form of
the mass spectrum may be measured with an error of 0.10 using calorimeters compared to that
of 0.15 if tagging devices are used. The real potential of calorimetry with respect to tagging
becomes apparent only if the beam energy is reduced. At E, = 450 GeV the calorimetric
resolution becomes oy, /My ~ 70-80 %/ /My instead of 100 — 120%/+/My at the nominal
beam energy and the systematic error on a may be reduced to roughly 0.03. The precision of
the measurement using taggers does not significantly improve if the beam energy is reduced.
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Abstract: It is suggested to upgrade the forward ZEUS calorimeter in the current
beam hole by a FPLUG calorimeter. The foreseen layout of the FPLUG would
increase the acceptance of the ZEUS detector in the forward direction by 1.6 units
in pseudorapidity. The calorimetric properties of the FPLUG are studied and its
potential for diffractive physics and jet physics is analyzed.

1 Introduction

The complete coverage of phase space in the physics of lepton-proton scattering at HERA is
one of the objectives of a multipurpose detector such as ZEUS or HI.

Since the observation of diffractive processes in deep inelastic scattering events with rapidity
gaps have been interesting in various ways. An increase in acceptance is advantageous for the
study of these processes. The very forward detection by the forward neutron spectroscopy
(e.g. FNC at ZEUS) and the leading proton spectrometers (e.g. LPS at ZEUS) is successfully
implemented. Their acceptance covers typically small momentum transfers, since they are
integrated into the beam guiding systems. However, the transition region of forward calorimetry
and the beam guiding systems is more difficult to equip with detectors because a number of
boundary conditions have to be met. One option is the implementation of detectors wherever
the beam elements allow to do so. This has been pursued by H1 and realised as a cascaded
version of calorimetry. The other option is the implementation of the forward detection by
“smooth” continuation of the calorimetry near the beam modifying the beam pipe and some
of the vital elements as collimators and pumps.

Here we present a part of the results of this activity. The possible realisation (section 2) and
the improvement for the detection of scattering processes are discussed. Among a variety of
possible fields of interest we concentrate on the detection of diffractive DIS via the calorimetric
measurement of diffractively produced masses (section 3) and the jet detection in the forward
direction (section 4).
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2 The FPLUG Calorimeter

2.1 Physics Requirements and Layout of the FPLUG Calorimeter

The requirements for a FPLUG calorimeter are:
o angular acceptance as close as possible at the proton beam,
e energy resolution similar to the energy resolution of the main calorimeters,
o small distortion of the response at the boundary of the calorimeters,
e small amount of dead material in front of the FPLUG.

The most efficient way to realise this is a FPLUG calorimeter integrated into the existing
calorimeter. Transition effects at the boundary between the calorimeters are minimized this
way. Shadowing effects as would be the case in a cascaded version are avoided. The cross talk
due to leakage, especially for the hadronic cascade, is intrinsically present. The closest approach
to the proton and electron beam is limited by its sizes, the various injection conditions and
synchrotron radiation fan accompanying the electron beam, in our case typically 2 cm.

The requirements for the angular resolution are moderate, since the invariant mass resolution
of My is mainly determined by the energy resolution. However, the angular resolution and
granularity is of importance for the separation of diffractively excited proton system.

2.2 General Layout

The FPLUG calorimeter would be positioned inside the current beam hole of the ZEUS forward
calorimeter (FCAL) with a dimension of 20 x 20 cm?®. Leaving a hole for the beam pipe of
4 x 4 cm?® the acceptance in pseudorapidity n could be increased from 3.8 to 5.4 at the front
face of the calorimeter.

!

HAC2 HAC1 [EMC!
Beim pipe EeV——r— bamuis
—
o
* e
116 cm
1525 em 7

Figure 1: Layout of the FPLUG inside FCAL (DU-version).

The general layout of the FPLUG calorimeter inside the ZEUS FCAL is given in Fig. 1. A
possible realization of the FPLUG calorimeter could be a spaghetti type calorimeter with
tungsten as absorber medium. Tungsten has a very short nuclear interaction length A of 10.3 em
which would allow for a rather compact hadron calorimeter. Space considerations would limit
the amount of fibres to 10%.

The scintillating fibres would run along the beam axis and could be read out both from the
direction of the interaction point and from the back, thus defining the electromagnetic and
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Figure 2: Readout granularity of the FPLUG.
Only the lognitudinal layout differs between W and DU-version.

hadronic sections of the calorimeter. The electromagnetic part would have the length of 1 A,
the hadronic part of 4 A, giving a total length of 55 cm. This is two interaction lengths shorter
than the FCAL, but sufficient as will be shown in Fig. 5

The usage of scintillating fibres wou!d allow a flexible readout granularities. Our studies were
employing a cell structure of 5 x 5 with a square cross section of each cell of 4 x 4 cm? and the
center cell replaced by the beam pipe, cf. Fig. 2.

2.3 Monte Carlo Studies of the Calorimetric Properties

General features of a W-scintillating fibres calorimeter such as sampling fraction, energy res-
olution and leakage were studied by a “stand alone” simulation. In order to save computing
time the fibre geometry was replaced by a sandwich structure of alternating layers of 9 mm W
and 1 mm polystyrene as scintillator material preserving the 10% of active volume foreseen.
The simulation of the electromagnetic showers was performed with the GEANT 3.21 package [1].
For a detailed simulation of hadronic showers we used the GEANT-GCALOR interface [2]. The
CALOR89 program package simulates hadronic interactions down to 1 MeV for nucleons and
charged pions and into thermal regions for neutrons, for higher energies the FLUKA model (3]
is employed.

The transport of neutrons down to thermal energies and the use of cross section tables for the
various elements is expected to make the simulation of the response of hadronic calorimeters
(which is especially sensitive to neutrons) rather reliable, cf. Ref. [4].

The response of the calorimeter was determined by hitting a very large calorimeter with mo-
noenergetic particles (electrons or positive pions), incident at the center, perpendicular to the
layer orientation. Sampling fractions are energy dependent and lie in the range of 0.7%, cf.
Fig. 3a, the calorimeter is slightly overcompensating.

The electromagnetic energy resolution could be parametrized in the following form

op _ (31.1£12)%
E JE[GeV]

A detailed study that took into account the precise fibre geometry (1 mm diameter, 3.2 mm
spacing) showed a more complicated behaviour due to the small number of fibres participating
in an electromagnetic shower. This was confirmed by test beam measurements [3].
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Figure 4: a) Energy dependent leakage of W-FPLUG into FCAL.
b) Incident points for leakage study on W and DU-FPLUG.

The energy resolution for hadronic showers was found to be

it 0
U_E=(4'ii_l”_m§,(4_6ig_6)%‘

E VE[GeV]

with the two contributions added in quadrature.

As the foreseen dimensions of the FPLUG are rather small for a hadronic calorimeter, especially
in lateral direction, leakage into the FCAL cannot be neglected. Fig. 4a gives the leakage' for
various energies from the FPLUG into the FCAL. The different entrance positions of the beam
are indicated in Fig. 4b.

The energy resolution as a function of the calorimeter length was also extracted from the
simulations. For this, no hole for the beam pipe was modelled, the particles were hitting the
FPLUG at the center (point 0 in Fig. 4b). The results for 10, 30 and 100 GeV are shown in
Fig. 5. One can see that there is no significant gain in the energy resolution for A > 5.

!Leakage always denotes the fraction of energy deposited in the FCAL divided by the total energy deposition
both in FPLUG and FCAL.
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2.4 Simulation of the FPLUG within the ZEUS Detector

The physics results presented in the next sections were gained with a simulation routine where
the FPLUG calorimeter was implemented in the general ZEUS Monte Carlo routine MOZART.
As a detailed simulation of hadronic showers in tungsten within the MOZART environment
would be too time consuming and not reliable? we chose the same DU-scintillator “porridge”
which is used as tracking material for the FCAL. The length of the FPLUG was adapted to
the larger interaction length of 23.3 cm by increasing it to 116 cm as displayed in Fig. 1, again
corresponding to 5 A.

To take into account dead material (pump and flanges), a layer of 3 cm iron was situated just
in front of the FPLUG.

60 60
B: * W absorber a) B: * 10GeV b
= 3 = 50F s S0GeV
s SOF  » DU absorber S, Loy .
g 4of bty 2 40 o s
6 s ORA
330 4 ¢t . Ba0f . oe o4 #
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7 S zot :
L]
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101 23 45 67 01 2 3 4 5 67
Beam Position Beam position

Figure 6: a) Leakage from the FPLUG into FCAL for W and DU-absorber.
b) Leakage from a DU-FPLUG into FCAL for different energies.
For the beam positions cf. Fig. 4b.

An idea of the different behaviour of tungsten and uranium as absorber can be obtained by
looking at figure Fig. 6a where the larger leakage of DU with respect to W for 10 GeV pions
is displayed. The lower leakage of the W configuration is caused by the smaller shower spread
due to the higher density. The energy dependence of the leakage for DU is plotted in Fig. 6b.

2.5 Monte Carlo Programs

The relevant event generators are DJANGO6 and POMPYT2.2 [6] for the non-diffractive and
diffractive events, respectively. DJANGOG6 2.1 (2.2) [7] is an interface between LEPTO 6.1

2The GEANT version in MOZART is too old to be used with the GeALOR interface.
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(6.3) [8] and HERACLES 4.4 (4.5) [9]. In this section the non-diffractive process ep — eX
is simulated with LEPTO6.1. The following parameters for POMPYT were taken: slope of
the pomeron exchange to be 8 GeV~2, no excitation of the diffractive scattered proton system,
flat pomeron structure function FY(3,Q%) = 1. Note, that for this investigation the proton
dissociation option within POMPYT was switched OFF. The version used for MOZART was
NUM12.3, which does include the C4 collimator for realistic comparison.

3 Diffractive Physics

Diffractive physics in deep inelastic electron-proton scattering has become popular since rapid-
ity gap events have been identified at HERA in 1993 [10].

The discrimination of diffractive events from normal DIS can be achieved in different ways,
for example by rapidity gaps or by the invariant mass accepted by the detector being small as
compared with “normal” deep inelastic events. In the following we assume the latter definition.
The topology of diffractively produced events is of major interest because the exchange of a
pomeron at the proton vertex reveals QCD properties of the exchanged object.

The interest in the extention of the acceptance of the calorimetric detector has many reasons,
of which in this section mainly the diffractive physics is discussed. Aspects of non-diffractive
physics are insofar relevant as they represent the major part of the cross section and cover in
certain kinematical ranges the diffractive events as background.

3.1 Outline of Physics Processes

3.1.1 Definition of the Variables used

The diagrams of the physics processes and some kinematic variables are indicated in Fig. 7.
The mass of the hadronic final state, W, can be expressed in terms of @Q* and Bjorken-a:

H'zzQ"'(l/w-l)-{»mﬁxQz/x for rz<1. (1)
The following argument uses the rapidity variable y approximated by the pseudorapidity 7:
1. FE o
y==In— + Pl and 7= —Intan—.
2 E-p 2

where tan @ = p,/p. and 0, E.p; and p; are the angle with respect to the proton beam, the
particle energy, the longitudinal and transversal momentum.

v*  a) diffractive b) non-diffractive
X T

?-< Mx
} W é/} r\"lnondiﬂ'

g —
U

P p P remnant

| W
|
|

Figure 7: Diagrams for the subprocess of diffractive scattering (a) and non-diffractive
scattering (b). The My and Monaig are the invariant masses accepted by the
detector for the respective process.
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3.1.2 Deep Inelastic scattering in the Longitudinal Phase Space Model

Non-diffractive final state may be described as a uniformly distributed particle density in ra-
pidity, dn/dy = const. except near the kinematical limits Ymin and Ymae. In the central range
y may be approximated with 7, which is actually the measured variable.

The total hadronic mass W, as given in Eq. 1, can also be expressed in this description as
Wi=c¢. €XP(Ymaz — Ymin ). with ¢ being a constant.

If the calorimetric detector provides good hermeticity in the backward direction but has an
acceptance limit in forward direction at yoq, ~ 3.8 < Umar the observed invariant mass is
M,f”d,ﬂ = ¢ exXp(YcaL — Ymin), where CAL denotes the total calorimetric detector. So the ob-
served mass is smaller than W by the amount lost within the forward beam pipe, corresponding
to the factor exp[(ymar — year)/2), cf. Fig. 8 (non-diffractive case).

diffractive nondiffractive |
CAL + FPLUG  —— CAL+FPLUG ——
dnidy — AL — . dn/dy CAL =—==
o\

/L— In M3 ‘\ /—\ 16 Mioni -J\
J \ i/

3R 0 4 8 38 o 8

proton

Youa Ymar
Figure 8: Sketch of the distributions in rapidity for diffractive (left) and non-diffractive
DIS (right) for the detector configurations with/without FPLUG calorimeter.

If the acceptance in the forward direction is improved by the insertion of a FPLUG by & 1.5
units in rapidity the observed non-diffractive mass distribution is shifted by the amount of

Aln Mjonig = year+Frive — year = 1.5, (2)

where ycar+rprLug means the maximum accepted rapidity of the combined system CAL and
FPLUG. In other terms /ll,ﬂ:ﬁ,?[f”rc/;ll,ﬁ’,‘.ﬁlﬂ = 2.12. This way the invariant mass spectrum of
non-diffractive events is shifted. As will be shown below, the diffractive events having a rapidity
gap between the particles of the diffractively produced system and the scattered proton system
will not be affected by the increase of the acceptance [11], resulting in a considerably better
separation of these two processes.

3.1.3  Deep Inelastic Diffractive Scattering

Diffractive inelastic scattering is described by the subprocess 4*p — Xp. The relevant variables
are Q*,z and My. The events are characterised by the exchange of a colorless object between
the system X and the proton. Its signature is a large rapidity gap between the hadrons of X
and the proton which is scattered with small momentum transfer, see Fig. Ta.

The rapidity gap is the essential feature of the diffractive scattering process, see Ref. [12]. Due
to the rapidity gap the My is virtually independent of the acceptance of the calorimeter in
the forward direction ycar or yeagsrprLug. see Fig. 8 (diffractive case). In contrast to the
Eq. 2 one expects .\l.‘(v"'“”’"UG/.’\I‘\C'“ 2 1. Therefore the separation between diffractive and
non-diffractive processes is the better the closer the acceptance of the detector approaches the
proton system.

Due to fluctuations, rapidity gap events do occur also in non-diffractive events. but they are,
with increasing rapidity gap, exponentially suppressed. The signature of diffractive events is
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that they are not suppressed with increasing rapidity gap. This results in a plateau-like be-
haviour of the My-distribution in terms of In M} for low values of My for diffractive events [13].
The plateau is followed, for higher masses My, by a peak which is due to non-diffractive DIS.
In the overlap region the non-diffractive DIS may be described as an exponential fall off with
decreasing My.

3.1.4 Energy Dependence of Diffractive DIS

The differential cross section of diffractive events, extracted by subtraction of the exponential
fall off the non-diffractive DIS events, shows an almost linear rise with W. The W dependence
can be formulated in terms of Regge exchange

da‘v'P—h\'N( My, W, Qz)
dMy

x ( “,'2)(2013—2).

where ap is the t-averaged pomeron trajectory. Experimentally it is found that ap = 1.23 +
0.02(stat.) &+ 0.04(syst.) [11], which is substantially larger than expected from soft hadron-
hadron scattering.

In view of various models describing the energy dependence, see for instance Ref. [14], it is
of great importance to increase the mass range of My to higher accessible values, in order to
explore whether there is a transition from hard to soft exchange as My increases.

3.1.5 Jet Structure of Diffractive DIS

The structure of the system X produced by the process
7P — X

might be used to distinguish between different reaction mechanisms.

For instance in the aligned jet model [12], as well as in the LO process of POMPYT [6]. a
two-jet final state is expected. On the other hand a hard gluon emission will result in a final
state of three partons. A clear distinction of a three-jet final state from a two—jet final state
can be achieved only if the mass of the diffractive system My is sufficiently large.

3.2 Diffractive and Non-diffractive Event Simulation

As shown abeve in Sec. 3.1.3 the separation of the diffractive from non-diffractive events can
be accomplished by the size of the invariant mass accepted by the detector. The peak position
of the non-diffractive invariant mass spectrum depends crucially on the upper bound of the
n-acceptance. The applied cuts follow the evaluation of the ZEUS data from reference [11].
Especially the noise cut-off results in a correction of the detected mass. In the following a
correction factor of 1/0.68 was applied to the mass scale My. The improvement of separation
due to the insertion of the FPLUG can be seen in Fig. 9. The vertical line indicates My, where
the signal to background ratio is near one. The improvement due to the insertion of the FPLUG
is a factor of two. This way, masses of 22 GeV for W = 150 GeV and 36 GeV for W = 245 GeV
are accessible. It should be mentioned that in this plot the events at W # 150 GeV are rescaled
in My with the relation My /W = const.

In order to demonstrate that these high masses are efficiently accepted for diffractive DIS by
the improved detector the maximum 7 of the most forward going hadron at the hadron level is
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Figure 9: The distribution of In(M%) for diffractive (dashed) and non-diffractive cvents (solid
line) for an average W = 150 GeV. My is corrected to the hadron level. Top: for the ZEUS
detector with full calorimetry. Bottom: for the ZEUS detector with the addition of the FPLUG
calorimeter. The gain for detection of diffractive events is a factor 2.0 in Mx.
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Figure 10: The distribution of pseudorapidity numaz of the most forward going partiecle produced
at hadron level versus reconstructed My on detector level (CAL+FPLUG) in diffractive DIS.
See Sec. 2.5 for details on the event generation.

plotted as a function of the reconstructed My at the detector level, see Fig. 10. The distribution
shows that the most forward going hadron of a diffractive DIS event is accepted by the CAL
alone in 42% of the calculated events, but it is accepted in 75% of the calculated events if the
FPLUG is added and the acceptance limit is raised to n = 5.4.

It should be noted that the use of the FPLUG as an anticounter, establishing a rapidity gap
between 1 = 3.8 and 7 = 5.4, accepts only Mx < 18 GeV for W = 150 GeV. The cut used
for vetoing minimum ionizing particles is 400 MeV. This is an important fact showing that
different selection criteria for diffractive events accept different topology.

Concerning the simulation of a “cascaded” version of the plug calorimeter, which also has been
performed, the following facts have been observed. Dead material as being present with the
collimator in front change also the vetoing efficiency. This in turn means a high sensitivity to
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the detailed description of the dead material in the simulation.

3.3 Conclusion

There are a number of reasons to have an extended acceptance of the calorimetric measurement
of the final state for diffractive events. A FPLUG calorimeter inserted into the existing forward
calorimeter of ZEUS increases the separation of diffractive from non-diffractive events dramat-
ically. Tt therefore would allow for the exploration of the W dependence and its interpretation
in terms of pomeron exchange within the frame of Regge model and it would allow for the
investigation of the final states of the system X through jet analysis.

The geometrical increase of the acceptance is 1.6 units in 7 for this simulation. The effective
increase in In M2 amounts to 1.35 units, somewhat smaller than expected from the geometrical
acceptance. Remember that the situation “without a plug” has an inert collimator in place of
the plug. The effects are absorption and rescattering changing the energy flow in this rapidity
intervall by as much as a factor 2. The main result is that masses Mx up to 36 GeV are obtain-
able in diffractively produced events with the capability of the investigation of their topology.
It should be mentioned that the investigation of excitation of the diffractively scattered proton
is an additional subject of interest.

4 Jets in Deep Inelastic Scattering

In this section the influence of a FPLUG (alorimeter on forward jet physics in deep inelastic
scattering is investigated using the JADE algorithm [15] and the extended JADE algorithm [16].
In the following the JADE algorithm is applied in the reference frame of the ZEUS detector.
The extended JADE algorithm is Lorentz invariant, contrary to the JADE algorithm which is
applied in the reference frame of the ZEUS detector. The jet resolution parameter is set to
Yeur = 0.02.

The jets of an event are ordered with respect to their distance d, prot to the momentum of the
proton beam. The jet with the smallest distance d; pro is called remnant jet. The forward jet is
defined to be the non-remnant jet with the smallest distance to the proton beam. The forward
jet is also called first current jet.

At the hadron level the JADE algorithm and the extended JADE algorithm are applied to
the momenta of the particles of the hadronic final state (apart from the scattered lepton). At
the detector level they are applied to the momenta of the calorimeter cells not assigned to the
scattered lepton and to the momentum of the pseudoparticle which is given by the momentum
of the hadronic activity lost in the beam pipes.

Forward jets are expected to be of importance, to find signatures of the BFKL evolution [17]
and “Hot Spots™ [18].

The FPLUG improves the acceptance of the ZEUS detector with respect to the forward jet
of (2+1) jets. To show this, we study at the detector level the extension of the forward jet
with respect to the pseudorapidity # using the JADE algorithm. In Fig. 11 a Monte Carlo
scatter plot of the pseudorapidity nje of the forward jet versus An = fjcay — 7je is shown, where
lleell are the pseudorapidities of the detector cells which are recombined to the forward jet. As
can be seen, the forward jets are reconstructed in the forward direction around 7y =4 and a
considerable part of cells of the forward jets belong to the FPLUG.

However, the improvement of the FPLUG on forward jet physics may be quite small. Consider
the transverse momentum of the forward jet determined by the JADE algorithm. In Fig. 12 a
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Figure 11: Secatter plot of the pseudorapidity nje. of the forward jet versus Ay = ey — Tiet
where 1cen are the pseudorapidities of the detector cells which are recombined to the forward
Jet. On the left hand side the hadron level is shown, on right hand side the detector level, using
the Monte Carlo program DJANGOG6 (version 2.1). Also indicated are the acceptance limits of
the Rear Calorimeter (R), the Barrel Calorimeter (B), the Forward Calorimeter (F) and the
FPLUG Calorimeter (FPLUG). The kinematic range is restricted to Q* > 7 GeV?2.
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Figure 12: Scatter plot of the transverse momentum of the forward jet: detector level versus
hadron level without (a, ¢) and with (b, d) a FPLUG, using the Monte Carlo program DJANGO6
(version 2.2). For the scatter plots on the top the JADE algorithm is used, on the bottom the
extended JADE algorithm. The kinematic range is restricted to Q? > 100 GeV?.

Monte Carlo scatter plot of the detector level versus the hadron level is shown without (a) and
with (b) the FPLUG. By comparing Fig. 12a with Fig. 12b it can be seen that the transverse
momentum is only very weakly influenced by the FPLUG.
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An influence of the FPLUG on the transverse momentum of the forward jet is clearly observable,
if the JADE algorithm is replaced by the extended JADE algorithm. Fig. 12¢ shows the Monte
Carlo scatter plot (detector level versus hadron level) of the transverse momentum of the
forward jet. A correlation is visible, but there are also many off-diagonal events in the left
upper part around pyuad = 1 GeV and picap = 10 GeV. They originate in events which are
identified as (241) jets at the hadron level but as (141) jets at the detector level. The forward
jet of a (241) jet is mainly propagating into the forward direction, and it may happen that
most of its energy is lost in the beampipe. In this case the energy depositions in the inner
FCAL cells are too small to be identified as a jet and are recombined with the calorimeter cells
in the central part of the detector to the current jet. This causes a jump in the transverse
momentum of the forward jet between the hadron level and the detector level. Note that the
transverse momentum of the current jet of a (1+1) jet is balanced by the transverse momentum
of the scattered lepton and thus is of the order of Q.

The purity of the scatter plot of the transverse momentum of the forward jet is improved by
a FPLUG calorimeter: Fig. 12d shows that the density of the off-diagonal events in the left
upper part is reduced compared to Fig. 12c. On the other hand, an increase of off-diagonal
events in the right lower part is observed stemming from events which are generated as (1+1)
jets but reconstructed as (2+1) jets. Contrary to the off-diagonal events in the left upper
part, the off-diagonal events in the right lower part can be removed by a cut on the transverse
momentum.

The JADE algorithm seems to have a tendency to recombine a lot of the forward directed
hadronic activity into the remnant jet. If the extended JADE algorithm is used, the forward
activity is more likely resolved as a current jet.

In summary, an FPLUG Calorimeter improves forward jet physics, if the jets are determined
with a jet algorithm which is sufficiently sensitive to the hadronic activity in the forward
direction.

5 Summary

The investigation of improvement for physics detection by a FPLUG at the ZEUS detector
yields:

o The accepted invariant masses of the diffractively produced system increases by a factor
2.0. This way masses as high as 36 GeV become accessible for the investigation of event
topology in terms of jet analysis.

¢ Improved reconstruction of jets in the forward region using the JADE and the extended
JADE algorithm. The sensitivity of hadronic activity in the 7-range between 3.8 and 5.4
seems to be larger for the extended JADE algorithm. In this region additional hadronic
activity by BEKL-processes and Hot Spots are expected.

There are a number of interesting topics not explicitly covered here, of which we mention:
forward energy flow, double diffaction, multiple scattering in hard photo production, accepting
events in hard photo production with larger rapidity gap than without FPLUG and separation
of remnant jets from current jets.

In conclusion, the FPLUG will be very fruitfull for the understanding of various aspects of
forward physics.
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Abstract: The precise study of the nucleon spin structure has evolved over the
last years into a broad field allowing to test many different aspects of QCD, some
of them with outstanding precision, and most of them being unaccessible by other
means. With a polarized proton beam at HERA several of the crucial questions
in this field could be answered: the polarized gluon distribution AG(z, @*) could
be deduced, primarily from jet production, spin asymmetries of charged current
events would clarify the quark spin decomposition, measurements of the polarized
structure function g(z,Q?) in a previously unaccesible kinematic domain would
further constrain AG(z,Q?) and could detect deviations from DGLAP evolution,
polarized proton-proton collisions could open a completely new field of physics, and
a large number of relevant details could be clarified by other measurements. HERA
would be complementary to all presently planned lower energy experiments. To
exploit the full potential of this option requires, however, 200 pb~! of luminosity
with electron and proton polarizations of order 70 percent. For 1000 pb~! the
physics potential would increase substantially, for luminosities below 100 pb~! it
becomes marginal. The availability of polarized deuteron and/or 3He beams is also
crucial to allow for a broad physics program. The charged current experiments
would profit greatly from the availability of electron and positron beams.

1 Introduction

The understanding of spin-effects in QCD has improved dramatically since the first surprising
data of EMC became available in 1988 [1]. On the experimental side the available data became
much more precise and on the theoretical side many quite complicated questions could be fully
analysed. Most of this work focussed on the first spin structure function g1(z, Q%), which is,
however, only one of several structure functions, namely the one most easily accessible in deep
inelastic lepton-nucleon scattering. As a result of this work we have nowadays a generally ac-
cepted range of models for the polarized quark distribution functions entering g, (z, Q?*). These
parametrisations imply that the quarks carry only about 30 percent of the nucleon spin. While
being consistent with the data, as well as with the results of lattice gauge studies (2], these
interpretations have not really been experimentally tested. Nearly all models predict a sub-
stantial polarization for both the gluons and the strange quarks (the distinction between these

“two contributions is scheme dependent, the polarization of the strange quarks is primarily due
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to the gluon polarization), which has to be confirmed by direct experimental tests before the
present standard interpretation of the data can be regarded as established. The polarized gluon
distribution is of especial interest, because it could be surprisingly large. As o,(Q%)AG(Q?)
with AG(Q?) = [} AG(z, Q?)dx is a renormalization group invariant, the reduction of a, when
@Q?* is evolved from a hadronic scale to a perturbative scale has to be counter balanced by a
strong increase in AG. Typical parametrizations predict e.g. that for Q* = 4 GeV? the total
gluon spin could be of order 1 to 2 although the nucleon as a whole has only the spin % This
astonishing prediction clearly has to be tested by dedicated direct experiments. Also, under
NLO-evolution the parton distributions mix, such that the polarized gluons contribute also to
91(2,@Q%). This general feature of NLO-calculations has attracted great attention due to the
fact, that the relevant graph involves the axial anomaly, which is probably the most important
graph in all of quantum field theory. Spin experiments can thus test our understanding of its
properties. In the unpolarized case the gluon distribution was determined by fits to DGLAP-
evolution, from jet production, from prompt photons, and from vector meson production. All
of these methods could be applied for AG(z,Q?) at a polarized HERA, as will be discussed in
detail in the next sections.

One crucially important point in spin physics is that the ratio of polarized to unpolarized dis-
tribution functions varies substantially with Bjorken-z, leading for the different observables in
some kinematic domains to unmeasurably small asymmetries (sometimes as small as 10~4) and
in other kinematical domains to very large ones (up to 60 percent). This alone requires differ-
ent experiments, sensitive to various z-ranges and makes most of the discussed projects rather
complementary. In section 2 recent theoretical progress is reviewed. In section 3 we discuss the
most favourable observables for HERA, primarily jet and charged current asymmetries. Sec-
tion 4 will be devoted to the possibility of investigating fixed target polarized proton-nucleon
collisions at HERA. In section 5 we try to put a polarized HERA in perspective to the various
other planned or already running spin experiments.

2 Recent theoretical progress

Let us start our review with the structure function a1(z,@%). It is measured in inclusive
collisions of longitudinally polarized nucleons and longitudinally polarized leptons. The latter
have always to be polarized longitudinally. For transverse lepton polarization one cannot extract
any additional information, but all asymmetries are reduced by the factor v = E,/m,. However,
transverse nucleon polarization gives accesss to new and even especially interesting information.
It tests various well defined higher twist effects. To get an impression of the richness of structure
functions and correlators involved we refer to [3]. Here we shall only discuss the twist-2 part
of gi(z, Q%) which can be written as

9(2,Q%) =Y Qilg)(z,Q% - qj(z. Q)] . f=uwudds,s,.. (1)
7

with q}(z, @?) describing the probability that the virtual photon hits a quark of flavour f polar-
ized in the direction of the nucleon spin and carrying momentum fraction = at a given resolution
Q*. Under @*-evolution the singlet part of Ag(z, Q%) = ¢'(z, @) - ¢*(z, Q%) mixes with the
polarized gluon distribution AG(z,Q?) and in the limit Q? — oo the relevant graph becomes
the well known triangle anomaly. It was realized early on, that this mixing could be strong
enough to play a crucial role in the interpretation of the data. so this specific NLO-graph was
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added to the otherwise LO-analyses, creating quite a bit of confusion [4]. Over the last year this
situation was clarified by the derivation of complete NLO evolution equations by Mertig and
van Neerven [5], which were rederived independently by Vogelsang [6]. This work constitutes
a major advance in our understanding of spin physics. Now the leading box-graph contribu-
tion to the anomaly is contained just as one contribution among others in the NLO-evolution
equations. In principle it could still be that higher order, possibly completely non-perturbative
graphs change the mixing significantly, but presently there is no indication for this. However.
to know for certain that this is not the case one has to measure AG (z, @?) directly and confirm
that the result is in agreement with the expectation from NLO-evolution fits to existing data.
To do this would be one of the major aims of the experiments with a polarized HERA. We will
discuss in the next section to which extent such HERA data would improve the NLO-fits and
how AG(z,Q?) could be measured directly from jet-asymmetries.

One of the main aims of the unpolarized QCD program at HERA is to detect deviations
from DGLAP evolution at small z. So far no unambiguous results were obtained. The present
data seem to be compatible with DGLAP- as well as BFKL- and multi-reggon-behaviour. It is
natural to ask, whether the phenomenological differences between these three approximations
would be larger for the polarized structure functions in the HERA z-range. In fact in an
analyses by Bartels, Ryskin and Ermolaev [7] in the multi-reggon kinematics and using a fixed,
@Q*-independent coupling constant the authors reached the rather drastic asymptotic (z — 0)
prediction

91z, QNS ~ z-04 (Q_'Z)M

n?
2\ 0.52
e @ im(2) 8

suggesting a large deviation from NLO-behaviour at asymptoticaly small z. However, within
this approach it is unclear how small z has to be to reach this behaviour and also everybody
agrees that using a running coupling constant could change the situation substantially. We
would like to stress that besides the test of small-z asymptotics, data points at very small z are
very important to reduce the systematic error on the Bjorken- and Ellis-Jaffe sum rules. Let
us remind that the Bjorken sum rule ist one of the most interesting firm predictions of QCD
which should be tested with the utmost accuracy.

Bliimlein and Vogt [8] implemented the additonal terms into the evolution equations and found
that for the non-singlet part the deviation from NLO-DGLAP is unmeasurably small within the
HERA range, but that it is very large for the singlet part, see figure 1. There is some discussion
about the probable size of non-leading contributions, which presently cannot be calculated, but
at least it is safe to say that the deviations could be dramatic.

Let us add that for the third twist-2 distribution function h;, which is only accessible in nucleon-
nucleon collisions or semi-inclusive lepton-nucleon collisions, the differences are even larger. It
was shown by Kirschner et al. [9] that the leading double-logarithmic term of DGLAP is in this
case non-leading when compared to the multi-reggon result, which is a constant as function of
z (for z — 0). The same caveats as for the case of g,(z, Q%) apply also here, but with all due
caution it seems clear that this would be a most interesting quantity to measure. Whether a
measurement of h; at small  would be feasible at a polarized HERA depends on the size of a
yet unknown parameter linking fragmentation properties to the transverse polarization of the
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Figure 1: Predicted deviation for the singlet and gluon spin distribution function between NLO-
evolution with and without the leading logz contributions.

leading quark (this parameter characterizes the so called Collins effect [10]). If this parameter
were sufficently large, this could open a field of investigation in addition to the measurements
described below.

Let us stress that the singlet and non-singlet part of the distribution functions have widely
different properties which have to be disentangled by measuring both the proton and neutron
polarized structure functions. This requires to have polarized proton, deuteron and/or *He-
beams. If eq. (2) holds both ¢f(z) and gi(z) are dominated by the singlet part at very small
. However, in the present SMC data the non-singlet part dominates. This makes it so very
interesting to follow both structure functions down to lower = values.

As is pointed out by Diiren in his contribution, a polarized deuteron beam with the pos-
sibility to tag both the spectator proton or the spectator neutron would practically double
the effective luminosity and at the same time reduce systematic errors. However, the machine
problems encountered for this option are substantial.

3 The most promising experiments with polarized electron-

nucleon collisions

We shall discuss three main experiments to be performed at a polarized HERA, namely the
measurement inclusive DIS, jet spin asymmetries and spin asymmetries for charged current
events.

The outstanding advantage of HERA is that it can measure structure functions for very small
x. For polarized reactions one has to know. however, that the probability for the exchanged
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photon to be polarized, if the electron is polarized depends on y = g - P/p - P with the photon
momentum g, the incoming electron momentum p,, and the Proton momentum P,. For small
values of y the measurable asymmetry simply scales with y. Knowledge of this fact, together
with the general smallness of the asymmetries for very small z, is crucial to understand why
a polarized HERA would do well in some cases and not so well in others and why in general
a much higher luminosity is needed than for the current meassurements of the unpolarised
structure function. There is, however, also an advantage going along with this. At medium and
large = the values for Q* become large resulting in large values of y. Therefore one can obtain
more precise results in this domain.

However, it is very difficult to make use of this for polarized DIS reactions because the spin
asymmetry for small z is very small e.g for z = 2 10~* it is only of the order 1073 unless
there are strong deviations from the predictions of present day NLO-fits, which is, however,
possible for such small = values as discussed in the previous section. (Measuring such small
asymmetries requires polarimeters of a quality of order 1072, a problem which is not yet solved,
but for which several methods have been proposed.) The low z behaviour is predicted to be
highly Q* dependent. Lichtenstadt et al. have analysed the situation in great detail and some
of their results are combined in figure 2. Here the expected asymmetry for various z and Q?
bins is shown. however, for the somewhat optimistic luminosity of 1000 pb~!. The central curve
in each plot shows the prediction from the best present NLO fit, while the dashed and dotted
curve represent the expected signal for a very small respectively large (but not excluded) AG.
The unusual feature that the statistical precision increases with Q? for a given z is due to the
spin-dilution factor & y. Obviously with this luminosity one would just have the sensitivity to
distinguish between the three cases, by combining all z — (*-bins. In judging the quality of
these results one has, however, to realize that the NLO-fits which were used predict that the
asymmetry goes through zero close to x = 10~? and this spoils the signal just in the region of
highest statistical sensitivity, see figure 3. If this would not be the case the signal would be far
more significant. This statement can be inverted. The increase in precision of typical NLO-fits
due to the anticipated data is in fact quite significant [11]:

predicted total gluon spin from present day NLO-fit : 1.52 £+ 0.74
predicted total gluon spin including the data from figure 2 : 1.29 = 0.22
predicted total gluon spin including HERA data for 200 pb~! : 1.29 + 0.28

Such an experiment would be outstanding to check at high @Q? and very small z that such a fit
is justified.

Let us add here that as usually an important systematic uncertainty comes from QED radiative
corrections, which are in principle well known, but for which the accuracy of the employed codes
has recently become a topic of discussion. We refer to the working group report on unpolarized
structure functions for details. For spin asymmetries the radiative corrections are much smaller
than for the cross-sections themselves.

The statistical sensitivity would be substantially improved if the HERA proton energy could
be reduced, keeping the same luminosity. This might interfere, however, with the two very
promising experiments to be discussed next. -
We conclude that the measurement of g; (. Q%) at HERA energies would provide an important
complement to high precision experiments at lower energy, proposed e.g. for CERN (COM-
PASS) and SLAC.
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Figure 2: Anticipated results of a 1000 pb= run for various x — Q*-bins. The errors are
statistical only. The solid line represents the prediction from the best NLO-fit to present data.
The dashed and dotted curves show the predictions for an especially small respectively large
gluon polarisation.

One domain in which the high HERA energies really pay off is the study of jets. (This
was already discussed at the last workshop [12].) Jets can in principle also be studied at lower
energy and in proton-proton collisions, however, the main problem of all such studies is the
control of higher order corrections. Thus the main emphasis for the determination of AG(z, Q*)
(respectively G(x.Q?)) lies on the control of the theoretical systematic errors. In this respect
Jet spin asymmetries at HERA are a very favorable case (13]. The studies of Mirkes et al. [14]
show that systematic uncertainties in the cross sections cancel to a large degree for the spin
asymmetries and in addition the large HERA energies allow to impose cuts (most notably on
the invariant jet-jet mass squared §,;) which further reduce these uncertainties.

The processes leading to two-jet events (we do not count the proton remanent jet) are shown in
figure 4. Luckily it turns out that for the standard sets of NLO polarized parton distributions
the annihilation graph, which is proportional to AG(r) dominates over the Compton graph,
which is proportional to Ag(z). Therefore the 2-jet event rates are highly sensitive to the
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Figure 4:

polarized gluon distribution and already a relatively crude measurement would allow to decide
between scenarios with large and small AG in the best accessible z,-range between a few times
107 and several times 10-%. Note that for 2-jet events the momentum fraction x4 and the
Bjorken variable z differ strongly. With the total invariant mass squared of the outgoing jets
815 = (94 2,P)* = —Q* + 2z, they are related by z, = z(1 + 5,;/@%). Typically x, is about
an order of magnitude larger than z.

We have studied the expected 2-jet events with the help of two computer codes called MEPJET
and PEPSI2. MEPJET [14] was developed to describe unpolarized jet-production. It does not
yet contain hadronization and describes the physics only at the parton level, but in its unpo-
larized version it uses either LO or NLO matrix elements and distribution functions. allowing
thus to estimate the size of higher order corrections and to select the most suitable kinematic
range to minimize systematic errors. PEPSI2 [15] is a polarized version of LEPTO 6.2 and as
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such a general multi-purpose code. It contains hadronization and is altogether constructed in
a completely different manner than MEPJET. Comparing the results of both codes one should
therefore get a rather reliable feeling for the theoretical uncertainties involved. It turns out
that the results for the asymmetries agree quite nicely, The predictions we can presently make
and which will be discussed in the following might still have a quite substantial theoretical
uncertainty (of the order 10 percent or so) but we expect that by the time experiments at
a polarized HERA would start, these uncertainties will be substantially reduced, allowing to
make full use of the good expected statistical accuracy.
Figure 5 shows the theoretical prediction for the spin asymmetry for three different scenarios,
the standard one, one with an extremely small AG(r) and one with a very large AG(z). The
cross section for photon-gluon fusion contains a factor (22, — 1), which is responsible for the
fact that in the accessible z,-range the resulting asymmetry is negative and cancels partly with
the much smaller positive contribution from the Compton graph.

Figure 6 shows the expected results for a run with 200 pb=' respectively 100 pb~! and
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Figure 5: a) Dependence of the unpolarized two-jet cross section on Bjorken xg; for the quark
and gluon initiated subprocesses and for the sum. Both LO (dashed) and NLO (solid) results are
shown; b) Dijet invariant mass distribution i LO (dashed) and in NLO (solid) for unpolarized
dijet production; ¢) Same as a) for the z, distribution, z, representing the momentum fraction
of the incident parton at LO; d,e,f) Results for the LO polarized two-jet cross sections. Three
different scenarios were used, the standard scenario (d), a scenario wath a very small polarized
gluon distribution function (f) and with a larger one (e).
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Figure 6: Ezpected statistical accuracy for a standard HERA run where P.L. stands for a parton
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for a hadron level simulation using PEPSI and the realistic acceptances of the H1 detector with
a luminosity of 100 pb~". ¥

P.+ P, = 0.5, and compares MEPJET and PEPSI2 predictions. Both agree reasonably well.
Most important are the expected statistival errors which clearly demonstrate that the polar-
ized 2-jet asymmetry would in fact determine AG(z) with quite good accuracy and would thus
answer the most important open question regarding the intenal spin structure of the nucleon.
For the second graph in figure 6 a s3; > 500 GeV~? cut was implemented to reduce the uncer-
tainties due to higher orders. Obviously such a cut does not increase the relevant error, mainly
because it gives more weight to the larger T, events which have a larger spin asymmetry. The
fact that such cuts are unproblematic supports our hope that one will be able to reduce the
systematic errors to a very small level such that one could even make full use of a further
luminosity increase, possibly up to 1000 pb~".

Since in the unpolarized case many processes at HERA have first and most accurately been
studied in photoproduction, Stratmann and Vogelsang [16] have examined the photoproduction
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of jets and heavy flavors for the situation with longitudinally polarized beams with regard to
their sensitivity to AG. While open-charm production turns out to be less useful to pin down
AG unless one can achieve very large luminosities (1000 pb™!), the asymmetry for the rapidity
distribution of the single-inclusive jet cross section shows a particularly strong dependence on
AG and is measurable even for 100 pb™" (see fig. 7). Furthermore, polarized photoproduction
experiments may in principle allow to not only determine the polarized parton distributions
of the proton, but also to get a glimpse at those of the circularly polarized photon which
are completely unknown so far. For example, at larger rapidities the single-inclusive jet cross
section shown in fig. 7 becomes also sensitive to the hadronic structure of the photon. Definitely

photoproduction would be one of the most interesting processes to be studied at a polarized
HERA.
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Figure 7: Expected accuracy for photoproduction of large Py jets for a standard, small and large
polarized gluon distribution, for the luminosity 100 pb='. For large values of the rapidity the
result becomes sensitive to the resolved photon structure.

Its large energy allows HERA to study also charged current events through e.g. the reaction
e + p — v.(missing momentum) + X

This requires high luminosity and was investigated in detail by the working group on ‘Elec-
troweak Physics’. The great advantage of charged current reactions is that here the spin
asymmetries are large because W’s couple only to left-handed currents. Thus the luminosity
required to study spin asymmetries is not much larger than for the rest of the charged cur-
rent program [17]. Also due to parity violation the charged current spin asymmetries couple
primarily to a different structure function called gs(r, Q%)

9 (2,Q*) = — (Au—Ad+ Ac— A§ + ) (2, QP)
W H(2,Q%) = - (Ad— Ai+ As — A¢ + ...)(2,Q%) 3)
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More precisely the inclusive CC cross section asymmetry is given by

_do™ —do™ _ ag?* + bgl"™ )
CC= dott +dott — aF}V* +bFIV*

with @ = 2(2 — 2y + ¥*) and b = y(2 — y). Obviously gs has no singlet part and is therefore
not at all sensitive to AG. g; has a singlet part, but its contribution is strongly suppressed
(y is much smaller than one for most reactions). Therefore CC spin asymmetries would serve
primarily to extract information on the valence quark spin decomposition. Knowing the valence
quark distributions and the combined valence and sea contributions to g; from usual DIS fixes,
however, also the sea distribution functions and the associated anomalous gluon contribution.
Note that at HERA the valence quark distributions would be measured at very large Q%
whereas HERMES measures them at small Q% This would open the very exciting possibility
to follow the Q2-evolution of the quark spin decompostion in detail. The expected statistical
accuracy is shown in figure 8 for various Q? bins as a function of z. Especially the W~
asymmetries, obtained for an electron beam look very good, because the polarized valence up-
quark distribution is much larger than the down-quark one. The imposed Q*-cut depends on
the experimental requirements to detect unambigously the missing momentum carried by the
neutrino. Recent unpolarized experiments at ZEUS suggest that this cut could be chosen as
small as 200 GeV? which would improve the statistics still further.

A possibility to obtain results for the singlet spin distribution in CC events is to detect
D mesons in the final state. The resulting spin asymmetries are proportional to —(AS +
tan?(6.)Ad)/(5+ tan?(6.)d) respectively (As+tan?(6,)Ad)/ (s +tan?(6,)d). Here 6. is the Cab-
bibo mixing angle. A sensitive determination of these quantities requires, however, a luminosity
of 1000 pb~! [17]. Let us finally add that by comparing semi-inclusive CC pion-asymmetries
and inclusive CC asymmetries one can investigate in a very clean manner the possible spin-
dependence of fragmentation, which is probably the principle theoretical uncertainty in all
semi-inclusive spin experiments.

There are many more interesting quantities one could investigate in principle. However, for
many of them the advantages of HERA with respect to planned lower energy experiments is not
obvious, so that we do not want to discuss them here in detail. However, they would be part
of the extensive spin program once a polarized HERA would be available. Such experiments
include the measurement of new, up to now basically unstudied structure and fragmentation
functions of leading and higher twist, an improved determination of the low-z contribution to
Bjorken sum rule, which will probably in the end serve to get a more precise measurement of ay
(see the contribution by Gardi et al.), studies of spin dependent nuclear effects for deuterium
and 3He which would allow to test current ideas on shadowing (Strikman), and the search for
T-violating effect (Gehrmann). As an example let us mention that at a polarized HERA it
would be possible to study the spin dependence of diffractive processes, or loosly speaking the
spin-flip coupling of the pomeron. Existing models and expert opinions differ substantially
when it comes to the question how large the spin dependence could be for various observables.
This topic obviously needs much further study, see the contribution of Goloskokov.
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Figure 8: Ezpected statistical accuracy for a standard HERA run (lurninosity 200 pb="', i.e. 100
pb~! per relative polarization, and and fully polarized beams) for the CC spin asymmetries for
a positron and electron beam.

—

4 Polarized proton-proton collisions - HERA-N

One idea entering the construction of the presently running spin experiment HERMES at HERA
was the option to eventually rotate it by 180 degrees and to use it as spectrometer for fixed
target proton-proton physics, either double-polarized (target plus beam polarization) or single-
polarized (only target polarization) [18]. The Hermes detector could not, however, handle the
counting rates expected for a high-luminosity run and its angular acceptance would be too
small. For this purpose one rather needed a detector of the HERA-B type. High luminosities
are in fact indispensible for such an experiment to be competitive with the RHIC spin program
which investigates very similar physics at comparable energies, see next section.

Polarised proton-nucleon collisions open a still wider field of phenomena than polarized lepton-
nucleon reactions. Even with an unpolarized proton beam one can investigate a quite large
number of single-spin asymmetries, the sizes of which are proportional to well defined twist-3
correlators. Knowledge of such correlators constraints strongly the internal nucleon wave func-
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tion and thus can lead to a much better understanding of the nucleon structure. However,
presently one cannot make optimal use of this possibility because those higher-twist asymme-
tries which can be calculated rigorously from QCD turn out to be small, typically of the order
percent [19], and those which are found experimentally to be large, like single spin pion pro-
duction [20], see figure 9, involve complicated fragmentation effects and are not yet understood
theoretically. HERA would measure this latter effect up to much higher transverse momentum.
The asymmetry which is for the present data still growing with p, should finally bend over and
go to zero. How and where this happens is crucial to understand this fascinating effect.

In the following we shall only comment on the twist-2 observables which are less difficult to
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Figure 9: The large observed single-spin pion asymmetry [20]

measure and interpret, which require, however, both a polarized target and a polarized beam.
The main aim of such experiments is to extract information on the polarized gluon distri-
bution AG(x,Q?) just as for the jet-spin asymmetries in polarized lepton-proton reactions.
The sensitive z-range lies in this case between 0.1 and 0.4, such that these experiments would
complement the jet-experiments in an ideal manner. Together they would cover all of the in-
teresting z-range. In principle there are quite a number of spin dependent observables, but
most of them are theoretically not very clean, more precisely the quality of the result is not
only a question of statistics but also of the theoretical uncertainties. One has to rely to a large
extent on the Monte-Carlo codes which are used and one can only compare the predictions for
different parametrizations of the spin dependent structure functions rather than extracting the
quantities of interest directly from the data. For the envisaged fixed target HERA experiment
we confined our studies to reactions like 7+ j— v+ X and f+§ — 7 + jet + X.

The physical origin of all discussed asymmetries is very similar. In each case the dominant
contribution comes from the Compton processes ¢' + G* — g+ and ¢' + G* — ¢+ G. In
both cases the polarized quark cannot absorb a gluon which is polarized in the same direction
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and this results in a spin-asymmetry. For direct photons the cross section reads e.g.

d*Ac(pp — vX)

d*Ac(gG — vX) i
d*p,

~ ;/d.radmb {Aq(xn)AG(zb)E.,da—m (Ta = Ib)} + ..
(5)

If also the jet of the outgoing quark in the Compton graph is detected one obtains a signal which
is not only proportional to a convolution of AG(z), but to AG(x) directly. The corrections due
to misidentifications of the quark-jet have to be calculated reliably enough with Monte-Carlo
to keep the systematic error smaller than the statistical one. The resulting signal is shown
in figure 10, together with the expectation for RHIC. Obviously the anticipated accuracy is
impressive for the asumed luminosity of 320 pb='. The limiting factor for the luminosity is in
this case the degradation of the beam. Thus the scope of experiments which could be done
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Figure 10: Ezpected statistical accuracy for the determination of AG(z) from p+p — v+jet+X,
assurning a {uminosity of 320 pb=' and an optimized detector.

with polarized proton-nucleon collisions at HERA is large and the expected results are quite
impressive, However, such experiments would require an additional dedicated detector rather
similar to HERA-B. Alternatively such experiments could be done in some far future, after

the original program of HERA-B is finished, using that detector, but by then most interesting .

questions will possibly have already been answered by RHIC.

5 Comparison with other projects in spin physics

Hadronic spin physics is presently one of the most active fields of QCD which is also reflected
by the fact that nearly all great laboratories have running experiments and discuss improved
ones for the future. At DESY the HERMES fixed target experiment is running and should
provide very interesting results on the quark spin decomposition by analysing semi-inclusive
reactions. Measuring spin asymmetries in 7% production will provide information of the valence
quarks and the difference between inclusive asymmetries and semi-inclusive pion asymmetries
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is sensitive to the sea quark polarisation. Thus these experiments should provide combinations
of polarised distribution functions, which are linearly independent from both g, (x) measured so
far and gs(z), which could be measured in CC spin asymetries. This possibility, especially open
charm production, is one of the major aims of the COMPASS project at CERN, which is planned
to be an improved version of SMC combined with a hyperon experiment. Such an experiment
would also improve the data on g,(z, Q%) and thus the precision with which AG(z, Q*) can be
predicted from NLO-fits, it could analyse A-polarisation as a signal for As, it could improve
substantially the accuracy of gy(x, @*), look for semi-inclusive asymmetries, and could possibly
determine h;. A similar project is discussed for SLAC. If realized these projects will provide
partial answers to the questions addressed by a polarized HERA. Depending on their outcome
these experiments might lead to a still further increased interest in the HERA experiments
under discussion. It should be kept in mind that our present understanding of the nucleon spin
structure is based on a consistent model but not on unambigous facts. The detailed studies
planned for the future could very well lead to surprising results. Also these projects are not
vet funded. In any case, due to its high energy the HERA experiments are complementary to
these fixed target experiments.

This is also true for the RHIC spin program. Again the interest is concentrated on AG(x),
however RHIC is rather sensitive in the z-range of the fixed target lepton-experiments (sce
figure 10) than in the low-z range covered by the HERA jet experiments. One should also
note that RHIC can investigate the production of W* via the Compton-graph, a process which
is theoretically much cleaner. We would like to stress, however, that it is a vital check to
show that both, DIS experiments and proton-proton experiments can be described by the
same distribution functions. Only this would prove that one really understands the physics.
Therefore, one definitely needs both types of experiments. According to theoretical predictions
and Monte Carlo studies and in view of the fact that it is already funded RHIC will eventually
measure AG(z) at large z, the main open question is when it will happen. This is hard to
predict because it depends, in additon to all the usual imponderabilities, on the relative priority
given to the heavy ion experiments and the spin experiments. It seems realistic to assume that
the time scales of the RHIC spin physics experiments and experiments with a polarized HERA
would be rather similar.

Thus we conclude that in spite of the many other ongoing activities HERA would provide most
relevant results, especially if polarization would be realized in the not too far future.

6 Conclusions

Spin physics provides possibly the best testing ground for QCD, especially if one is interested
in effects beyond standard leading twist perturbation theory. This is mainly due to the large
number of observables and the possibility to extract well defined quantities by constructing
specific ratios or differences of ratios. To the extent that HERA aims at a better understanding
of QCD the many options opened by a polarized nucleon beam are certainly most attractive.
Some of the informations which could be deduced from HERA experiments cannot be obtained
by any other existing or planned experiment and for many others HERA would be competitive
or complementary to experiments at lower energy.

To make full use of these possibilities requires, however, very substantial machine upgrades. One
needs about 200 pb~! of luminosity with electron and proton polarization fulfilling P.-P, =0.5.
To use the full potential of a polarized HERA one needs furthermore polarized proton, "He and
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(best of all but also most difficult) polarized deuteron beams. In addition the charged current
experiments would profit from having an electron as well as a positron beam.
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Abstract: We present estimates of possible data on spin-dependent asymmetries
in inclusive scattering of high energy polarized electrons by high energy polarized
protons at HERA, including statistical errors, and discuss systematic uncertainties.
We show that these data would shed light on the small z behaviour of the polar-
ized structure function g;, and would reduce substantially the uncertainty on the
determination of the polarized gluon distribution.

1 Introduction

Nucleon structure, particularly as defined by its structure functions determined from lepton-
nucleon inclusive electromagnetic scattering, is of fundamental importance and has provided
crucial information for the development of perturbative QCD. The history of such experiments
over the past forty years has shown that important new information has been obtained when
measurements were extended to new kinematic regions. In the mid-1950’s at Stanford, Hofs-
tadter (1] extended measurements of elastic electron-proton scattering to a higher Q2 range of
1 (GeV/c)? and first observed that the proton has a finite size. In the late 1960’s at SLAC
Friedman, Kendall and Taylor [2] extended measurements of inelastic inclusive electron scat-
tering to the deep inelastic region of Q? > 1 (GeV/c)? and discovered the parton substructure
of the proton.

The subfield of polarized lepton-proton scattering was initiated with the Yale-SLAC E80
and E130 experiments [3] which measured the spin-dependent structure function of the proton
in the mid-1980’s. These experiments were then followed up at CERN by the EM Collaboration

'Supported by the Department of Energy.
*Supported by the Israel Science Foundation of the Israeli Academy of Sciences.
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Figure 1: The current status of the measurement of the spin structure function g*. The sta-
tistical errors are shown with the data points, while the size of the systematic errors for SMC
measurement is shown by the shaded area.

which extended the kinematic range of the original measurements at SLAC to lower the z range
from z = 0.1 to 0.01 [4]. These data allowed a determination of the singlet component of the
first moment of g,, which in the naive parton model is the fraction of the proton spin carried
by quarks: this was found to be compatible with zero, thereby violating the parton model
Ellis-Jaffe sum rule at the three standard deviation level. This surprising result has stimu-
lated a large amount of experimental and theoretical work on polarized structure functions [3].
New measurements of the spin dependent structure functions of the proton and the deuteron
were made by the SM collaboration [6] at CERN and by E143 [7] at SLAC which extended
the kinematic range to lower z and also reduced the statistical and systematic uncertainties
significantly. Figure 1 shows all published measurements of the structure function g7. These
measurements, along with those made for the deuteron, allowed a better determination of the
first moment of the spin structure functions and verified the Bjorken sum rule. Furthermore,
they made a next-to leading order QCD analysis of the x and Q? dependence of g, possible,
thereby allowing a determination of the first moment of the polarized gluon distribution [8].

In view of this history it is important to consider in detail what measurements and accuracies
may be obtained at HERA. The primary goal and motivation for HERA is to extend the kine-
matic range of electron-proton scattering. Thus far HERA research and its discoveries were the
results of the new and vastly extended kinematic range in  and Q? . both by a factor of about
100, provided by the collider [9, 10, 11, 12]. At present the 800 GeV proton beam at HERA is
unpolarized (although the 25 GeV electron/positron beam has a natural polarization). If t.he
proton beam were to be polarized, it would be possible to measure polarization asymmetries
and thus explore spin dependent structure functions along with the spin-independent structure
functions in the HERA kinematic range. In this paper we discuss what might be achieved from
such a programme. We show that the data HERA could provide are clearly unique and cannot
be obtained by present day experiments.

In section 2 we estimate the data that could be obtained, including the statistical errors,
from inclusive polarized e-p scattering with HERA in the collider mode. We also discuss
systematic errors and argue that they can be controlled within adequate limits. In section 3 we
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briefly review the relation of the structure function g, to polarized parton distributions and the
perturbative evolution equations satisfied by the latter, and summarize the status of polarized
parton distributions extracted from presently available fixed target data. In section 4 we show
that new data from polarized colliding beam experiments at HERA would shed light on the
small z behaviour of g, and would substantially improve the determination of the polarized
gluon distribution.

2 Measurement of gf(z,Q?) at HERA

2.1 Kinematic range and statistical errors for HERA data

Presently all measurements of polarized structure functions are made using fixed target deep
inelastic lepton-nucleon scattering. Figure 2 shows the kinematic ranges in which polarized
lepton-proton data have been obtained at SLAC and CERN as well as the possible measure-
ments in the kinematic domain available at HERA with 800 and 25 GeV proton and electron
beams, respectively. Note the large extension in r — Q? range compared to the present data.
Table 1 lists the  — Q? values at which measurements can be made at HERA, the number of
events that would be measured and the associated statistical errors in the measured asymmetry
dA,, assuming an integrated luminosity of L = 1000 pb™! and electron and proton polarizations
of 0.7 each®. Kinematic cuts [11] on y and the scattered electron angle 6. used for data analysis
by the H1 and ZEUS collaborations were applied for the evaluation of the counting rates in
each z — Q? bin. Standard deep inelastic scattering formulae were used to calculate of the
kinematics and asymmetries. They are given in the Appendix.

2.2 Systematic errors for HERA data

The systematic errors associated with spin dependent asymmetry measurements are of two
types: 1) normalization errors and 2) false asymmetries.

The normalization errors include principally uncertainties in the electron polarization P,
and in the proton polarization P, . These lead to a change in the magnitude of the measured
asymmetry but in practice by an amount which is small compared to the statistical error, and
hence they are important primarily when evaluating the first moment of ¢{(z).

Recently the HERMES collaboration has reported a measurement of P, by Compton scat-
tering, which yielded a relative accuracy of 5.5% [13]. It is expected that an improved accuracy
will be achieved eventually.

Absolute measurement of the polarization of the high energy (800 GeV) proton beam
presents a new challenge and is presently under investigation. Several methods are being
considered:

1. p — p elastic scattering in the Coulomb-nuclear interference region[14],

3 Accelerator parameters that were suggested by R. Klanner and F. Willeke for this workshop.
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5.6 x 1077 1.8 0.40 | 0.47 | 5.0 x 10° [ 4.5 x 10~7
1.8 x 1077 1.8 0.13[0.13 [ 8.0 x 10° [ 3.5 x 10~ ¢
5.6 0.40 | 0.46 | 3.5 x 10° | 5.3 x 10~*
5.6 x 10~% 1.8 0.04 [ 0.04 [1.2x107 [2.9% 10~¢

5.6 0.13 [ 0.13 | 6.5 % 10° | 3.9 x 10~4
1.8 x 10' [ 0.40 | 0.47 | 2.0 x 106 | 7.1 x 10~*
1.8x 1077 1.8 0.01 [0.01[16x107 [2.5x 107

5.6 0.04 | 0.04 | 9.0 x 105 | 3.3 x 10~*
1.8 x 10' | 0.13 [ 0.13 | 3.4 x 10° | 5.4 x 10~
5.6 x 10* [ 0.40 | 0.47 | 1.1 x 105 | 9.5 x 10~*
5.6 x 1073 5.6 0.01 [0.01[1.2x107 [2.8x 10~
1.8 x 10" [ 0.04 | 0.04 | 5.5 x 10° | 4.3 x 10~*
5.6 x 10* [ 0.13 | 0.13 | 1.7 x 105 | 7.7 x 10~*
1.8 x 10?2 | 0.40 | 0.47 | 5.5 x 10° | 1.3 x 103
1.8x107%[1.8x 10" [0.01 [ 0.01 [ 6.5 x 10° | 3.9 x 10~
5.6 x 10" | 0.04 | 0.04 | 2.6 x 10° | 6.2 x 10~*
1.8x10% [ 0.12 | 0.13 | 8.0 x 10° | 1.1 x 10~3
5.6 x 10% | 0.40 | 0.47 | 2.3 x 10° | 2.1 x 103
56x 1072 [5.6x 10T [0.01[0.01 [2.2x 10% | 6.7 x 107
1.8 x 10% [ 0.04 | 0.04 | 8.0 x 10° | 1.1 x 10~*
5.6 x10%|0.12 [ 0.13 | 2.6 x 10° | 2.0 x 1073
1.8 x 10% | 0.40 | 0.47 | 6.5 x 10* | 3.9 x 1073
1.8x 10T [1.8x10Z [ 0.01 [0.01 [5.9x 10° | 1.3 x 10-3
5.6 x 102 | 0.04 [ 0.04 | 1.9 x 10° | 2.3 x 10~
1.8x10%|0.13|0.13 [ 5.4 x 10* | 4.3 x 10~3
5.6 x 10% | 0.40 | 0.47 | 1.3 x 10* | 8.6 x 1073
5.6x 107" [ 5.6 x 10 [0.01 [ 0.01 [ 2.9 x 107 | 5.9 x 10—
1.8 x 10° | 0.04 | 0.04 | 8.3 x 103 | 1.1 x 10~2
5.6 x 10% | 0.13 | 0.13 | 1.9 x 10* | 2.3 x 102
1.8 x 10* | 0.40 | 047 | 4.2 x 10? | 4.8 x 102

Table 1: The kinematic varwables z,Q* y, and D, along with the number of events exrpected
Niotat, and the statistical uncertainty in the measured asymmetry §A,, in the kinematical region
assuming an integrated luminosity L = 1000 pb~" and proton and electron beam polarizations
P,=P.=0T.
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Figure 2: Measurable x — Q* region at HERA shown with the presently explored regions by
SMC(CERN) and E143(SLAC) experiments, and the kinematic imat of measurability at HERA.

2. p — P scattering using a stationary polarized proton jet target and comparing the
asymmetries Apeam = Ajer, Where Apeam is the asymmetry in the scattering of the
polarized beam from an unpolarized jet and Aj, is the asymmetry measured with
an unpolarized beam and a polarized jet target with a known polarization Pj..
Adjusting the jet polarization to obtain the same asymmetry, one obtains the beam
polarization Ppeam = Pt [15].

3. polarized e — p scattering in which a low energy polarized electron beam collides
with the polarized 800 GeV proton beam, with kinematics corresponding to the
polarized e — p elastic scattering measurements at SLAC [16]. The theoretical values
for the asvmmetry in elastic scattering are given in terms of the polarizations and
the measured electric and magnetic form factors of the proton. Hence the measured
asymmetry at HERA using a known polarized electron beam would determine P,.

We comment briefly on these possible methods. For method 1 the nuclear matrix element
may not be known well enough to provide a significant absolute determination of P,. Method
2 appears quite attractive because only the invariance principle is needed from theory, and
it may be possible to use the stationary polarized target of the HERMES experiment for
this measurement. Method 3 is theoretically sound and simple, but may not be attractive
experimentally. These methods have still to be fully developed and tested experimentally. It is
reasonable to expect that a 5% accuracy will be achieved.

Inclusive 7 or 7~ production in collisions of 800 GeV protons with a fixed proton target
appears to be a simple method for a relative measurement of the polarization [17].

781

Methods to measure P, are presently considered and studied also for polarized protons at
RHIC. The method of measuring P, at 1 TeV has been discussed in some detail in a design
report entitled “Acceleration of Polarized Protons to 120 GeV and 1 TeV at Fermilab” (18] as
well as in the BNL proposal for RHIC SPIN [19].

The other type of systematic error comes from false asymmetries. These arise from variations
in counting rate due to time variations in detector efficiencies, beam intensities, or crossing
angles between the conditions of spins parallel and antiparallel. In view of the expected small
values of the true asymmetries expected in the HERA kinematic region, (Table 1), the false
asymmetries must be controlled at the level of 10~*. We note that medium and high energy
experiments which have measured parity violation have controlled false asymmetries to less
than 1073 to 10~% [20].

False asymmetries can be avoided by frequent reversals of spin orientations. In the HERA
collider the electron(positron) spin reversal is difficult and time consuming (several hours) and
would lead to changes in beam intensity and beam emittance. Hence asymmetry data must
be obtained with a fixed helicity for the electron beam by varying the proton helicity. Both
the electron and proton rings are filled with about 200 particle bunches. The proton ring can
be filled with bunches of protons with individually predetermined polarizations. Parallel and
antiparallel spin data would be obtained at successive beam crossings occurring at time intervals
of about 100 ns. Such alternations eliminate many errors in an asymmetry measurement.
However, differences in the intensities and the crossing angles at successive proton bunches
could still lead to false asymmetries and will have to be minimized.

The most important approach to avoid false asymmetries will be to use a spin rotator to
reverse the helicity of all proton bunches at adequately frequent intervals (perhaps once per 8
hours). The design of such rotators has been studied and appears practical without appreciable
change in the orbits, or in the magnitude of proton polarization [21]. Studies at the IUCF at
370 MeV have confirmed these conclusions [22]. With such approach the false asymmetries
could be controlled to less than 107*.

3 Current status of g,(z, Q%)

3.1 Perturbative evolution of g,(z,Q?%

The definition and properties of the polarized structure function g, in perturbative QCD closely
parallel that of its unpolarized counterpart Fj (see ref. [23] for a review). The structure function
g1 is related to the polarized quark and gluon distributions through

aled = K [ O3 o)Az

+ 21L,C-‘y(§. ay(t)Ag(y,t) + C:s(i, (1) Ag™(y, I)]. (1)

-

where (e?) = nl“l Trl, €2, t = In(Q%/A%), AT and Ag™S are the singlet and non-singlet polar-
ized quark distributions
'Il

AX(z,t) = zlj Agi(z,t). AgS(z,t) = (e} /(€®) — 1)Agi(x, 1),
=1

=1
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and C5"™5(a,(Q%)) and C,(a,(Q?)) are the quark and gluon coefficient functions.

The z and Q? dependence of the polarized quark and gluon distributions is given by Altarelli-
Parisi equations [24]:

d 1d
05 = ﬁﬂ/ %’[P,ﬁ,(£ (1)) AS(y. 1) + 20y Py (2.0 (1)) Ag(v.1)] . (2)

27 v
d s(2 td T z
d—tAg(I, ] = a—z(;l/x % [qu(;‘o,(t))AE(y, t)+ ng(;,(t,(t))ﬁg(y, t)] ; (3)
d : (1) dy sz NS
4 Aq(ait) = 97 PG )2 w0, (4)

where P,; are polarized splitting functions.

The full set of coefficient functions [25] and splitting functions [26] has been computed up
to next-to-leading order in a,. As in any perturbative calculation, at next-to-leading order
splitting functions, coefficient functions and parton distributions depend on renormalization
and factorization scheme, while of course physical observables, such as g; itself, remain scheme-
independent up to terms of order a?. The scheme choice is arbitrary, and in particular parton
distributions in different factorization schemes are related to each other by well-defined linear

transformations.

The factorization scheme dependence is particularly subtle in the polarized case because of
the extra ambiguity related to the definition of the y; matrix, i.e. to the way chiral symmetry is
broken by the regularization procedure. This is reflected in an ambiguity in the size of the first
moment of the gluon coefficient function C, (which starts at order a,). Two widely adopted
choices [8, 27, 28], both compatible with the choice of MS renormalization and factorization,
correspond to either requiring the first moment of the gluon coefficient function to be C'g1 =0,
or imposing that the first moment of the polarized quark distribution be scale independent,
which implies C; = —%+. The first moment Ag' of the gluon distribution can be chosen to
be the same in the two schemes, whereas the first moments of the quark distribution in the
two schemes differ by an amount proportional to a,Ag'. Because the evolution equations 2-4
imply that at leading order the first moment of the polarized gluon scales as QL this scheme
dependence persists asymptotically and is potentially large if the first moment of the gluon
distribution is large [29].

3.2 Current status of polarized parton distributions.

Parton distributions can be extracted from experimental structure function data by parametriz-
ing them at a starting value of (%, evolving this initial condition up to any desired value of
z and Q? using Egs. 2-4, determining g there by means of Eq. 1, and determining the initial
parametrization which gives the best fit of g:(z, Q?) to the data [8, 27, 28]. Here we follow the
procedure used in refs. [8, 30]: we give the initial conditions at Q* =1 GeV? in the form

Af(z, Q%) = Nlay, By.ay) ny 2 (1 = 2)” (1 + s 2), (5)

where N(a, 3,a) is fixed by the normalization condition, N(a, 3, a) Ji dzze(1—z)?(1+az) =1,
and Af denotes A, Agys, or Ag. With this normalization the parameters 1., 7ys, and 7s
are respectively the first moments of the gluon, the non-singlet quark and the singlet quark
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Figure 3: The NLO fit to proton g} and deuteron ¢¢ data. The solid lines are fits to data at
the measured Q? values, and the dashed and the dotted hines are fits evolved to Q* = 1 and 10
GeV? respectively.

distributions at the starting scale. Evolution is performed within the AB factorization scheme

(which has C} = —%). Further details of the fits and analysis are given in ref. (8, 30].

Using the published data on proton and deuteron structure functions by SMC [6], and
E143 [7] the best fit results obtained for such analysis [8] are given in column 1 of Table 2. The
data used for the analysis and the results of the NLO fit are shown in Fig. 3. Interestingly,
the data require the first moment of the gluon distribution to differ significantly from zero:
1, = 1.52 £ 0.74. This result follows mostly from the observed scaling violations in the inter-
mediate and small z region. However, the statistical uncertainty on the size of the polarized
gluon distribution is still rather large. Moreover, existing data only partially constrain the
small = behaviour of the various parton distributions (values of s, @y, and ays), and do not
allow a precise determination of their asymptotic form for small z. Such information, besides
its intrinsic theoretical interest, is required in order to obtain a precise determination of the
moments of g [8, 30]. New data with an extended kinematic coverage in = and Q? provided
by HERA could reduce these uncertainties.

Since the publication of ref. [8], new data on the @Q? dependence of g, have been published by
the E143 collaboration. The inclusion of these data in the NLO fits results in reduction of up to
20% in the errors on the fitted parameters, all the values of the parameters being consistent with
the published values. The value of the first moment of the gluon distribution at @* = 1 GeV? for
example becomes 7, = 1.29£0.56. In the next two years both SMC (CERN) and E143 (SLAC)
plan to present new data on proton and deuteron spin structure functions and using these
data as well a more accurate determination of the parameters in the fit can be expected. It
can thus be anticipated that eventually the dominant uncertainty in the determination of the
first moments of g, and the polarized gluon distribution will be due to lack of experimental
information in the HERA region.
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4 The impact of polarized HERA data

4.1 The small z behaviour of g,

As shown in Fig. 2, measurements of g; at HERA will extend the = region down to z = 5.6x1073.
Knowledge of the small z behaviour of g, is obviously necessary in order to compute moments
of g, and indeed in the determination of the singlet component of the first moment of g the
uncertainty related to the lack of knowledge of this behaviour is already comparable to the
statistical uncertainty [8, 30].

The extrapolation of g; from the measured region down to z = 0 is traditionally done by
assuming Regge behaviour of the structure function, which implies [31] g1 ~ 2 as z — 0 with
0 <@ <0.5,i.e. avalence-like behaviour of g;. This behaviour seems to disagree with the data
(see Table 2 and Fig. 3) which suggest instead that both the singlet and nonsinglet components
of gy rise at small z.

In fact, a valence-like behaviour of g, is incompatible with perturbative QCD, which at
leading order predicts instead that g1 should rise at least as a(z, Q%) ~ 7’;(32’”, where 0 = \/EC,

p= \/ET, E=ln%, (=In %@%. and Qg and z; are reference values of z and @?. This rise
is present both in the singlet and nonsinglet components of 91, but with different slopes v,
calculable in perturbative QCD. The sign of this rise depends on the specific form of the quark
and gluon distributions, but for most reasonable forms of Ag and Ag, and in particular if Ag
at moderately small z is positive definite, then g; will be negative. The onset of this behaviour
as Q? is raised is clearly shown in Fig. 3. Higher order corrections lead to an even stronger
drop: at k-th perturbative order the rise of —g, is enhanced by a factor of a*p*+!. It has been
suggested [32] that these terms to all orders in a, may exponentiate, thus leading to a rise of
g1 as a power of z; the sign of this rise is still predicted to be negative.

A non-Regge behaviour of the unpolarized structure function F; has been observed and
accurately measured at HERA, in spectacular agreement with the perturbative QCD predic-
tion (11, 12]. The behaviour correspondingly predicted in the polarized case is even more
interesting due to the fact that higher order corrections are stronger, and also the polarized sin-
glet and nonsinglet quark and gluon distributions all display qualitatively the same behaviour,
whereas in the unpolarized case only the gluon dominates at small z.

An experimental measurement of the small z behaviour of g1 would thus lead to significant
insight on the structure of QCD both within and beyond perturbation theory. In Fig. 4 we
show the expected accuracy of the determination of g1 at HERA within the maximal extent of
variation in the small  behaviour compatible with the requirement of integrability of g; (which
implies that at small x g, can rise at most as 1/(xIn® z) with a > 1).

The full coverage of HERA experiments is shown in Figs. 5, 6, 7, and 8, where projected
data with their estimated errors are given on the basis of the NLO fit of Table 2. The errors
are estimated assuming integrated luminosities L = 1000 pb~! and beam polarizations B, =
P, = 0.7. In Fig. 5 g; at the starting scale Q> = 1 GeV? is shown using the best fit values
of the parameters. This is then evolved up with different choices for the normalization of the
polarized gluon distribution, to give a feeling for the possible range of variation. In particular,
we consider two cases: a) the first moment of the gluon distributions is fixed to be 0at Q=
1 GeV? (minimal gluon: dashed lines in Fig.6) and b) the first moment of the singlet quark
density was fixed to 7, = ag at the same reference scale (maximal gluon: dotted lines in Fig.6).
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Figure 4: The structure function g measurable at HERA for Q* = 1.8 GeV? with integrated
luminosity L = 1000 pb~" are shown. The SMC and E1}3 measurements are shown for com-
parison. Starting from the measured values of ¢} by SMC, the measurable values for HERA at
low-z are shown in two ertreme cases: valence-like behaviour q(z) ~ 27 with o = 0.14 or
strong powerlike positive or negative rises g)(z) ~ £1/(z - (Inz)?)

Even though the current best fit value of 5, (Table 2) is very close to the maximal case, the
minimal gluon is at present only excluded at 2 o level. Of course yet wider deviations from
these fits are foreseeable since the small = behaviour of the current best fit is only very loosely
constrained due to the lack of direct experimental information at small r; also, as discussed
above, higher order corrections beyond NLO may turn out to be important at very small z.

In Fig. 6 we show the statistical errors for each measurable data point in the complete
z — Q? grid indicated in Fig. 2 and in Table 1. The bold solid lines are the predictions of
g1 values in the HERA kinematic range using the best fit values of the NLO parameters for
the presently published data [6, 7). In Fig. 7 the projected values of g, obtained from the
NLO fit to the data are calculated for the lowest Q? data point reached at that r bin, which in
turn has the lowest statistical error. The Q? values are indicated in the figure. The measured
asymmetries A,, and the corresponding statistical errors on the projected measurements at
HERA at different Q? are shown in Fig. 8.

4.2 The determination of the gluon distribution

The measurement of scaling violations in inclusive structure functions provides a theoretically
clean determination of the polarized gluon distribution. Because the gluon distribution is only
determined by the scale dependence of the moments of g, a reasonably wide kinematic coverage
is required in order to achieve such a determination with satisfactory accuracy: in particular‘.
since the gluon distribution is peaked at small z, data in this region for several values of Q2
such as those obtainable at HERA would substantially improve the determination of Ag(r,Q%).
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Figure 5: The starting parametrization of g} at Q* =1 GeV? which gwes best-fit to present-day
data s shown in the = range covered at HERA. Statistical errors on g, after combining all
measurements for each x are shown for an integrated luminosity L = 1000 pb~".

To assess the impact of these data we have repeated the fit described in sect. 3.2 with the
addition of the projected HERA data discussed in sect. 2.1. The values of the best-fit parameters
of course do not change, but using the estimated errors from acceptance considerations on
measurable g,, we get an estimate of the extent of reduction in the measured uncertainties of
various parameters. In column 3 of Table 2 we show the results of a fits with HERA data for
integrated luminosity L = 1000 pb~"' and in column 4 we show the results for L = 200 pb~'.
Note in particular the sizable improvement in the determination of the first moment of Ag,
which is of greatest theoretical interest due to its role in the understanding of the proton spin
structure [5]: from §(Ag') = +0.74 (the present value) to +0.22 or £0.28 depending on the
luminosity available at HERA.

We have also performed fits with an additional parameter in the distribution functions of
Eq. 5
Af(z,Q%) = N(ay, By,ap) 1y 2 (1= 2)M (1 + a5  + by V/7), (6)
(i.e. a 14 parameter fit), in order to test the sensitivity of our results to the functional form
used for the parton distributions. The fits yvielded a result for 7, = 1.0 & 0.3 consistent with
the 10 parameter fit.

5 Conclusions

Inclusive DIS measurements at HERA with high integrated luminosity with high energy po-
larized electrons and polarized protons would yield significant and unique new information on
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Figure 6: Predicted values for g,‘, from NLO fits together with estimated statistical uncertainties
for a future polarized DIS erperiment with an integrated luminosity L=1000 pb=". The solid bold
lines are predictions based on fits to SMC and SLAC data extended in to the HERA kinematic
rang;e while the dotted and dashed lines are the mazimal and minimal gluon predictions (see
text).
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Figure 7: The structure function g} measurable at HERA shoun in comparison to the
SMC/E143 measurements. The values of g} (z,Q?) for each measurable HERA point are taken
from the NLO fit and evolved to the Q* value indicated in the figure. Statistical errors on g,(x)
averaged over all Q* for measurements at HERA with integrated luminosity L = 1000 pb™" are
shown for each x. :
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Figure 8: The measured asymmetry Ay for different Q? at HERA for the projected data points
shown in previous figures.
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Parameter | Published Best Fit | HERA L = 1000 pb~' | HERA L = 200 pb~’
Ty 1.52+0.74 1.29+0.22 1.29+0.28
Ty 0.48+0.09 0.451+0.04 0.45£0.05

NS Fixed Fixed Fixed
Qg -0.47+0.30 -0.64%0.11 -0.64=+0.16
Qg 0.41+0.38 0.42+0.26 0.4240.30

ans -0.68+0.15 -0.73£0.10 -0.73+£0.12
By 2.6+4.8 4.0 (fixed) 4.0 (fixed)
Bq 3.3+14 3.50+0.81 3.50£1.13
Bns 2.240.3 2.10+0.14 2.1040.27
a, = a, 0.1£3.0 1.2+£2.5 1.2+2.10
ans 16.0£17.0 19.5+14.0 19.5+16.4

Table 2: Results of NLO fits: Column 2 for the published results for data available in 1995,
Column 8: estimated results for the available data in 1996 and data at HERA with integrated
luminosity L = 1000 pb~", and Column 4: estimated results using available data in 1996 and
the data at HERA with L = 200 pb~". The parameter nys is not fitted, its value s taken from
hyperon (3 decay measurements.

¢%(z, Q*) over a much extended range in r and Q2. For such measurements the false asymmetries
should be considerably smaller than the true asymmetries to be measured, and normalization
systematic errors should be controlled to be less than 10%. Statistical errors on the points will
dominate.

There is a strong and broad current interest in the spin structure of the nucleon. Proposals
have been made and experiments are planned to study this problem at several accelerator
facilities. These include COMPASS at CERN, a possible experiment at SLAC, and RHIC
SPIN at BNL. A principal goal of all of these proposed experiments is to measure the polarized
gluon content in the nucleon from a study of semi-inclusive processes. Another experiment
involving a semi-inclusive process is discussed in this volume where the determination of Ag
from a study of dijets from polarized e-p collisions at HERA is described. A measurement of
Ag from inclusive process has the advantage of being theoretically clean, but requires a wide
kinematic coverage in r and @?, and could thus only be performed at HERA.

The inclusive measurements with HERA discussed in this chapter will also provide unique
information on the behaviour gf(z,Q?*) over an unexplored kinematic range, which is of great
theoretical interest.

The fact that HERA is an operating facility with a plan for substantial increase in luminosity
and with two major operating detectors, as well as a polarized electron beam, means that
only the high energy polarized proton beam needs to be developed. The efforts to achieve
that seem well justified and data from such experiments at HERA would provide unique and
complementary information to that from other presently proposed experiments.
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Figure 9: The dependence of depolarization factor D on y.
6 Appendix: Kinematics of polarized DIS at HERA

The polarized structure function g} of the proton is related to the virtual photon asymmetry

A? by the relation [33],

= —.Fz——Al (7)
2z(1+ R)

in terms of the unpolarized structure function F, and the ratio of longitudinal to transverse

photoabsorption cross sections R.*. The measured longitudinal asymmetry A,, is related to A,
by,

a9

NTT - N
= NT+NT
where P,(P.) is the proton (electron) polarization, and D is the depolarization factor. The
arrows indicate the relative direction of the spins of the electrons and protons. D is calculable
from QED and is given by

An = P,P.DA, 8)

y(2-y)
b= v +2(1—y)(1+R), ©)
where >
y= ¢ (10)
xrrs

and s is the Mandelstam invariant of the electron-proton collision. The dependence of D on y
is shown in Fig. 9. The statistical uncertainty 64, in the measurement of A, is given by,

1 1

0A, = =—
" \/\”‘t + N# \/‘\latnl

(11)

4This result holds at leading twist.

791

e =

where N (4 represent the number of DIS events observed with parallel (anti parallel) proton
and electron polarizations, respectively. The sum in the denominator is then the square root
of the total number of events observed in the experiment at selected z — Q* bins.

We estimate the yield and the associated statistical error to be observed in a future HERA
experiment. The cross section for DIS is given by

d’oc _ d4ma? y?
LdQ? _I—Q“_[l_y+2(l+R)]F2 (12)

The depolarization factor D for each of the bins was calculated and used to estimate the
statistical uncertainty in the measurement of gf from Eqs. 9 and 11.
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Abstract: We discuss the contributions of experimental and theoretical errors to
the determination of a, using data on the Bjorken sum rule at different values of
Q2. The experimental contribution to the error in a, generally decreases as Q°
decreases, whereas the theoretical errors increase. Padé summation reduces the
theoretical contribution to the error to such an extent that the optimal value of Q*
for measuring o, may be quite low.

1 Introduction

We have described previously [1, 2] a method of extracting e, from the Bjorken sum rule
which uses Padé Summation (PS) to estimate the QCD perturbation series.” In this note, we
analyze the error in ay(Mz) that may be obtained from the Bjorken sum rule, as a function
of the experimental error and various sources of theoretical error, including the summation
prescription, renormalization scale and scheme dependence, and higher-twist effects. Our prime
aim is to estimate the dependence of combined theoretical and experimental errors in o (Mz)
on the momentum transfer Q% at which the analysis is made. This information may be of use
in the planning of future polarized electron-nucleon scattering experiments, as it may enable
the beam energy to be optimized for the extraction of a,(Mz).

2 Propagation of the Experimental Error

The way in which a given experimental error in measuring the Bjorken integral I‘ r— ’1)"’{ prop-
agates into a derived error in a, depends on Q2. In experiments done at high Q? (Q}) where
a, is small, the error in a,(Q3) is given directly by the error in the measured value of T} — T'}':

AT~ TH(@) = 590 S (@) ~ E80,(Qh) 1)

fFor a more complete list of references, see [3].
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since the QCD correction factor f(x) ~ 1 — z for small 2 = a /7. On the other hand, for
experiments done at low Q? (QF) where a; is large,

AT - TP)(@) = 0401(2) = L(1 + Corn(z) Ao (@) 2)

where, in MS with g = @, Corr(z) is a positive correction function that results from the
higher-order terms in the perturbative series for the Bjorken sum rule (see, for example, Fig. 2
in [1]), so that

1+ Corr(x
Thus, in an experiment done at a lower momentum transfer, the same experimental error in
I} — I't would propagate to a smaller error in «,. Although this is the most important effect
on the comparison between the errors in a, obtainable from experiments at different Q?, it is
not the whole story, since they must be evolved to the same reference value of Q% e.g., M%. As
is well known, this evolution renders large uncertainties in a4 at low Q? equivalent to smaller
uncertainties in a, at higher Q?, reinforcing the previous effect.

Aa,(@Q?) ~ (;)) A(T? - T2)(Q2) 3)

To evaluate these effects in more detail, we recall that to leading non-trivial order in the
MS renormalization scheme:

d 23
n I I \I / »
A} - T(@) = L2 (2 4+ (B~ 26~ 3N)?) Aa,
Specializing to three colours, we obtain
2 1.
A(T? - T)(Q?) = & ( +2(4.5833 ?\/)n,(()f)) Aa, (4)
which we may invert to vield
Gll 1 ] -
Aay o — A(TF - TH(Q)) (3)
(@) !IA( 2 (45833 — INy) Q,)) Lo

In order to compare the error in an experiment at  to that in an experiment at QF, we use
renormalization-group evolution to evaluate the error in a,(Q7}) obtained from an experiment
at Qf. At leading order, we have:

. ST 2 a?(Q3)
0u(@R) = (@) - T (11— 5N ) ¢ (6)
where t = In (%‘3) is positive, and therefore
s 2 . % -
Aay(@) = (1- i? (1= 33 tau(@)) Bas(@}) (7)
Thus, an experiment at low momentum transfer 7 vields an uncertainty
6r ( 1— 2 (11-2N)) ta,(@Q]) , )
Aoy (Qh AT = TT)(Q)) (8)
il = (1 FIasB-iN)aen)

This demonstrates explicitly the two reasons why the slope of Aa, as a function of A(I'f —T7)
decreases with decreasing Q%: the positivity of the higher-order perturbative corrections to
the Bjorken sum rule makes the denominator larger than 1, and the running of o, makes the
numerator smaller than 1.

795

3 Theoretical Errors

The above discussion ignored uncertainties in the theoretical formula used to interpret the
data, and we now turn to discuss how the various theoretical errors due to these uncertainties
contribute to the error in the extraction of o, from the Bjorken sum rule. The main source of
uncertainty is simply that the perturbative QCD series for the Bjorken sum rule is known only
up to next-to-next-to-leading-order in . Moreover, this series is expected to be asymptotic,
so the higher-order terms are significant. In [1, 2] we examined the utility of Padé Summation
(PS) methods for the resummation of the series. We showed that using PS to extract a, yields
a result that is much less scale [1] and scheme [2] dependent than if the naive partial sum is
used.

One method of evaluating the theoretical uncertainty in o, due to higher-order terms in
the series is to compare different summation prescriptions. In [1], we estimated this from the
difference between the values of a, extracted using the [2/2] PS (our preferred value) and using
the [2/1] and [1/2] PS’s.

Another method of evaluation is to consider the scale dependence of the value of a, that is
extracted. As we have demonstrated in [1], this is reduced significantly by using the PS method.
We estimate the scale-dependence error from the differences between the values of a, that we
find when setting the scale p in the [2/2] PS of the MS series to be Q* (our preferred value),
and when we set the scale of the same function to be (2Q)* or (%Q)z. taking for definiteness
the average of these two. A similar result is obtained when one considers the two-parameter
renormalization-scheme dependence of the PS [2]

A third theoretical uncertainty is in the size of the higher-twist effect, whose contribution
to the Bjorken sum rule is currently estimated to be

_ooz oo !
F @ W

We note in passing that this magnitude is similar [1] to the estimated ambiguity in the Borel
resummation of the perturbative QCD series.

All these three types of theoretical uncertainty are reduced at higher momentum transfer,
for the simple reason that they are all associated with the unknown higher-order corrections,
which become smaller at higher Q2.

4 Combined Error

We see that the propagated experimental error in a, tends to increase with increasing momen-
tum transfer, while the theoretical errors have the opposite effect - they tend to decrease with

796



increasing momentum transfer. The interplay between these different behaviours is such that
one must examine the combined experimental and theoretical error as a function of both the
experimental error in I’} — I'}! and the momentum transfer.

We define the total theoretical error as the sum in quadrature of the three theoretical errors
defined above, namely the prescription error, the scale- and scheme-dependence error, and
the higher-twist error. This cannot be exactly correct, but it is the best we can offer, until
the correlations between the different errors become clearer. Finally, we define the combined
error as the sum in quadrature of the total theoretical error and the experimental error. This
treatment may also be questioned, but again we do not have a better procedure.

0.010
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E
S 0.004 / Q° (GeV®)
L/ ==- 1
0.002 f el S
- - 30
g et
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Figure 1: (a) The error in a,(Mz) as a function of the experimental error in A[T'Y™"(Q?)),
for Q* =3,4,5,10,30 GeV?. (b) The same as (a), but unthout the higher-twist correction.

We now present a figure that shows the dependence of the combined error in a,(Mz) on
the measurement error A(I'} — T'). Fig. 1(a) shows the combined error as a function of the
experimental error. We see that the slopes of the different ? lines become steeper at higher Q*.

797

This is due to the propagation of the experimental error described in Section 2. The values of
Aa, at which the lines for different Q? cross the A(I'} —T'!) = 0 axis are the theoretical errors.
We see the expected general trend that at higher Q? the theoretical error is lower. However,
we also note that this general rule does not hold when there is a change in the number of
contributing quark flavors, specifically as we go from Q* = 3 GeV? to Q* =4 GeV*.

In Fig. 1(b), both the magnitude and the error in the higher-twist effect are set to zero. For
two reasons, this leads to a much smaller combined error. In the absence of the higher-twist
shift, the central value of , and hence its experimental error is reduced, and the absence of the
higher-twist error reduces the theoretical error. We see that, if there is no higher-twist effect,
the higher Q? lines intersect the Q* = 3 GeV? line at much higher values of A(I'} — I'}).

5 Conclusions

This analysis indicates that, for a given error in Il — I'f, experiments at high momentum
transfer Q? generally yield larger errors in a (M) than experiments of similar precision at low
momentum transfer. This conclusion is dependent on our claim to understand the theoretical
errors at the stated level, and will be true as long as the measurement error in A(T'} —T'f) is not
reduced, down to the level where the theoretical error lurks. Our analysis indicates that the
higher-twist effect is crucial for determining the optimal momentum transfer for this particular
measurement. However, we emphasize that other values of the momentum transfer may be
better for other measurements.
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Abstract: The impact of the resummation of leading small-z terms in the anoma-
lous dimensions is briefly summarized for the evolution of non-singlet and singlet
polarized structure functions.

1 Introduction

The evolution kernels of both non-singlet and singlet polarized parton densities contain large
logarithmic contributions for small fractional momenta z. The leading terms in this limit are
of the form a*In**~?z for both cases [1, 2. The resummation of these contributions to all
orders in the strong coupling constant @, can be completely derived by means of perturbative
QCD. The appropriate framework for investigating the resummation effects is provided by the
renormalization group equations.

The impact of the resulting all-order anomalous dimensions on the behaviour of the deep-
inelastic scattering (DIS) structure functions at small z thus depends as well on the non—
perturbative input parton densities at an initial scale Q3. Hence the resummation effects can
only be studied via the evolution over some range in Q. This evolution moreover probes the
anomalous dimensions also at medium and large values of z by the Mellin convolution with
the parton densities. Therefore the small-z dominance of the leading terms over less singular
contributions in the anomalous dimensions does not necessarily imply the same situation for
observable quantities, such as the structure functions.

In the following we present a brief survey of quantitative results which shed light on the
importance of these aspects. For full accounts, including the discussion of theoretical aspects,
the reader is referred to refs. [3, 4] and [5] for the non-singlet and singlet evolutions, respectively.
A recent review covering also the unpolarized cases can be found in ref. [6].

2 Quantitative Results

In leading (LO) and next-to-leading order (NLO) perturbative QCD, the complete anomalous
dimensions are known. Hence the effect of the all-order resummation of the most singular parts
of the splitting functions as z — 0 concerns only orders higher than a?. Due to the Mellin
convolution terms less singular as z — 0 may contribute substantially at these higher orders
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also. Since such contributions and further corrections are not yet known to all orders, it is
reasonable to estimate their possible impact by corresponding modifications of the resummed
anomalous dimensions I'(NV,a,), where N denotes the Mellin variable. Plausible examples
inspired by the behaviour of the full NLO results have been studied in refs. (3, 4, 5], including

A: T(N,a,) = I(N,a,)-I(1,a,) B: I'(N,a,) = I'(N,a,)(1 - N)
D: T(N,a,) = O(N,a,)(1 - 2N + N3). 1)

Clearly the presently known resummed terms are only sufficient for understanding the small-z
evolution, if the difference of the results obtained by these prescriptions are small.

2.1 Polarized non-singlet structure functions

This case has been investigated in refs. [3, 4] for the structure function combination gy P—gf™ for
two parametrizations of the non-perturbative initial distributions, see Figure 1. Results on the
interference structure function g;% ;(z,Q?) can be found in ref. [6]. For the relatively flat CW
input [7], the resummation effect on g;” — g™ reaches about 15% at = = 10~5. However, in the
restricted kinematical range accessible in possible future polarized electron—polarized proton
collider experiments at HERA [9], it amounts to only 1% or less. For the steeper GRSV initial
distributions (8], the effect is of order 1% or smaller in the whole « range. Hence the results do
not at all come up to previous expectations of huge corrections up to factors of 10 or larger as
anticipated in ref. [10].

0.15 K CW -

ep en ]

o1 f=g, —g 3

T AfDy fNLO ]
i ]
] 0015 GRSV
] e A ]
0.01 s — 10 = QUGev)

b 0.005 J
0 - ]

§ —

s 4 F 2
| 10 10 T 107 T

X

Figure 1: The NLO small-z evolution of the polarized non-singlet structure function combination
g:7 — g¢™, and the relative corrections due to the resummed kernels, for the initial distributions of
refs. [7] and [8]. The dependence on possible less singular terms is illustrated by the prescriptions
‘A’,'B’, and ‘D’ of eq. (1). The figure has been adapted from ref. [6].
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2.2 Polarized singlet structure functions

The numerical consequences of the small-z resummation for the evolution of g/”*"(z,Q?) and
the parton densities have been given for different input distributions in ref. [5]. Figure 2 shows
an example. The effects are much larger here than for the non-singlet structure functions. Also
illustrated in these figures [by the results for the prescription ‘(B)’ in eq. (1)] is the possible
impact of the yet uncalculated terms in the higher-order anomalous dimensions which are down
by one power of N with respect to the resummed leading pieces as N — 0. As in the non-
singlet case considered before, the effect of these additional terms can be very large, even the
sign of the deviation from the NLO evolution cannot be taken for granted.

. e T LT T e

006 + xglp(x,Qz) - - xg,"(x‘Qz)

004 - —— NLO
- - == NLO+Lx
...... NLO +Lx * (I1-N)

0.02
-0.01

Figure 2: The = and Q? behaviour of the polarized proton and neutron structure functions g7""(z, Q?)
as obtained from the GRSV standard distribution [8] at Q2 = 4GeV?, The results are shown for
the NLO kernels (full), the leading small-z resummed kernels (dashed), and the modification ‘B’ of
eq. (1) of the latter by possible less singular terms (dotted). The figure has been taken from ref. [5].

3 Conclusions

The effects of the resummation of the leading small-z terms in the polarized non-singlet and
singlet anomalous dimensions have been summarized. For non-singlet structure functions the
corrections due to those a,(a, In*z)' contributions are about 1% or smaller, in the kinematical
ranges probed so far as well as the regime accessible at a polarized version of HERA (3, 4]. In
the singlet case very large corrections are obtained. As in the non-singlet cases, however, pos-
sible less singular terms in higher order anomalous dimensions, are hardly suppressed against
the presently resummed leading terms in the evolution: even a full compensation of the resum-
mation effects cannot be excluded [5]. To draw firm conclusions on the small-z evolution of also
the singlet structure functions, the next less singular terms as well as the complete three-loop
anomalous dimensions are needed.
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Abstract: The measurement of the polarized gluon distribution function AG(x)
from photon-gluon fusion processes in electron-proton deep inelastic scattering pro-
ducing two jets has been investigated. The study is based on the MEPJET and
PEPSI simulation programs. The size of the expected spin asymmetry and corre-
sponding statistical uncertainties for a possible measurement with polarized beams
of electrons and protons at HERA have been estimated. The results show that the
asymmetry can reach a few percent, and is not washed out by hadronization and
higher order processes.

1 Introduction

After confirmation of the surprising EMC result, that quarks carry only a small fraction of
the nucleon spin, this subject is being actively studied by several fixed target experiments
at CERN, DESY and SLAC [1]. So far only the polarized structure functions g(x, @*) and
g2(x, Q%) have been measured. These structure functions measure predominately the polarized
quark distribution functions, which, as usual. contain a scheme dependent gluon admixture.
A specific property of polarized structure functions is that this admixture can be rather large,
due to a rather large polarized gluon distribution function AG(x,). as suggested by the fact
that as(Q?) [ dx,AG(x,, Q?) is renormalization group invariant.

The direct measurement of the polarized gluon distribution AG(x,. Q%) has become the key
experiment in order to understand the QCD properties of the spin of the nucleon. For a collider
with polarized electrons and protons with beam energies such as for HERA the measurement
of dijet events offers such a possibility[2].

The gluon distribution enters at leading order (LO) in the two-jets production cross section’
in deep inelastic scattering (DIS) (see Fig. 1), and the unpolarized gluon distribution G(x,.Q*)

'In the following the jet due to the beam remnant is not included in the number of jets.
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Figure 1: Feynman diagrams for the dijet cross section at LO.

has indeed already been extracted from two-jets events by the Hl collaboration at HERA.
With a modest integrated luminosity of 0.24 pb=" collected in 1993, first data on z,G(z,) were
extracted from dijets events [3] at LO, in a wide z, range 0.002 < r, < 0.2, at a mean Q?
of 30 GeV? These results were found to be in good agreement with the gluon distribution
extracted at LO from scaling violations of the structure function F,. Presently this method
is being extended to NLO. and first preliminary results were shown in [4, 5]. An initial study
of the feasibility of this measurement for AG at HERA (mainly for a polarized fixed target
experiment) was presented in [6].

2 Jet cross sections in DIS

Deep inelastic electron-proton scattering with several partons in the final state,
e (1) + p(P) — e (I') + remnant(p,) + parton 1(p;) + ...+ parton n(p,) (1)

proceeds via the exchange of an intermediate vector bason V = 4°, Z. Z-exchange and v*/Z
interference become only important at large Q* (> 1000 GeV*) and are neglected in the fol-
lowing. We denote the momentum of the virtual photon, 4%, by ¢ = { — ', (minus) its absolute
square by %, and use the standard scaling variables Bjorken-z zg, = Q?/(2P - ¢) and inelas-
ticity y = P-q/P - l. The general structure of the unpolarized n-jet cross section in DIS is
given by

(Iah“d[n-jet] = Z/dr, fu(r,,.pf.-) de*(p = .rul’,o,(yft)./zg./xi-) (2)

a

where the sum runs over incident partons a = ¢,¢.g which carry a fraction z, of the proton
momentum. &% denotes the partonic cross section from which collinear initial state singu-
larities have been factorized out (in next-to-leading order (NLO)) at a scale pp and implic-
itly included in the scale dependent parton densities f,(r,, pf). For longitudinally polarized
lepton-hadron scattering, the hadronic (n-jet) cross section is obtained from Eq. (2) by re-
placing (", f, &%) — (Ac™*? Af,,Aé%). The polarized hadronic cross section is defined
by Achet = ot — gl#?, where the left arrow in the subscript denotes the polarization of the
incoming lepton with respect to the direction of its momentum. The right arrow stands for
the polarization of the proton parallel or anti-parallel to the polarization of the incoming lep-
ton. The polarized parton distributions are defined by A fu(x,. uf) = fay(xa, u) — fal(Tay ).
Here, f,1(fa) denotes the probability to find a parton a in the longitudinally polarized proton
whose spin is aligned (anti-aligned) to the proton’s spin. Aé? is the corresponding polarized
partonic cross section.
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In the Born approximation, the subprocesses 1" +¢ — ¢+¢. 7"+ G — §+9¢. 7" +9 — ¢+q
contribute to the two-jet cross section (Fig. 1). The boson-gluon fusion subprocess T +g — q+q
dominates the two-jet cross section at low rg; for unpolarized protons (see below) and allows
for a direct measurement of the gluon density in the proton. The full NLO corrections for two-
jet production in unpolarized lepton-hadron scattering are now available [7] and implemented
in the ep — n — jets event generator MEPJET. which allows to analyze arbitrary jet definition
schemes and general cuts in terms of parton 4-momenta.

First discussions about jet production in polarized lepton-hadron scattering can be found in
Ref. [8], where the jets were defined in a modified “JADE" scheme. However, it was found [7, 9]
that the theoretical uncertainties of the two-jet cross section for the “JADE” scheme can be
very large due to higher order effects. These uncertainties are small for the cone scheme and the
following results are therefore based on the cone algorithm, which is defined in the laboratory
frame. In this algorithm the distance AR = /(A7)? + (Ad)? between two partons decides
whether they should be recombined into a single jet. Here the variables are the pseudo-rapidity
1 and the azimuthal angle 6. We recombine partons with AR < 1. Furthermore, a cut on the jet
transverse momenta of pr > 5 GeV in the laboratory frame and in the Breit frame is imposed.
We employ the one loop (two loop) formula for the strong coupling constant in a LO (NLO)
analyses with a value for .\% consistent with the value from the parton distribution functions.
In addition a minimal set of general kinematical cuts is imposed on the virtual photon and
on the final state electron and jets. If not stated otherwise, we require 5 GeV? < Q?* < 2500
GeV?, 0.3 < y < 1, an energy cut of E(e’) > 5 GeV on the scattered electron, and a cut on the
pseudo-rapidity 7 = —Intan(0/2) of the scattered lepton (jets) of || < 3.5 (|| < 2.8). These
cuts are compatible with the existing detectors H1 and ZEUS, and slightly extend the cuts of
the H1 gluon analysis from jets.

Let us briefly discuss the choice of the renormalization and factorization scales ug and pp
in Eq. (2). Both the renormalization and the factorization scales are tied to the sum of parton
kr's in the Breit frame.

1 ;
ﬂn=#1-’=;zk¥(t)- (3)

Here (k£(i))? = 2E2(1 — cos0,,), and 8, is the angle between the parton and proton direction
in the Breit frame. ¥, k2(i) interpolates between Q, the photon virtuality, in the naive parton
model limit and the sum of jet transverse momenta when Q becomes negligible, and thus it
constitutes a natural scale for jet production in DIS [9].

Let us first discuss some results for unpolarized dijet cross sections. If not stated otherwise,
the lepton and hadron beam energies are 27.5 and 820 GeV, respectively. With the previ-
ous parameters and GRV parton densities [10] one obtains a LO (NLO) two-jet cross section
c"?(2-jet) of 1515 pb (1470 pb). Thus the higher order corrections are small. This is essentially
due to the relatively large cuts on the transverse momenta of the jets. As mentioned before,
the boson-gluon fusion subprocess dominates the cross section and contributes 80% to the LO
cross section.

In order to investigate the feasibility of the parton density determination, Fig. 2a shows the
Bjorken xp; distribution of the unpolarized two-jet exclusive cross section. The gluon initiated
subprocess clearly dominates the Compton process for small rg; in the LO predictions. The
effective K-factor is close to unity for the total exclusive dijet cross section which is the result
of compensating effects in the low x (K" > 1) and high = (A <1) regime.
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For the isolation of parton distributions we are interested in the fractional momentum z, of
the incoming parton a (@ = ¢, ¢, denoted p in Fig. 1). For events with dijet production zg; and
z, differ substantially. For two-jet exclusive events the two are related by r, = zp; (1 + ’51;)
where s;; is the invariant mass squared of the produced dijet system. The s,; distribution for
the kinematical region under study is shown in Fig. 2b. It is found to exhibit rather large NLO
corrections as well. The invariant mass squared of the two jets is larger at NLO than at LO
(the mean value of s;; rises to 620 GeV? at NLO from 500 GeV?* at LO).

The NLO corrections to the xp; and s;; distributions have a compensating effect on the r,
distribution shown in Fig. 2¢: the NLO and LO predictions have a similar shape. At LO a
direct determination of the gluon density is possible from this distribution, after subtraction
of the calculated Compton subprocess. This simple picture is modified in NLO, however, and
the effects of Altarelli-Parisi splitting and low pr partons need to be taken into account more
carefully to determine the structure functions at a well defined factorization scale up in NLO.

In the following we discuss some results for polarized dijet production. Our standard set
of polarized parton distributions is “gluon., set A” of Gehrmann and Stirling [11], for which
f3 AG(z)dz = 1.8 at Q* = 4 GeV?. Using the same kinematical cuts as before, the LO polarized
dijet cross sections Aa(2-jet) are shown in the first column of table 1. The negative value for
the polarized dijet cross section (-45 pb) is entirely due to the cross section of the boson-
gluon fusion process (-53 pb), which is negative for zg; < 0.025 whereas the contribution from
the quark initiated subprocess is positive over the whole kinematical range. Note, however,
that the shape of the z, distribution in the polarized gluon density is hardly (or even not
at all) constrained by currently available DIS data, in particular for small z,. Alternative
parametrizations of the polarized gluon distributions in the small z, region. which are still
consistent with all present data [12], can lead to very different polarized cross-sections. The
polarized two-jet cross sections for such parton distributions ? with fs AG(z)dz = 2.7 and
Jo AG(z)dz = 0.3 and at Q* = 4 GeV? are shown in column 2 and 3 in table 1, respectively.

Table 1: LO polarized dijet cross sections for different polarized parton distributions (column
1-3). The contributions from the gluon and quark initiated subprocesses are shown in the last
two lines. See text for the details on the kinematics.

[P AG(z)dr = 1.8 [} AG(x)dz = 2.7 [} AG(x)dx = 0.3

Ao2-jet —45 pb —67.5 pb —3 pb
Ao?2-jet —53 pb —76 pb —10 pb
Ao2-jet 8 pb 8.5 pb T pb

The fractional momentum distributions x, of the incident parton (@ = ¢.g). shown in
Figs. 2d-f for the three sets of polarized parton densities, demonstrate the sensitivity of the
dijet events to the choice of these parametrizations, particularly in the lower r, range. Note,
that the fractional momentum distributions are again related to rg, by v, = vg, fl - Z—)‘i) .
The corresponding xg, and s,, distributions are not shown here.

?We thank T. Gehrmann for providing us with these parametrizations
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Figure 2: a) Dependence of the unpolarized two-jet cross section on Bjorken zg, for the quark
and gluon initiated subprocesses and for the sum. Both LO (dashed) and NLO (solid) results are
shown; b) Dijet invariant mass distribution in LO (dashed) and in NLO (solid) for unpolarized
dijet production; c) Same as a) for the z, distribution. z, representing the momentum fraction
of the incident parton at LO; d) Dependence of the LO polarized two-jet cross section on z, for
the quark and gluon initiated subprocesses (dashed) and for the sum (solid). Results are shown
for the polarized parton distributions “gluon, set A™ of Gehrmann and Stirling [11], for which
Jo AG(z)dz = 1.8 at Q* = 4 GeV?; e) same as d) for [ AG(z)de = 2.7 at Q* = 4 GeV?% f)
same as d) for [} AG(z)dz =0.3 at Q* =1 GeV?,
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3 Experimental asymmetries

3.1 Parton level studies

In order to study the feasibility and the sensitivity of the measurement of the spin asymmetry
at HERA, we have assumed polarizations of 70% for both the electron and the proton beams
and statistical errors were calculated for a total luminosity of 200 pb~" (100 pb~! for each
polarization).

The expected experimental asymmetry < A >= %{% under these conditions is shown
in Fig. 3a, as a function of zg; and in Fig. 3b-d as a function of #,. Figures a) and b) correspond
to the nominal kinematical cuts defined previously, except for the Q? range which was extended
to lower values 2 < Q? < 2500 GeV? and 107° < zg; < 1. The cross section integrated over
all variables is 2140 pb, where 82% of the contribution comes from gluon-initiated events. The
asymmetry averaged over all variables is < A >= —0.015 + 0.0015. It is negative at low zg;
and becomes positive at xg; > 0.01 as expected from Fig. 2.

In Figs. 3c.d a further cut was made: Q* < 100 GeV?2. This cut permits to reject the positive
contributions to the asymmetry coming from high Q? (equivalent to high rg;) events, where
the contribution of quark-initiated events is higher. All the remaining events were separated
in two bins in s;; ~the invariant mass of the dijet- and two bins in y, as the asymmetry and
expected NLO corrections are very sensitive to these two variables. Fig.3c corresponds to low
invariant masses (s;; < 500 GeV?), and Fig. 3d to high ones (s;; > 500 GeV?). Open points
show low y values ( y < 0.6), and closed points, high y values ( y > 0.6). In the best case, the
asymmetry reaches values as high as 12% (Fig. 3d).

Reducing the beam energy to 410 GeV, instead of the nominal 820 GeV, does not improve
the signal in average, although the mean value of y is higher. The asymmetry signal increases
only for a few points around r, > 0.1, since a higher incident energy probes slightly higher
values of .

3.2 Hadronization and detector effects

So far we discussed cross sections only on the parton level and to lowest order. While, on
the level of matrix elements, one can only calculate leading order and next to leading order
corrections, in real experiments one always encounters a coherent superposition of contributions
of all orders. It is therefore important to investigate next how the picture changes when one
takes the effects of higher orders, the fragmentation of the jets into hadrons and detector
smearing into account. These effects have been studied in two ways: 1) a different program
called PEPSI (see below) was used, which is a full LO lepton-nucleon scattering Monte Carlo
program for unpolarized and polarized interactions, including fragmentation; ii) parton showers,
to emulate the higher orders, and parton fragmentation have been added to the LO matrix
elements of MEPJET. PEPSI was further used to study effects of detector smearing.

The PEPSI program is the polarized extension to the unpolarized lepton-nucleon Monte
Carlo program LEPTO 6.2 [13]. It adds to the unpolarized cross section, which is a convolution
of the partonic cross section o, and the unpolarized structure functions ¢(z.Q?), the respective
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Figure 3: Expected asymmetries as a function of rp; (a) and z, (b-d) for a luminosity of
200 pb~! and beam polarizations P, = P, = 70%: Fig.a) and b):nominal cuts; Fig.c) and d):
@Q* < 100 GeV? In Fig.c) and d) data are separated in bins of s,; and y.
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polarized cross section as a convolution of the polarized partonic cross section Ao, and the
polarized parton densities Ag(z):

Tp.maz (] Zpmaz (.
do ~ “2q(ay/x)do(@py) + POL [ T2 Aq(,/2)dA0 (2. 1) (4)

Zpmin  Tp pomin P

Here z is the Bjorken zg;, while z, is defined via r, = z5;/z,, with 2, the fraction of the target
momentum carried by the initial parton, as defined before. POL is a parameter which is +1 for
lepton and nucleon spin being antiparallel to each other and —1 in the case where the electron
and nucleon spins are parallel to each other. The unpolarized leading order (LO) partonic
cross section used already in LEPTO is described in [14], the longitudinally polarized LO cross
section is given in [15]. The leading order polarized cross section contains two subprocesses:
the gluon bremsstrahlung and the photon-gluon fusion, see Fig. 1. The partons fragment into
hadrons via string fragmentation as implemented in JETSET[16]. For the polarized parton
density functions there are two different sets [11, 17] implemented which both appertain to the
unpolarized parton density functions given in set [10].

Event samples corresponding to 200 pb~' are generated with a similar event selection as for
the partonic analysis in Section 3.1. The beam polarizations were taken to be P, = P, = 70%.
The kinematic region 5 < Q* < 2500 GeV?, 0.3 < y < 0.8 was selected (the cut in y corresponds
roughly to E(e’) > 5 GeV). Jets are searched for with the cone algorithm (radius 1) with py > 5
GeV in the pseudorapidity region —2.8 < 5 < 2.8, conform with for example the present H1
detector. The LO 2-jet cross section thus calculated with PEPSI is 1511 pb, 82% of which
is contributed by the boson-gluon fusion process. These numbers compare well with those of

MEPJET, given in section 2.

To increase statistics we further study jets with pr > 4 GeV, and repeat the studies of
section 3.1. This does not change the asymmetries significantly. In Figs. 4a.b the results for
the asymmetry are shown as function of z5; and z, for similar cuts as in Fig. 3, using the
“gluon set A”. For Fig. 4b the * range has been limited to 100 GeV?. The calculations are
shown at the parton level (dashed and dotted lines) and at the detector level (open and closed
points). A calorimetric energy resolution of og/E = 0.5/\/E(GeV) is used to simulate the
detector response.

The first observation is that the asymmetries produced by PEPSI are very similar to the
ones from MEPJET. Secondly the asymmetry at the detector level is well correlated with the
asymmetry at the parton level. This means that present detectors at HERA are well prepared
to make this measurement. It was verified that this conclusion still holds with a calorimetric
energy resolution which is twice worse. Also a miscalibration of the energy scale of 2%, a number
within reach at the time of this measurement. does not disturb the correlation significantly.

The average asymmetry < A > amounts to —0.016£0.002 at the parton level and —0.015+
0.002 at the detector level. For the selected kinematic region 40% of the events accepted on the
parton level do not enter the detector event sample, and 15% of the final selected events have
a parton kinematics outside of the measured region. When the region is restricted to s;; > 500
GeV? these migrations are reduced to 25% and 12% respectively.

In Fig. 4c,d the results are shown for the asymmetry for a different set of polarized parton
distributions: “gluon set C"[11]. These exhibit a smaller asymmetry around x, ~ 0.1 than the
“gluon set A", as can be seen from the parton level curves. This difference survives after the
detector smearing, and thus measurements of this quantity can help to discriminate between
different sets of parton distributions.
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Figure 4: Expected asymmetries as a function of zpg, (a,c) and z, (b,d) for a luminosity of
200 pb~' and beam polarizations P. = P, = 70%. The figures (b,d) have an additional cut
Q* < 100 GeV? on top of the nominal cuts, explained in the text. Figs. (a,b) are for the
polarized parton set GS-A, Figs. (c,d) for GS-C [11].

3.3 Higher order effects

The studies above were based on a program that includes the LO matrix elements and frag-
mentation, but no higher order QCD effects. The effect of the latter, and the comparison
with the effect of fragmentation, was studied in a dedicated analysis whereby the leading order
MEPJET program used in section 2 and 3.1 was supplemented by two packages. The first
one is the program PYTHIAST (18] which simulates higher order effects in the framework or
initial and final state parton showering and the second one is the program JETSETT4 [16] for
hadronization, as used in the PEPSI Monte Carlo.
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Following a previous publication|[7], the following cuts are used for the kinematic variables:
40 < Q? < 2500 GeV?, 1 < W? < 90000 GeV?, 0.001 < rp; < 1,and 0.04 < y < 1. We further
impose for the outgoing lepton a cut on the minimal energy of 10 GeV and on the rapidity
range |y| < 3.5.

Jets are generated via leading order matrix elements with the MEPJET program and then
fed into PYHTIA as an external process, which adds initial and final state parton showering.
Thus all QCD processes are included except for four-gluon vertices. A more detailed description
of parton showering can be found in [19, 20]. For the showering scale, initial and final we used
both times Q. We will investigate scale dependence in a forthcoming publication. The parton
density functions set MRS D-" [21] was taken. For the final hadrons and partons we also choose
the rapidity cut |y| < 3.5. The jet scheme for detecting hadron and parton jets is the cone
scheme as described before with the maximal cone distance one. A sharp cut off of 5 GeV for
the jet transverse momentum was taken.

In the showering process jets with small pr can branch into jets with p; > 5 GeV. The
string fragmentation mechanism contributes in a similar way thus enhancing the magnitude of
the total cross section within the imposed detector cuts.

Fig. 5 shows the unpolarized inclusive two-jets cross section for the sum of gluon and quark
initiated events. The solid histogram shows the differential cross section versus the maximum of
pr for the analyzed two-jet events after parton showering and hadronization. It is in magnitude
and shape comparable to the NLO order matrix element calculation by the MEPJET program,
represented by the open triangles. A small shift in the direction of small pymax is observed,
caused by the fragmentation process. The dashed histogram shows the cross section for parton
showering without fragmentation. The absolute cross section is smaller than the NLO cross
section, but the shapes agree well, without any significant shift. Hence we do not expect
that the results calculated with PEPSI, as shown above, will be strongly affected by higher
order processes. In comparison, the dotted histogram gives the leading order result from the

MEPJET program.

The figure shows that the deviations are significant only for pr.max smaller than 15 GeV, i.e
for soft jets where also next to leading order effects are expected to be large. For larger pr.max
the calculations are in good agreement. The differences between the various curves can serve
as a measure for the systematic errors. It has to be noted that the effects of showering and
fragmentation are large if and only if the NLO effects are large, too. First studies with higher
order effects included in PEPSI confirm that the the asymmetry survives in the presence of
parton showers. With the present analysis the asymmetry however reduces to < A >= 0.009 +
0.002 (parton level) and the shape of the asymmetry distribution as function of z, changes
somewhat with z,. Improved methods to determine r, may restore the original distributions
and are subject of a future study.

4 Concluding Remarks

The results show that if the assumed luminosity and beam polarizations can be delivered at
HERA, the present detectors H1 and ZEUS will be in a comfortable position to measure a spin
asymmetry of a few per cent in average, with a few per mile statistical precision, using two-
jet events. The asymmetries survive at the hadron and detector level. In order to minimize
the experimental systematic uncertainties, it is desirable to have in the HERA ring bunch
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Figure 5: Simulation of higher order and fragmentation effects: triangles: NLO cross section,
solid histogram: LO + parton shower + fragmentation, dashed histogram: LO + parton shower,
dotted histogram: only LO matrix elements.

trains of protons with alternating helicity. On the theoretical side, NLO QCD corrections
are needed. The NLO corrections reduce the renormalization ur and factorization scale jp
dependence (due to the initial state collinear factorization) in the LO calculations and thus
reliable predictions in terms of a well defined strong coupling constant and scale dependent
parton distributions become possible. At the moment, these corrections are only available
for unpolarized jet production [7, 22]. One expects for the asymmetry < A >= %‘%{%1
that the scale dependence in the individual cross sections partly cancels in the ratio. In fact,
varying the renormalization and factorization scales between p} = pj- = 1/16 (; k8(;j))? and
Hh=pk =4 (%, k£(j))? in the LO cross sections introduces an uncertainty for the ratio A of
less than 2 %, whereas the uncertainty in the individual cross sections is much larger.

In conclusion, the dijets events from polarized electron proton collisions at HERA can
provide a good measurement of the gluon polarization distribution for 0.002 < z, < 0.2, the
region where r,AG(x,) is expected to have a maximum.
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Photoproduction of Jets and Heavy Flavors
in Polarized ep - Collisions at HERA
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Abstract: We study photoproduction of jets and heavy flavors in a polarized ep
collider mode of HERA at /s = 298 GeV. We examine the sensitivity of the cross
sections and their asymmetries to the proton's polarized gluon distribution and to
the completely unknown parton distributions of longitudinally polarized photons.

1 Introduction

HERA has already been very successful in pinning down the proton’s unpolarized gluon distri-
bution g(z,Q?). Several processes have been studied which have contributions from g(z, Q%)
already in the lowest order, such as (di)jet and heavy flavor production. Since events at HERA
are concentrated in the region Q* — 0, the processes have first and most accurately been stud-
ied in photoproduction [1-6]. As is well-known, in this case the (quasi-real) photon will not
only interact in a direct ("point-like’) way, but can also be resolved into its hadronic structure.
HERA photoproduction experiments like [1-4] have not merely established evidence for the
existence of such a resolved contribution, but have also been precise enough to improve our
knowledge about the parton distributions, f”, of the photon.

Given the success of such unpolarized photoproduction experiments at HERA, it seems
most promising [7] to closely examine the same processes for the situation with longitudinally
polarized beams with regard to their sensitivity to the proton’s polarized gluon distribution
Ag, which is still one of the most interesting, but least known. quantities in ‘spin-physics’.
Recent next-to-leading (NLO) studies of polarized DIS [8, 9] show that the z-shape of Ag
seems to be hardly constrained at all by the present DIS data [10], even though a tendency
towards a sizeable positive total gluon polarization, fol Ag(x.Q* =4 GeV?¥)dr 2 1, was found
[8. 11, 9]. Furthermore, polarized photoproduction experiments may in principle allow to not
only determine the parton, in particular gluon, content of the polarized proton, but also that
of the longitudinally polarized photon which is completely unknown so far. Since, e.g., a
measurement of the photon’s spin-dependent structure function g in polarized ee” collisions
is not planned in the near future, HERA could play a unique role here, even if it should only
succeed in establishing the very ezistence of a resolved contribution to polarized photon-proton
reactions.

Our contribution is organized as follows: In section 2 we collect the necessary ingredients
for our calculations. Section 3 is devoted to open-charm photoproduction. In section 4 we
examine polarized photoproduction of (di)jets. Section 5 contains the conclusions.
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2 Polarized Parton Distributions of the Proton and the
Photon

Even though NLO analyses of polarized DIS which take into account all or most data sets [10]
have been published recently [8, 11, 9], we have to stick to LO calculations throughout this
work since the NLO corrections to polarized charm or jet production are not yet known. This
implies use of LO parton distributions, which have also been provided in the studies [8, 9].
Both papers give various LO sets which mainly differ in the z-shape of the polarized gluon
distribution. We will choose the LO 'valence’ set of the 'radiative parton model analysis’ [8],
which corresponds to the best-fit result of that paper, along with two other sets of (8] which
are based on either assuming Ag(z.u*) = g(z.u*) or Ag(r.p?) = 0 at the low input scale u
of 8], where g(z,p*) is the unpolarized LO GRV [12] input gluon distribution. These two sets
will be called "Ag = ¢ input’ and "Ag = 0 input’ scenarios. respectively. The gluon of set C
of [9] is qualitatively different since it has a substantial negative polarization at large . We
will therefore also use this set in our calculations. For illustration, we show in Fig. 1 the gluon
distributions of the four different sets of parton distributions we will use, taking a typical scale
Q* = 10 GeV?, Keeping in mind that all four LO sets provide very good descriptions of all
present polarized DIS data [10], it becomes obvious that the data indeed do not seem to be
able to significantly constrain the z-shape of Ag(z, Q?).

e
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05 -7 \

04 F Lt ',.GSC s Ag=g input

0.1 F

(E T FRUT FETTE FETTY PURTY PRTT Swre

PR | P SR s |

10 10 10" |
X

Figure 1: Gluon distributions at Q* = 10 GeV ?* of the four LO sets of polarized parton distri-
butions used in this paper. The dotted line refers to set C' of [9], whereas the other distributions
are taken from [8] as described in the tert.

In the case of photoproduction the electron just serves as a source of quasi-real photons
which are radiated according to the Weizsiacker-Williams spectrum [13]. The photons can then
interact either directly or via their partonic structure (‘resolved’ contribution). In the case of
longitudinally polarized electrons, the resulting photon will be longitudinally (more precisely,
circularly) polarized and, in the resolved case, the polarized parton distributions of the photon,
Af7(z,Q%), enter the calculations. Thus one can define the effective polarized parton densities
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at the scale M in the longitudinally polarized electron via'

1
d e
Afea M) = [ Lar,ar (=200 1)
(f = q,9) where AP,, is the polarized Weizsicker-Williams spectrum for which we will use

— (1 = y): 2 =
Apm(y)zaﬂ[l (Iy y)*]lnem(l v @

27 m?y?

with the electron mass m,. For the time being, it seems most sensible to follow as closely as
possible the analyses successfully performed in the unpolarized case, which implies to introduce
the same kinematical cuts. As in [2, 4, 5, 14] we will use an upper cut? 2 = 4 GeV?,
and the y-cuts 0.2 < y < 0.85 (for charm and single-jet [2] production) and 0.2 < y < 0.8
(for dijet production, [4]) will be imposed. We note that a larger value for the lower limit,
Ymin, of the allowed y-interval would enhance the yield of polarized photons relative to that
of unpolarized ones since AP, ;.(y)/ P, .(y), where P, is the unpolarized Weizsicker-Williams
spectrum obtained by using [(1+ (1 —y)?)/y] instead of the square bracket in (2), is suppressed
for small y. On the other hand, increasing y,.;, would be at the expense of reducing the
individual polarized and unpolarized rates.

The polarized photon structure functions Af7(z,, M?) in (1) are completely unmeasured
so far, such that models for them have to be invoked. To obtain a realistic estimate for
the theoretical uncertainties in the polarized photonic parton densities two very different sce-
narios were considered in [15, 16] assuming 'maximal’ (Af(z,u?) = f*(z,4?)) or ‘minimal’
(Af*(z,4*) = 0) saturation of the fundamental positivity constraints [Af(z,1?)| £ f(2,4?)
at the input scale u for the QCD evolution. Here y and the unpolarized photon structure func-
tions f7(z, u*) were adopted from the phenomenologically successful radiative parton model
predictions in [17]. The results of these two extreme approaches are presented in Fig. 2 in
terms of the photonic parton asymmetries A} = A/, evolved to @* = 30 GeV? in LO.
An ideal aim of measurements in a polarized collider mode of HERA would of course be to
determine the Af" and to see which ansatz is more realistic. The sets presented in Fig. 2,
which we will use in what follows, should in any case be sufficient to study the sensitivity of
the various cross sections to the Af7, but also to see in how far they influence a determination

of Ag.

We finally note that in what follows a polarized cross section will always be defined as
1
Ao =5 (o(++) - o(+-)) , (3)

the signs denoting the helicities of the scattering particles. The corresponding unpolarized cross
section is given by taking the sum instead, and the cross section asymmetry is A = Aco/o.
Whenever calculating an asymmetry A, we will use the LO GRV parton distributions for the
proton [12] and the photon [17] to calculate the unpolarized cross section. For consistency, we
will employ the LO expression for the strong coupling a, with [8, 9, 15, 16] .\(Q/:;,) = 200 MeV
for four active flavors.

'We include here the additional definition Af¥(z-, M?) = §(1 — 2.) for the direct (‘unresolved’) case.

?In H1 analyses of HERA photoproduction data [1, 3, 6] the cut Q2. = 0.01 GeV? is used along with
slightly different y-cuts as compared to the corresponding ZEUS measurements [2, 4, 5], which leads to smaller
rates.
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Figure 2: Photonic LO parton asymmetries A} = Af*/[" at Q* = 30 GeV? for the two
scenarios considered in [15, 16] (see text). The unpolarized LO photonic parton distributions
were taken from [17].

3 Charm Photoproduction at HERA

For illustration, we first briefly consider the total cross section. In the unpolarized case it has
been possible to extract the total cross section for 9p — ¢ from the fixed target [18] and HERA
[5, 6] lepton-nucleon data, i.e., the open-charm cross section for a fixed photon energy without
the smearing from the Weizsicker-Williams spectrum. To LO, the corresponding polarized
cross section is given by

1 1 )
Act(S.p) = Z/ dx.,./; dzyAf (2o, M)A fP (2, MP)AG (3, M?) . (4)

fgp JAmE/Sap mi/xySyp

where M is some mass scale and § = z,2,5.,. The Af? stand for the polarized parton
distributions of the proton. In the direct case, the contributing subprocess is photon-gluon
fusion (PGF), vg — c¢, whose spin-dependent total LO subprocess cross section AG°(§) can be
found in [19, 20]. In the resolved case, the processes gg — ¢¢ and gg — ¢ contribute; their cross
sections have been calculated in [21]. Needless to say that we can obtain the corresponding
unpolarized LO charm cross section o°(S.,,) by using LO unpolarized parton distributions and
subprocess cross sections (as calculated in [22]) in (4).

‘ab. 1 shows our results [7] for the polarized cross sections and the asymmetries Ao®/o* for
the four different sets of polarized parton distributions, where we have used the scale M = 2m.
with the charm mass m. = 1.5 GeV. The resolved contribution to the cross section is rather. '
small in the unpolarized case. For the polarized case, we have calculated it using the 'maximally
saturated set for the polarized photon structure functions, which should roughly provide the
maximally possible background from resolved photons. The corresponding results are shown
individually in Tab. 1. The resolved contribution turns out to be non-negligible only f(?r large
m, where it can be as large as about 1/3 the direct contribution but with opposite sign. As
becomes obvious from Tab. 1 (see also [23] and Fig. 4 of [7]). the asymmetry becomes very Asmall
towards the HERA region at larger m ~ 200 GeV. One reason for this is the oscillation of

818



the polarized subprocess cross section for the direct part, combined with cancellations between
the direct and the resolved parts. More importantly, as seen from (4), the larger S, becomes,
the smaller are the z,. - values probed, such that the rapid rise of the unpolarized parton
distributions strongly suppresses the asymmetry. The smallness of the asymmetries and the
possibly significant influence of the resolved contribution on them will make their measurement
and a distinction between the different Ag elusive®. The measurement of the total charm cross
section asymmetry in yp — c€ seems rather more feasible at smaller energies, /5., < 20 GeV,
i.e., in the region accessible by the future COMPASS experiment [24] where also the unknown
resolved contribution to the cross section is negligible.

fitted Ag Ag = g input Ag =0 input GS C

VS | dir.  res. A dir. res. A dir.  res. A dir.  res. A
(GeV] | [nb] [mb] [%] |[ [nb] [mb] [%] || [nb] [mb] [%] | [mb] [nb] [%]

20 13.9 |-029 | 2.6 | 23.2 |033| 4.5 | 3.26 | -0.56 | 0.52 19.6 | -0.70 | 3.6

50 2.07 | 1.30 | 0.18 | L.15 | 2.94 | 0.21 |[-0.53 | 0.18 | -0.019 || 17.4 | 0.61 | 0.94

200 |-7.00 | 2.06 |-0.06 |[-12.8 | 3.60 | -0.11 || -1.96 | 0.44 | -0.018 || -8.79 | 3.23 | -0.067

Table 1: Total cross sections and asymmetries A for charm photoproduction in polarized yp
collisions.

From our observations for HERA-energies it follows that it could be more promising to
study distributions of the cross section in the transverse momentum or the rapidity of the
charm quark in order to cut out the contributions from very small x,,. We will now include
the Weizsicker-Williams spectrum since tagging of the electron, needed for the extraction of
the cross section at fixed photon energy, will probably reduce the cross section too strongly.
The polarized LO cross section for producing a charm quark with transverse momentum pr
and cms-rapidity 1 then reads

1 dAG

c 1
2L 'QPTZ/ , drez Af (e, M2, Af7 (2, M})———
e

= — 3)
dprdn fhily r, —pe di (

where p = my/V/S with my = \/p% + m2, and x, = z.pe"/(x. — pe™"). The cross section can
be transformed to the more relevant HERA laboratory frame by a simple boost which implies
N = Nems = Nag— 3 In(E,/ E.), where we have, as usual, counted positive rapidity in the proton
forward direction. The spin-dependent differential LO subprocess cross sections dAG /di for the
resolved processes gg — ¢¢ and qG — c¢ with m. # 0 can again be found in [21]. For the
factorization /renormalization scale in (5) we choose M = my/2: we will comment on the scale
dependence of the results at the end of this section.

Fig. 3 shows our results [7] obtained for the four different sets of polarized parton distri-
butions for E, = 820 GeV and E, = 27 GeV. Fig. 3a displays the pr-dependence of the cross
section, where we have integrated over —1 < np4p < 2. The resolved contribution to the cross
section has been included, calculated with the 'maximally’ saturated set of polarized photon
structure functions. It is shown individually for the fitted Ag'-set of polarized proton distribu-
tions by the lower solid line in Fig. 3a. Comparison of the two solid lines in Fig. 3a shows that

3As was shown in [23], the situation at HERA energies somewhat improves if cuts on the produced charm
quark’s transverse momentum and rapidity are imposed. However, the polarized resolved contribution to the
asymmetry was neglected in [23].
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Figure 3: a: pr-dependence of the (negative) polarized charm-photoproduction cross section
in ep-collisions at HERA, calculated according to (5) (using M = myp/2 and m. = 1.5 GeV)
and integrated over —1 < npap < 2. The line drawings ave as in Fig. 1. For comparison the
resolved contribution to the cross section, calculated with the fitted g’ gluon distribution of
[8] and the ‘mazimally’ saturated set of polarized photonic parton distributions is shown by the
lower solid line. b: Asymmetry corresponding to a. The expected statistical errors indicated by
the bars have been calculated according to (6) and as explained in the text. c,d: Same as a,b,
but for the npap-dependence, integrated over pr > & GeV,

the resolved contribution is negligibly small in this case unless py becomes very small. Fig. 3b
shows the asymmetries corresponding to Fig. 3a. It becomes obvious that they are much larger
than for the total cross section if one goes to pr of about 10-20 GeV, which is in agreement with
the corresponding findings of [23]. Furthermore, one sees that the asymmetries are strongly
sensitive to the size and shape of the polarized gluon distribution used. Similar statements are
true for the 5z ap-distributions shown in Figs. 3c.d, where pr has been integrated over pr > 8
GeV in order to increase the number of events. Even here the resolved contribution remains
small. although it becomes more important towards large positive values of 7;,45. We have in-
cluded in the asymmetry plots in Figs. 3b,d the expected statistical errors § 4 at HERA which

can be estimated from ,

= P.P/Loc' (6)

where P., P, are the beam polarizations, £ is the integrated luminosity and ¢ the charm
(letec.l.lorf.f'mcmnc_v. for which we assume P.x P, =0.5. L =100/pb and € = 0.15. The error
bars in Fig. 3b.d have been obtained by integrating the unpolarized LO cross sections do /dpr

dA
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or do/dnrag over bins of Apr =5 GeV or Anap = 1, respectively, and have been plotted at
the centers of the bins. It becomes obvious that it will be quite difficult to distinguish between
different gluon distributions in our proposed charm experiments. The sitnation would, however,
become much better for a higher luminosity of, say, £ = 1000/pb in which case the error bars
would decrease by a factor 3.

We now briefly address the theoretical uncertainties of our results in Fig. 3 related to the
dependence of the cross sections and asymmetries on the renormalization /factorization scale
M. Since all our calculations could be performed in LO only, this is a particularly important
issue. When using the scale M = my it turns out that the cross sections in Fig. 3a are subject
to changes of about 10% at pr < 15 GeV. and of as much as 20 — 25% at larger pr. Changes
of in most cases below 10% are found for the 7, 45-curves in Fig. 3c. In contrast to this (not
unexpected) fairly strong scale dependence of the polarized cross sections, the asymmetries,
which will be the quantities actually measured, are very insensitive to scale changes, deviating
usually by not more than a few percent from the values shown in Fig. 3b,d for all relevant pr and
Nrag. This finding seems important in two respects: Firstly, it warrants the genuine sensitivity
of the asymmetry to Ag, implying that despite the sizeable scale dependence of the cross section
it still seems a reasonable and safe procedure to compare LO theoretical predictions for the
asymmetry with future data and to extract Ag from such a comparison. Secondly, it sheds
light on the possible role of NLO corrections to our results, suggesting that such corrections
might be sizeable for the cross sections, but less important for the asymmetry.

4 Photoproduction of Jets

The generic cross section formula for the production of a single jet with transverse momentum pr
and rapidity  is similar to that in (5), the sum now running over all properly symmetrized 2 — 2
subprocesses for the direct (yb — cd) and resolved (ab — cd) cases. When only light flavors
are involved, the corresponding differential helicity-dependent LO subprocess cross sections can
be found in [25]. In all following predictions we will deal with the charm contribution to the
cross section by including charm only as a final state particle produced via the subprocesses
79 —+ c¢ (for the direct part) and gg — c¢, g¢ — c¢ (for the resolved part). For the values of
pr considered it turns out that the finite charm mass can be safely neglected. In all following
applications we will use the renormalization/factorization scale M = pr. We have again found
that the scale dependence of the asymmetries is rather weak as compared to that of the cross
sections.

It appears very promising (7] to study the 5, 4p-distribution of the cross section and the
asymmetry. The reason for this is that for negative nr 45 the main contributions are expected
to come from the region r., — 1 and thus mostly from the direct piece at =, = 1. To investi-
gate this, Fig. 4 shows our results for the single-inclusive jet cross section and its asymmetry
vs. nag and integrated over pr > 8 GeV for the four sets of the polarized proton’s parton
distributions. For Figs. 4a.b we have used the 'maximally’ saturated set of polarized photonic
parton densities, whereas Figs. 4¢.d correspond to the 'minimally’ saturated one. Comparison of
Figs. 4a.c or 4b,d shows that indeed the direct contribution clearly dominates for ;45 < —0.5,
where also differences between the polarized gluon distributions of the proton show up clearly.
Furthermore, the cross sections are generally large in this region with asymmetries of a few per-
cents. At positive 77248, we find that the cross section is dominated by the resolved contribution
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Figure 4: a: npap-dependence of the polarized single-jet inclusive photoproduction cross section
in ep-collisions at HERA, integrated over pr > 6 GeV. The renormalization/faclorization scale
was chosen to be M = pp. The resolved contribution lo the cross section has been calculated
with the ‘mazimally’ saturated set of polarized photonic parton distributions. b: Asymmetry
corresponding to a. The expected statistical errors have been calculated according to (6) and
as described in the tert. c,d: Same as a,b, but for the ‘minimally’ saturated set of polarized
photonic parton distributions.

and is therefore sensitive to both the parton content of the polarized proton and the photon.
This means that one can only learn something about the polarized photon structure functions
if the polarized parton distributions of the proton are already known to some accuracy or if an
experimental distinction between resolved and direct contributions can be achieved. We note
that the dominant contributions to the resolved part at large iy 45 are driven by the polarized
photonic gluon distribution Ag”. Again we include in Figs. 4b,d the expected statistical errors
which we have estimated according to (6) with P. * P, = 0.5, £ = 100/ph, ¢ = 1 for bins of
Anpas = 1. From the results it appears that a measurement of the proton’s Ag should be
possible from single-jet events at negative rapidities where the contamination from the resolved
contribution is minimal.

In the unpolarized case, an experimental criterion for a distinction between direct and
resolved contributions has been introduced [26] and used [4] in the case of dijet photoproduction
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at HERA. We will now adopt this criterion for the polarized case to see whether it would enable
a further access to Ag and/or the polarized photon structure functions. The generic expression
for the polarized cross section for the photoproduction of two jets with laboratory system
rapidities 7;, 7 is to LO

FAae it 5 i AT ~
rer oy W1 Y T Af (e, M) 1A f" (2, M )= (7)

AL

where pr is the transverse momentum of one of the two jets (which balance each other in LO)

and
T =__PT F-’I|+f—m) T =_PT (f'n +(nr) (\‘)
©= 2E, S RS ' ;

Following [4], we will integrate over the cross section to obtain dAe¢/d7, where 1) = (1, +12)/2.
Furthermore, we will apply the cuts [4] [An| = |m —n2| 0.5, pr > 6 GeV. The important
point is that measurement of the jet rapidities allows for fully reconstructing the kinematics of
the underlying hard subprocess and thus for determining the variable [4]

t —plet
4085 _ Loas T €7

C
i W E, 9

which in LO equals r., = . /y with y as before being the fraction of the electron’s energy taken
by the photon. Thus it becomes possible to experimentally select events at large z.,, z, > 0.75
[26, 4], hereby extracting the direct contribution to the cross section with just a rather small
contamination from resolved processes. Conversely, the events with z., < 0.75 will represent
the resolved part of the cross section. This procedure should therefore be ideal to extract Ag
on the one hand, and examine the polarized photon structure functions on the other.

Fig. 5 shows the results [7] for the direct part of the cross section according to the above
selection criteria. The contributions from the resolved subprocesses have been included, using
the 'maximally’ saturated set of polarized photonic parton densities. They turn out to be non-
negligible but, as expected, subdominant. More importantly, due to the constraint z, > 0.75
they are determined by the polarized quark, in particular the u-quark. distributions in the
photon, which at large z., are equal to their unpolarized counterparts as a result of the Q*-
evolution (see Fig. 2), rather independent of the hadronic input chosen. Thus the uncertainty
coming from the polarized photon structure is minimal here and under control. As becomes
obvious from Fig. 5, the cross sections are fairly large over the whole range of 7 displayed and
very sensitive to the shape and the size of Ag with, unfortunately. not too sizeable asymmetries
as compared to the statistical errors for £ = 100/pb. A measurement of Ag thus appears to
be possible under the imposed conditions only if luminosities clearly exceeding 100/pb can be
reached. Fig, 6 displays the same results, but now for the resolved contribution with =, < 0.75
for the 'maximally’ saturated set (Figs. 6a,b) and the 'minimally’ saturated one (Figs. 6¢c.d). As
expected, the results depend on both the parton content of the polarized photon and the proton,
which implies that the latter has to be known to some accuracy to extract some information on
the polarized photon structure. It turns out that again mostly the polarized gluon distribution
of the photon would be probed in this case. in particular at 7 > 0.75. Contributions from the
Aq" are more affected by the z.,-cut; still they amount to about 50% of the cross section at
7 = 0. We finally emphasize that the experimental finding of & non-vanishing asymmetry here
would establish at least the definite existence of a resolved contribution to the polarized cross
section.
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5 Summary and Conclusions

We have analyzed various photoproduction experiments in the context of a polarized ep-collider
mode of HERA. All of these have already been successfully performed in the unpolarized case
at HERA. All processes we have considered have in common that they get contributions from
incoming gluons already in the lowest order and thus look promising tools to measure the
polarized gluon distribution of the proton. In addition, they derive their importance from their
sensitivity not only to Ag, but also to the completely unknown parton content of the polarized
photon entering via the resolved contributions to the polarized cross sections. As far as a ‘clear’
determination of Ag is concerned, this resolved piece, if non-negligible, might potentially act
as an obstructing background, and it is therefore crucial to assess its possible size which we
have done by employing two very different sets for the polarized photonic parton distributions.
Conversely, and keeping in mind that HERA has been able to provide much new information on
the unpolarized hadronic structure of the photon, it is also conceivable that photoproduction
experiments at a polarized version of HERA could be the place to actually look for effects of the
polarized photon structure and to prove the existence of resolved contributions to the polarized
cross sections and asymmetries.

In the case of open-charm photoproduction we found that the resolved contribution is gen-
erally negligible except for the total charm cross section at HERA energies. Furthermore, the
cross sections and their asymmetries are very sensitive to shape and size of Ag. We found, how-
ever, that very high luminosities, £ = 1000/pb, would be needed to measure the asymmetries
with sufficient accuracy to decide between the various possible scenarios for Ag. Concerning
photoproduction of jets, we find a generally much larger size of the resolved contribution. It
turns out that the rapidity-distribution of the single-inclusive jet cross section separates out the
direct part of the cross section at negative rapidities. In this region again a strong dependence
on Ag is found with larger cross sections than for the case of charm production. The corre-
sponding asymmetries clearly appear to be measurable here even for £ = 100/pb. At larger
rapidities the cross section becomes sensitive to both the parton content of the polarized proton
and photon, and an extraction of either of them does not seem straightforward. The situation
improves when considering dijet production and adopting an analysis successfully performed in
the unpolarized case [26. 4] which is based on reconstructing the kinematics of the underlying
subprocess and thus effectively separating direct from resolved contributions. We find that in
this case the (experimentally defined) direct contribution should provide access to Ag whereas
the resolved part, if giving rise to a non-vanishing asymmetry, would establish existence of a
polarized parton content of the photon. Again the corresponding measurements would require
high luminosities since the involved asymmetries are rather small. The measurements we have
proposed seem a very interesting challenge for a future polarized ep mode of HERA.
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Abstract: Charged currents reactions offer the possibility to measure combina-
tions of polarized distribution functions which are linearly independent from those
appearing in g} (z,Q?). It turns out that the expected accuracy for an effective
luminosity of 100 pb~! is quite good. Also neutral current interactions offer in
principle new information on the internal nucleon spin structure, however it is very
difficult to extract such information due to the dominance of electromagnetic contri-
butions. Also semi-inclusive D-production, which is a direct signal for the polarized
s-quark distribution is investigated. For practical measurements one needs for this
observable, however, a very high luminosity, of the order 1000 pb~'. To make full
use of the possibilities offered by CC reactions requires electron as well as positron
beams.

A polarized proton beam at DESY would allow for the investigation of spin effects in
charged current (CC) reactions (and less favourably neutral current (NC) reactions), where
the outgoing neutrino is detected by its missing momentum. CC events probe a different
combination of spin-dependent quark-distribution functions than electromagnetic processes,
thus allowing to extract new information on the flavor decomposition of the polarized quark
distribution functions. These experiments would yield results similar to those expected from
semi-inclusive fixed target experiments [1, 2. The most important property of CC reactions is
that they distinguish quark and antiquark flavours, allowing to extract the polarized valence
quark distributions Auy, Ady as well as the strange ones As, A5. The latter two are usually
assumed to be identical. If a difference between them were observed this could be related to
the fact that the virtual coupling of p to e.g. (K* + baryon) is stronger than to (K~ +baryon).
Including deep inelastic weak interaction processes, but neglecting lepton and quark masses the
hadronic scattering tensor can be decomposed into eight structure functions [3]:
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ifuum‘i pnng;;(I,Qz) +2q"5"’gl(r,Q2) —41‘}7051’92(17,Q2)
2p-q | my
Pu5u+5ppu 2 S'q 2 S'q 2
—_—— ] x,  —— v 94T, + —— Qw95 T, . 1
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Here the twist-2 contributions to g, and g; are related to the structure functions g, and g;,
respectively. The former relation is due to Wandzura and Wilczek [4]

92(z) = —gi(z) + /Il %y!h(y)v (2)

whereas the latter was only found recently in ref. [5]

I dy

gs(x) =4r/ —95(v)- 3)
Y

Furthermore, in the definition of polarized structure functions introduced in eq. (1) Dicus’

relation (6] reads

(o) =4z [ Losty) - 220s(2). @

T

i.e. both g3(r) and gy4(x) do not vanish in general. The structure functions g; to gs are compared
numerically in figure 1 [7] for the case of charged current interactions.

Clearly the structure functions g3(z, Q?) = —gs(z, Q%) and gs(z. Q?) = g4(z, Q?) — g3(z. Q?)
are small quantities if compared to g, and g;. They vanish at small z and do not exhibit
strong (LO) scaling violations being non-singlet structure functions. In the present analysis
their contribution to the asymmetries is suppressed due to kinematical reasons. However, they
vield equally important contributions in transverse polarization asymmetries. Particularly the
structure function g3 would be interesting to measure since it contains aside of its twist 2
contribution given in eq. (3) a twist-3 contribution [7].

To a good approximation one may assume gy = 0 (in the parton model gy = 0), for which
eq. (4) results into 2xgs(z) = gs(x) [5. 6, 9. 10, 11] in the subsequent treatment. Contracted

with the leptonic scattering tensor the differential cross section reads for the CC reactions with
longitudinally polarized targets [12, 13]

d*c _ GLM,
dxdQ? 4

1
@y w

([aﬂ — AVFy] + [—A2bg, + ag5]6)

where G is Fermi's constant and My the W-Boson mass. \ is —1 for e~ and +1 for e*, and
¢ denotes the longitudinal polarization of the nucleon antiparallel (+1) or parallel (—1) to the
polarization of the lepton. The y dependence is absorbed in the two constants a = 2(y*—2y+2)
and b= y(2—y).

The asymmetry is defined by

L (lau = (1011
" doy, + dopy
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Figure 1: = and Q* dependence of the charged current structure functions g2V~ |°_,(x). The
lines correspond to: (a) Q* = 10 GeV? and (b) Q* = 10* GeV?. Full lines: g,; dashed lines:
g2; dotted hines: —10 - g3; dash-dotted lines: —gs. The structure function g4 obeys the relation
91 = 93—2xg5. The structure functions g, 5(x, Q*) were parametrized using the parton densities

of ref. [8].

which leads to
AV = 2bg, + ags AVt = —2bg, + ags

= SOV a%,, o I 7

aF.-f-bF;; aF;-bF;, ( )
It is interesting to note that for relatively low Q* (=~ 10* GeV?) and in the kinematically allowed
region, a > b, so that the asymmetries are dominated by the parity violating form factor
gs. This hints to the possibility of a direct extraction of this interesting quantity from the
asymmetry. In the framework of the quark parton model the eight combinations of distribution
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functions tested by CC asymmetries read:

FY~=u+c+d+s , FY'=d+s+a+e ,
V- =2u+c-d-35) , F'*=2d+s-u-70) ,
o " =Au+Ac+Ad+AF , gt =Ad+As+ AT+ A
g =Au+Ac—-Ad-A5 , gVt =Ad+As—Aui-Ac . (8)

Rewriting (4) in terms of the parton distributions we get for the inclusive asymmetries:

v _ Autlc— [(y - 1)?[As + Ad]
- u+c+((y—1)3F+d :

v =1)As + Ad) - Au- Ac ©)
(v—1)3[s+d +u+c '

In figure 2 [13] we show the expected asymmetries for HERA energies (E; = 27.6 GeV, E, =
820 GeV) with integrated cross sections in the Q? range 600 — 1000 (GeV)* and 1000 (GeV)* —
maximum. We split the data into these two (Q* ranges, because it might not be obvious,
that the detection of missing momentum in the range v/600 GeV — /1000 GeV is absolutely
reliable. (Usually already Q* > 600 (Ge\/)2 is regarded as safe). Fig. 2 shows that the low-Q*
data do not dominate the statistics. So even if one would be very restrictive on the criteria
for identifying CC events our conclusions would be hardly affected. Probably one can safely
combine all data down to Q% ~ 400 GeV? to improve the statistics. For the polarized parton
distributions we use the set "standard scenario, LO” given in (8], for the unpolarized ones those
of [14]. The error bars are calculated according to

1- 42
A= \' 2LATAQ o /dzdQ® (o)

where £ denotes the effective luminosity. do is the unpolarized cross section. We assumed £
= 200 pb~! (100 pb~! per relative polarization) and fully polarized beams. We notice that
the CC asymmetry is proportional to the degree of polarization of the proton only, while the
statistical error scales as 1/,/1/2(1 — P,). The remarkable features of our results are that the
asymmetries are sizable in the range z € [0.01,1] and that even for 100 pb™" the expected
statistical accuracy for W~ exchange is rather good.

In figure 3 [13] we compare the contribution of the sea quarks and valence quarks to the asym-
metries using two different parton distribution sets. One is again the LO standard scenario [8]
the other one is LO Gluon C [15]. The main distinction between the two sets is the fact that the
polarized valence quark distribution given in [8] is nearly proportional to the unpolarized valence
quark contribution, whereas in [15] the fit shows larger deviations. For the parametrization of
[15] the spin asymmetry is even larger than for that of [8]. Obviously the expected accuracy
should allow to distinguish the two scenarios. Besides these single W boson asymmetries one
can form four combinations which are determined by pure valence contributions and by valence
+ sea contributions:

(do}]™ — do}y ) (£),(do] " - rirf;}w)

A = - — - > 11)
(122 (oW 4 do¥ ) (£)a(dof]™ + doll™) \
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Figure 2: Asymmetries AY" and AW in the Q* range 600-1000 (GeV)? and 1000- mazx
(GeV)? for the luminosity of 200 pb=", i.e. 100 pb™" per relative polarization and fully polarized
beams using the parton distributions of [8].

Here the first + accounts for the numerator and the second for the denominator. With this
definition we write:

Auy + 'ly = I)I]Ady

Ao = very [(y = 1)?[s7 + dr]
4 _ Aur + Acr — [(y = l)zl[AST + Ad’r]
T uy — [(y — 1)%dv
4 _ Aur+Acr— [(y — 1)3[Asr + Ady]
A = Tl 1br +dr
Auy + [(y = 1)*|Ady
Am = S (12)

Here we defined for the quark distribution functions gy

Agy = qpry—apm o
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Figure 3: Asymmetries AY" and A" in the Q? range 600-maz (GeV)?, comparison between

valence and sea quark contributions using set “Gluon C, leading order "[15], and “standard
scenario, leading order " [8].

v = q—3q;
QT = a+q - (13)
While the inclusive asymmetries are mainly sensitive to the u- and d- quark flavour it is possible
to extract direct information on the strange and antistrange sea by semi-inclusive CC current
measurements. As usual, we define the fragmentation function D}’ (z), which describes the
probability that a quark with flavor f fragments into a hadron H which carries the fraction z

of the whole energy transferred to the nucleon. The most interesting process turns out to be
D-meson production. In this case the relevant fragmentation functions are

DP(z) = D/(z) = DP(2) . (14)
The fragmentation of any other flavour into a D meson is strongly suppressed. The only relevant
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contributions come from s + W+ — D% or D°. Also we set

/MD,D(z)dz ~1 (15)

because each c-quark fragments in at least one charmed hadron. Furthermore the fragmentation
functions are assumed to be spin independent. The resulting formulas read [13]

B dofy- p=dols. » _ _As+#Ad

dofy- p +daly - s+td
d”[?w'p - d"mﬂu As +t2Ad
A“¢ = 4 7 = — 3 tzd 5 (‘16)
Ow+p+ doyw. s+

where t = tan?fc contains the Cabbibo-angle. These asymmetries are obviously a direct
signal for the strange and antistrange po]anzatlon and figure 4 [13] shows that the anticipated
statistical accuracy for £ = 1000 pb™" should allow at least for an approximate experimental
determination.
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Figure 4: Charmed asymmetries AR, and AR, _ in the Q? range 600-maz (GeV)? using “stan-
dard scenario, leading order” [§]. The error bars are given for the luminosity of 1000 pbt.

In principle, one might easily extract information on parity violating polarized structure
functions also by considering a single spin asymmetry in neutral current (NC) processes with
longitudinally polarized protons and unpolarized leptons [10, 16]. The spin asymmetry for
unpolarized electrons reads [10]

2@ [(253, = l)J;Z % (4sd, - 252 +1 ) ] -b [q"z + 7% (452 — l)gl]
[F" +mZ(2s2 -1 F"Z] = b2 FJ% + O[(1?)?)

ANe =7 (17)

where 5 "
vz _ G'AIZ Q
2\/—770 Q2 AIQ '
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Figure 5: Neutral current e~ p single spin asymmetry, Eq.(17) of text, for Q* = 1000 GeV? at HERA
energies with fully polarized proton beams. The statistical errors calculated for £ = 500pb~" for each
polarization and AQ? = 500 GeV? are shown.

Sy is the sine of the Weinberg angle, and we have neglected in the denominator the purely weak
contributions, of O[(7"%)?] and negligible in most of HERA (? range where 7% is still rather
small. The expression for the structure functions g’ and gZ in terms of quark distributions
can be found in Ref. [10].

For the numerical analysis of NC events we impose the following kinematical cuts: 0.01 <
y < 0.9, z < 0.7. In addition, we demand Q* > 500 GeV?, The leading order polarized parton
distributions are taken from Ref. (8] (here we use the set “standard scenario”, eventually
extrapolated to @Q? values greater than 10" GeV?; the “valence” set yields very similar results);
the unpolarized ones are taken from Ref. [14]. We have assumed fully polarized beams. and we
emphasize again that 4" are independent of the degree of polarization of the lepton beam,
and proportional to the polarization of the proton: P, < 1 would only marginally decrease
the available statistical precision, while P, < 1 would simply reduce the asymmetries by the
corresponding factor. A high degree of polarization of the proton beam, more than that of the
leptons, would be a most welcome feature.

In figures 5 and 6 [12] we show the expected asymmetries as functions of x both at fixed
Q% = 1000 GeV? and averaging over all the kinematically allowed Q? region, that is summing
all detectable events in a given z-bin. The statistical errors shown in the figures have been
calculated from Eq. (7) assuming that for each longitudinal proton polarization an integrated
luminosity £ = 500 pb~! can be collected. [To calculate the errors at fixed Q* we take AQ? =
Q?/2.] For NC events the spin asymmetry is probably too small to be meaningfully measured
at HERA, as an effect of the dominant parity conserving electromagnetic contribution.

In summary, we have clearly shown that measurements of charged current processes in deep
inelastic scattering of longitudinally polarized or unpolarized leptons off longitudinally polarized
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protons at HERA energies offer a unique and viable way of reaching more information on the
quark spin content of protons.
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Abstract: The physics of polarized nucleon-nucleon collisions originating from an
internal polarized target in the HERA proton beam is investigated. Based on 240
pb~! integrated luminosity at 40 GeV c.m. energy, statistical sensitivities are given
over a wide (zr,pr)-range for a variety of inclusive and exclusive final states. By
measuring single spin asymmetries unique information can be obtained on higher
twist contributions and their pr-dependence. From double spin asymmetries in both
photon and J/4 production it appears possible to measure the polarized gluon dis-
tribution in the range 0.1 < zy0n < 0.4 with a good statistical accuracy.

1 Introduction

There is a widespread general consensus, much grown in the last years and based both on
surprising experimental results and intense theoretical activity, that the spin structure and the
spin dynamical properties of nucleons and hadrons in general are far from being understood;
a satisfactory knowledge of hadronic structure and dynamics and their correct description in
terms of constituents cannot ignore the spin subtleties and more experimental information is
badly required.

An experiment (‘HERA-N’ [1]) utilising an internal polarized nucleon target in the 820 GeV
HERA proton beam would constitute a natural extension of the studies of the nucleon spin
structure in progress at DESY with the HERMES experiment [2]. Conceivably, this would be
the only place where to study high energy nucleon-nucleon spin physics besides the dedicated
RHIC spin program at BNL [3] supposed to start early in the next decade.

An internal polarized nucleon target offering unique features such as polarization above 80%
and no or small dilution, can be safely operated in a proton ring at high densities up to 10™
atoms/cm® [4]. As long as the polarized target is used in conjunction with an unpolarized
proton beam, the physics scope of HERA-N would be focused to ‘phase I, i.e. measurements of
single spin asymmetries. Once later polarized protons should become available, the same set-up
would be readily available to measure a variety of double spin asymmetries. These ‘phase II’
measurements would constitute an alternative — fixed target — approach to similar physics which
will be accessible to the collider experiments STAR and PHENIX at the low end of the RHIC
energy scale (\/s =~ 50 GeV) [6].

We shall briefly discuss here the physics motivations to measure single and double spin asym-
metries in several p/N inclusive and exclusive processes; more details and further discussions,
together with a complete list of references, which we cannot give here for lack of space, can be
found in Ref. [5]. We recall that the integrated luminosity calculation is based upon realistic
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figures. For the average beam and target polarisation Py = 0.6 and Pr = 0.8 are assumed,
respectively. A combined trigger and reconstruction efficiency of ¢ ~ 50% is anticipated. Using
Ip = 80 mA = 0.5- 10" s~' for the average HERA proton beam current (50% of the design
value) and a rather conservative polarized target density of ny = 3 - 10'® atoms /em? the pro-
jected integrated luminosity becomes £ - T = 240 pb~' when for the total running time T an
equivalent of 7' = 1.6 - 107 s at 100 % efficiency is assumed. This corresponds to about 3 real
years under present HERA conditions. However, proton currents much higher than the original
HERA design value of 160 mA are envisaged in the HERA luminosity upgrade program. In
addition, experience from UA6 running at CERN shows that after having gained some practical
running experience it presumably becomes feasible to operate the polarized gas target at about
3 times higher density without seriously affecting the proton beam lifetime. Hence in a few years
500 pb~! per year will presumably become a realistic figure.

We note that, except in the case of single spin asymmetries, we took into account major accep-
tance limitations and jet detection efficiencies. Hence it can be anticipated that the sensitivities
shown in the rest of the paper are realistic for an about one year's running of a future polar-
ized nucleon-nucleon scattering experiment at HERA. Any better estimate requires considerably
intensified efforts to be invested along many different directions, like machine and target limita-
tions, detector capabilities versus rate, acceptance, costs etc.

2 Single Spin Asymmetries

Single spin asymmetries in large pr inclusive production, both in proton-nucleon and lepton-
nucleon interactions, have recently received much attention (for references see [5]). The naive
expectation that they should be zero in perturbative QCD has been proven to be false, both
experimentally and theoretically. It is now clear that higher twist effects are responsible for these
asymmetries, which should be zero only in leading twist-2 perturbative QCD.

Several models and theoretical analyses suggest possible higher twist effects: there might be
twist-3 dynamical contributions, which we shall denote as hard scattering higher twists; there
might also be intrinsic k, effects, both in the quark fragmentation process and in the quark
distribution functions. The latter are not by themselves higher twist contributions - they are
rather non-perturbative universal nucleon properties - but give rise to twist-3 contributions when
convoluted with the hard scattering cross sections. The dynamical contributions result from a
short distance part calculable in perturbative QCD with slightly modified Feynman rules, com-
bined with a long distance part related to quark-gluon correlations.

An intrinsic k, effect in the quark fragmentation is known as Collins or sheared jet effect; it sim-
ply amounts to say that the number of hadrons A (say, pions) resulting from the fragmentation of
a transversely polarized quark, with longitudinal momentum fraction z and transverse momen-
tum k., depends on the quark spin orientation. That is, one expects the quark fragmentation
analysing power Ay (kL) to be different from zero:

D,,/q;(z,kl) - Dh/ql(zv ki) ;

#0 (1)
Dh/ql(l,kJ_) + Dh/ql(zy ki)

Ay(ky) =

where, by parity invariance, the quark spin should be orthogonal to the ¢ — h plane. Notice also
that time reversal invariance does not forbid such quantity to be # 0 because of the (necessary)
soft interactions of the fragmenting quark with external strong fields, i.e. because of final state
interactions. This idea has been applied to the computation of the single spin asymmetries
observed in pp! — 7 X [7].

A similar idea applies to the distribution functions, provided soft gluon interactions between
initial state partons are present and taken into account, which most certainly is the case for

838

[



hadron-hadron interactions. That is, one can expect that the number of quarks with longitudinal
momentum fraction z and transverse intrinsic motion k, depends on the transerve spin direction
of the parent nucleon, so that the quark distribution analysing power Ny(k.) can be different
from zero: Ny(ks) = foni(z ky) = foni(z, ky)

fq/N'(zvk-L) I fq/N‘(zv k.L)

This effect also has been used to explain the single spin asymmetries observed in pp! — 7 X [8].

#0 (2)

Note that both 4,(ky) and N,(k.) are leading twist quantities which, when convoluted with
the elementary cross-sections and integrated over k,, give twist-3 contributions to the single
spin asymmetries.

Each of the above mechanisms might be present and might be important in understanding twist-
3 contributions; in particular the quark fragmentation or distribution analysing powers look like
new non-perturbative universal quantities, crucial in clarifying the spin structure of nucleons. It
is then of great importance to study possible ways of disentangling these different contributions
in order to be able to assess the importance of each of them. We propose here to measure the

single spin asymmetry doAB'=CX _ gy AB'~CX

doAB'—CX | jyABI—CX (3)

in several different processes AB' — C'X which should allow to fulfil such a task. To obtain a
complete picture we need to consider nucleon-nucleon interactions together with other processes,
like lepton-nucleon scattering, which might add valuable information. For each of them we
discuss the possible sources of higher twist contributions, distinguishing, according to the above
discussion, between those originating from the hard scattering and those originating either from
the quark fragmentation or distribution analysing power.

e pN'" — hX. In this process all kinds of higher twist contributions may be present; this
asymmetry alone could not help in evaluating the relative importance of the different terms.

o pN' = 4X, pN' = utp~X, pN' — jets + X. Here there is no fragmentation process, and
we remain with possible sources of non-zero single spin asymmetries in the hard scattering or
the quark distribution analysing power.

e IN" — hX. In such a process the single spin asymmetry can originate either from hard
scattering or from k, effects in the fragmentation function, but not in the distribution functions,
as soft initial state interactions are suppressed by powers of a.,. Moreover, this process allows,
in principle, a direct measurement of the Collins effect, i.e. of the quark fragmentation analysing
power, via a measurement of the leading-twist difference of cross sections for the production of
two identical particles inside the same jet, with opposite k .

¢ IN'" = 4X, yN! — X, IN' — p*pu~X, INT — jets + X. Each of these processes yields a
single spin asymmetry which cannot originate from distribution or fragmentation k, effects; it
may only be due to higher-twist hard scattering effects, which would thus be isolated.

It is clear from the above discussion that a careful and complete study of single spin asymmetries
in several processes might be a unique way of understanding the origin and importance of higher
twist contributions in inclusive hadronic interactions; not only, but it might also allow a deter-
mination of fundamental non-perturbative properties of quarks inside polarized nucleons and of
polarized quark fragmentations. Such properties should be of universal value and applicability
and their knowledge might be as important as the knowledge of unpolarized distribution and
fragmentation functions.

In the following we discuss the capability of HERA-N to investigate some of these processes.
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Inclusive pion production p'p — 7% X at 200 GeV exhibits surprisingly large single spin
asymmetries, as it was measured a few years ago by the E704 Collaboration using a transversely
polarized beam [9]. For any kind of pions the asymmetry Ay shows a considerable rise above
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Figure 1: Single spin asymmetry in inclu- Figure 2: Contours of the asymmetry sen-
sive pion productionp! + p — 7% + X sitwnty levels for m* production in the

measured by the E704 Collaboration [9] (pr, xr) plane. Lines of constant labo-
and shown for two subregions of py. ratory angles of the pion are shown.

zp > 0.3, i.e. in the fragmentation region of the polarized nucleon. It is positive for both =+
and 7° mesons, while it has the opposite sign for 7~ mesons. The charged pion data taken in
the 0.2 < pr < 2 GeV range were split into two samples at pr = 0.7 GeV/c; the observed rise
0.25 Ty

is stronger for the high pr sample, as can be
A2 «p,=2GeV 1 seen from fig. 1. Contours characterizing different
N HERA-N sensitivity levels (§Ay = 0.001, 0.01

015 b © p;=6GeV
ik and 0.05) for an asymmetry measurements in the
: reaction pp' — 7*X are shown in fig. 2. Note
0.05 | that in the large pr region the contours calculated
ok with big Apy % Apr bins are appropriate, since
R usually a larger bin size is chosen where the statis-
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- accessible pr values are significantly larger than
015 F

those E704 had; the combined pr dependence of
02 3 all involved higher-twist effects can be measured
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verse momenta of about 10 GeV/c in the central
region |zp| < 0.2 and up to 6 GeV/c in the tar-
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inade gredictians for different p. almost one order of. magnitude extension in the
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of HERA-N to really prove a predicted pr dependence is shown in fig. 3, where the curve was
Fl]ta.ined assuming a non-zero quark distribution analysing power (cf. eq. 2) according to Ref.
8|.
Inclusive direct photon production, pp! — vX, proceeds without fragmentation, i.e. the
photon carries directly the information from the hard scattering process. Hence this process
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measures a combination of initial k effects and hard scattering twist-3 processes. The first and
only results up to now were obtained by E704 Collaboration [10] showing an asymmetry com-
patible with zero within large errors for 2.5 < pr < 3.1 GeV/c in the central region |zF| £0.15.
The experimental sensitivity of HERA-N was determined using PYTHIA 5.7 by simultaneous
simulation of the two dominant hard subprocesses contributing to direct photon production, i.e.
gluon-Compton scattering (gg — 7g) and quark-antiquark annihilation (¢g — vg), and of back-
ground photons that originate mainly from 7° and 7 decays. It turns out that a good sensitivity
(about 0.05) can be maintained up to pr < 8 GeV/c. For increasing transverse momentum the
annihilation subprocess and the background photons are becoming less essential; we expect to
be able to detect a clear dependence on pr, of the direct photon single spin asymmetry.
Inclusive J/¢ production was calculated in the framework of the colour singlet model [11].
Our calculations at HERA-N energies [5] show an asymmetry less than 0.01 in the region
|zp| < 0.6, i.e. the effect is practically unobservable.

3 Double Spin Asymmetries

Perturbative QCD allows sizeable lowest order double spin asymmetries for various 2—2 par-
tonic subprocesses. Relying on the factorization theorem a rich spectrum of asymmetries at the
hadronic level can be predicted which constitute the backbone of the RHIC spin physics pro-
gram. When both incoming particles are longitudinally polarized, the insufficient knowledge of
the polarized gluon distribution makes the predictions for double spin asymmetries Az, to some
extent uncertain. Conversely, the measurement of Az in certain final states seems to be one of
the most valuable tools to measure the polarized gluon distribution function in the nucleon. The
presently most accurate way to do so is the study of those processes which can be calculated
in the framework of perturbative QCD, i.e. for which the involved production cross sections
and subprocess asymmetries can be predicted. Both direct photon (plus jet) and J/3) (plus jet)
production are most suited because there are only small uncertainties due to fragmentation.

In the following we discuss the corresponding capabilities of HERA-N, operated in doubly po-
larized mode (‘Phase II'), to perform such measurements.

Inclusive photon production with HERA-N was the subject of a very recent study [12].
Basing on a NLO calculation rather firm predictions were obtained including an assessment of
their theoretical uncertainties; the latter turned out to be of rather moderate size. In fig. 4 three
different predictions for the asymmetry are shown in dependence on pr and pseudorapidity 7, in
conjunction with the attainable statistical uncertainty of HERA-N. We note that the dashed
line is rather close to the prediction of Ref. [14], set A. As can be seen, there is sufficient sta-
tistical accuracy up to transverse momenta of about 8 GeV/c to discriminate between different
polarized gluon distribution functions (cf. fig 4a). At pr = 6 GeV/c there is sufficient accuracy
to check the asymmetry prediction for photon pseudorapidities between -1.5 and 1.5 (cf. fig 4b).
In photon plus jet production the away-side jet is measured as well and the complete kine-
matics of the 2—2 subprocess can be reconstructed. In this case the asymmetry Ay can be
directly related to the polarized gluon distribution if a certain subprocess can be selected. Using
this approach photon plus jet production was discussed in Ref. [5] as a tool to directly measure
AG/G. The quark-antiquark annihilation subprocess is suppressed relatively to quark-gluon
Compton scattering because of the lower density of antiquarks (of the polarized sea) compared
to gluons (polarized gluons). The absolute statistical error of AG(z,)/G(z,) was obtained as

AG(z,),  bApr

§ = 2
| G(z,) Aprs-arp

(4)
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Figure 4: Inclusive photon production: Double spin asymmetry vs. a) pr and b_) n for the
NLO ‘valence set’ of Ref. [12] (full line), shown in conjunction with the HERA-N statistical
sensitivity. The dotted line corresponds to set C of Ref. [13] and the dashed line is close to set

A of Ref. [14]

Here Apss and arp are to be taken at the appropriate values of zr and z,, respectively. In
calculating the r.h.s. of eq. 4 we had to take into account the influence of the acceptance, as
described in [5].

In fig. 5 the calculated HERA-N statistical sensitivity, on the present level of understanding,
is shown vs. Zgiuen in conjunction with predicted errors for STAR running at RHIC at 200 GeV
c.m. energy [15]. The errors demonstrate clearly that in the region 0.1 < z, < 0.4 a significant
result can be expected. This statement will very probably remain valid if once the systematic
errors will have been estimated. As can be seen, the measurement of AG/G from photon plus
jet production in doubly polarized nucleon-nucleon collisions at HERA can be presumably per-
formed with an accuracy being about competitive to that predicted for RHIC.

At this point we note that the HERA-N fixed target kinematics causes additional problems for
the jet reconstruction when compared to a collider experiment. As obtained from rather prelimi-
nary investigations [5], the number of photon events accompanied by a successfully reconstructed
jet decreases considerably when approaching lower values of pr and, correspondingly, of Zgiuon-
To have a more realistic statistical significance than that shown in Ref. [5] we now include
these preliminary jet reconstruction efficiencies. As a result, the statistical error bars became
somewhat larger for smaller transverse momenta.

J /1 Production. Compared to direct photon production the production of quarkonium states
below the open charm threshold is a similarly clean tool to measure the polarized gluon distribu-
tion. Hence many statements made in the previous section apply here, as well, and the principle
of analysis is very similar. Because of the relatively large quark mass the cz production cross
section and the expected asymmetry are supposed to be calculable perturbatively.

Quarkonium production has traditionally been calculated in the color-singlet model (CSM) [16]
where the quark-antiquark pair is produced in a color-singlet state with the quantum numbers
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For inclusive J/1 productio

n we calculated the double spin-asymmetry within the frame-

work of the color-octet model using the value of the color-octet matrix elements from [21]. It is

interesting to note that the
of the color-octet matrix elements, if one assumes t
3 P;-states into J/¥

magnitude of the asymmetry does almost not depend on the choice
hat the transition matrix elements of octet
are negligible compared to those of the 16, state. This is the most likely

scenario since only in this case it is possible to establish a consistence between different combi-
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Figure 5: Typical predictions for the polarized gluon distribution confronted with the projected
statistical errors expected for HERA-N and RHIC ezperiments.

of the corresponding hadron. This heavy mass pair then creates the hadronic state with a prob-
ability determined by the appropriate quarkonium wave function at the origin. It is assumed
that for heavy quarks soft gluon emission is negligible, as also other non-perturbative effects like
higher twist contributions. While this model gives a reasonable description of J/%¢ production
cross section shapes over pr and zF, it completely fails in the explanation of the integrated cross
section; a K factor of 7 =+ 101is needed to explain the data. The anomalously large cross section
[17] for J/4 production at large transverse momenta found at the Tevatron reveals another bad
feature of the CSM; it is not able to explain the large ¢’ and direct J /1 production rates at
CDF. All these observations led to the understanding that fragmentation and hadronization of
color-octet [18] g7 pairs are essential in the heavy quarkonium production process.

Within the framework of the color-octet mechanism the quarkonium production process can be
separated, according to the factorization hypothesis, into a short and a long distance part. The
former describes the quark-antiquark pair production at small distances and can be computed
perturbatively. The latter is responsible for the creation of a particular hadronic state from the
quark-antiquark pair; its matrix elements can not be calculated perturbatively.

The shapes of the pr distribution of short distance matrix elements calculated within the color-
octet model indicate that the new mechanism seems to be able to explain the Tevatron data for
direct J/4 and ' production at large pr (19]. We note that unlike color-singlet matrix elements
being connected to the subsequent hadronic non-relativistic wave functions at the origin, color-
octet long distance matrix elements are unknown and have to be extracted from the experiment.
As it was shown recently [20, 21] the color-octet mechanism gives the dominant contribution in
J/¢-production at HERA-N energies. This concerns not only the total cross section [20], but

also J/¢ production at non-zero pr, i.e. at those values of transverse momenta which are not
due to internal motion of partons inside the colliding hadrons, pr R 1.5 GeV/c [21].
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nations of the above two matrix elements, as extracted from CDF data [19] and photo- [22] or
hadroproduction [20] data. We underline that the measurement of the double spin asymmetry in
J /4 production would allow to extract information about the color-octet matrix elements sepa-
rately, whereas from unpolarized experiments it is only possible to extract combinations of them.
In fig. 6a we present the expected asymmetry versus pr for two different sets of polarized gluon
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Figure 6: Inclusive J/Y production: Double spin asymmetry vs. a) pr and b) 7 for the LO set A

(full line) and the set C (dotted line) of Ref. [14], shown in conjunction with the HERA-N

statistical sensitivity.

distributions taken from [14]; the solid curve corresponds to set A and the dashed one to set C.
For set A the asymmetry appears sufficiently large to be observed and its measurement would
allow to extract information about the polarized gluon distribution function in the nucleon. As
can be seen from fig. 6b, a very good discrimination between set A and set C is possible over the
whole HERA-N pseudorapidity interval. For the mass of the charm quark we chose m. = 1.5
GeV/c?, as it was used for extraction of the color-octet matrix elements from experimental data
19, 20]. We found that unlike the J /1 production cross section the asymmetry does practically
not depend on the charm quark mass; if we vary the charm quark mass from 1.35 to 1.7 GeV/c?
the magnitude of the asymmetry changes by about 3 + 5% over the whole considered pr region.
In J/4 plus jet production the study of the double spin asymmetry would allow to access di-
rectly the polarized gluon distribution function, similar to the case of photon plus jet production.
For the absolute statistical error of AG(z,)/G(z,) an expression similar to eq. 4 is obtained:

AG(zg), _ SALL
ol G(zg) I= [AG/G] - arc (5)
with - Ad(gg — J/¢ g) ()
(99 — J/¥ g) + la(z)/G(=z)] - 5(9g — I /¥ @)

Here the quark-gluon subprocess was neglected, since its contribution to arz; amounts only to
about 10% compared to the gluon-gluon fusion subprocess.
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Unfortunately, taking into account the acceptance limitations as it was done for photon plus jet
production, the J/v production cross section for HERA-N decreases significantly. Following the
same principle of analysis as in Ref. 5], it turns out that the measurement of AG(z)/G(z) in
J/4 plus jet production is feasible only for z, = 0.1 + 0.2, i.e. for J /% transverse momenta
of about 2.5 GeV/c. This prediction is shown as an additional entry in fig. 5. Although being
a single point only, we underline that this is a very important measurement, because the lowest
lying point from photon plus jet production is obtained for rather small values of pr where
perturbative QCD is not expected to give reliable predictions. We note that the nature of the
gluon-gluon subprocess has rather similar consequences for jet plus jet production at RHIC; the
prediction [15] consists of only one single point at a similar value of zg, as well (cf. fig. 5).

4 Elastic Scattering

Large unexpected spin effects in singly polarized proton-proton elastic scatteringp +p! — p+p
have been discovered many years ago and remain unexplained up to now. The single spin
asymmetry Ay was found significantly different from zero in the region 1 < [ ARS { (GeV/c)?

as it is shown in fig. 7 in conjunction with the HERA-N statistical errors.

At HERA-N energies the detection of the recoil

proton for p values in the range 5+ 12 (GeV/c)* 06 T T T T T
requires a very large angular acceptance (up to 40 0.5F ™ HERA-N projected stat. errors
degrees) [5]. The forward protons for the same in-

terval in p} have laboratory angles of the order — CE;J t++

of a few milliradians and require a dedicated de- 0.3} . 23 Gev AGS

tector very close to the beam pipe. Note that 02f © 24CeVAcs ‘ + 3
although the accessible py range would be simi- i

Il

0.4

lar to the range explored at | i y: { ]
ge explored at low energies the c.m. Ay o i}o

scattering angle detected amounts to a few de- 0 Fhag ot q’f, 3

grees at HERA-N energies, only. 01F ‘T 3

The transverse single-spin asymmetry Ay in elas- {

tic pp scattering at HERA-N and RHIC ener. 0-2F L A . L L E

gies has been calculated in a dynamical model 0 2 4 pf—(GLQI/c)ziz

that leads to spin-dependent pomeron couplings
[23]. The predicted asymmetry is about 0.1 for
P =4 +35 (GeV/c)? with an expected sta-
tlstzlca‘l error of 0.01 = 0.02 for HERA-N, i.e. scattering as a function of pi. In addition
a significant measurement of th? asymmetry Ay the projected statistical errors attainable with
can be performed to test the spin dependence of HERA-NV are shown.

elastic pp scattering at high energies.

Figure 7: Compilation of ezperimental data
on the asymmetry in elastic proton-proton

5 Conclusions

The physics potential of polarized nucleon-nucleon collisions originating from an internal target
in the 820 GeV HERA proton beam has been investigated. Single spin asymmetries, accessible
already with the existing unpolarized beam, are found to be an almost unique and powerful tool
to study the nature and physical origin of twist-3 effects; even more so when taken in conjunction
with results of other experiments at HERA. When measuring the polarized gluon distribution
through double spin asymmetries in photon (plus jet) and J /v (plus jet) production — requiring
a polarized HERA proton beam — the projected statistical accuracies are found to be comparable
to those predicted for the spin physics program at RHIC. In addition, significant results can be
obtained on the long-standing unexplained spin asymmetries in elastic scattering.

845

Acknowledgements

The results presented above were obtained during a several weeks workshop in Zeuthen which
was made possible thanks to the generous support of DESY-IfH Zeuthen. We are indebted to
S. Brodsky and W. Vogelsang for useful discussions and helpful comments.

References

[1] W.-D. Nowak, DESY 96-095, hep-ph/9605411, to be publ. in the Proc. of the Adriatico
Research Conference ”Trends in Collider Spin Physics”, ICTP Trieste, Dec. 4-8, 1995.

[2] HERMES Coll., P. Green et al., HERMES Technical Design Report, DESY-PRC 93/06,
July 1993.

[3] RSC Coll., Proposal on Spin Physics using the RHIC Polarized Collider, August 1992.

[4] E. Steffens, K. Zapfe-Diiren, Proceedings of the Workshop on the Prospects of Spin Physics
at HERA, Zeuthen, August 28-31, 1995, DESY 95-200, ed. by J.Blimlein and W.-D.
Nowak, p.57.

[5] M. Anselmino et al., On Possible Future Polarized Nucleon-Nucleon Collisions at HERA,
Internal Report, DESY-Zeuthen 96-0, May 1996.

(6] G. Bunce et al., Particle World 3, 1 (1992).

[7] X. Artru, J. Czyzewski and H. Yabuki, preprint LYCEN /9423 and TPJU 12/94, May 1994,
hep-ph/9405426.

[8] M. Anselmino, M. Boglione and F. Murgia, Proceedings of the X/ International Symposium
on High Energy Spin Physics, Bloomington, Indiana, September 1994, ed. by K.J. Heller
and S.L. Smith, p. 446.

M. Anselmino, M. Boglione, F. Murgia, Phys. Lett. B 362, 164 (1995).

[9] E704 Coll., D.L. Adams et al., Phys. Lett. B 264, 462 (1991).

[10] E704 Coll., D.L. Adams et al., Phys. Lett. B 345, 569 (1995).

[11] D. Kazakov et al., Proceedings of the 2nd Meeting on Possible Measurements of Singly
Polarized pp and pri Collisions at HERA, Zeuthen, Aug.31-Sept.2, 1995, Desy Zeuthen
Internal Report 95-05, ed. by H. Béttcher and W.-D. Nowak, p.43.

[12] L.E. Gordon, W. Vogelsang, preprint ANL-HEP-PR-96-15/RAL-TR-96-057, hep-ph
9607442, July 1996.

[13] T.K. Gehrmann and W.J. Stirling, Phys. Rev. D53, 6100 (1996).

[14] T.K. Gehrmann and W.J. Stirling, Z.Phys. C65, 461 (1994).

(15] A. Yokosawa, ANL-HEP-CP-96-22, to be published in the Proc. of the Adriatico Research
Conference ”Trends in Collider Spin Physics”, ICTP Trieste, Dec. 4-8, 1995.

(16] E.L. Berger and D. Jones, Phys. Rev. D23, 1521 (1981).

R. Baier and R. Ruckl, Phys. Lett. B 102, 364 (1981).
(17] F. Abe et al., Phys. Rev. Lett. 69, 3704 (1992)
F. Abe et al., Phys. Rev. Lett. 71, 2537 (1993).

[18] G.T. Bodwin, E. Braaten, and G.P. Lepage, Phys. Rev. D51, 1125 (1995).
G.P. Lepage et al., Phys. Rev. D46, 4052 (1992).

(19] P. Cho and A.K. Leibovich, Phys. Rev. D53, 6203 (1996).

[20] S. Gupta and K. Sridhar, TIFR/TH/96-04, hep-ph/9601349,

M. Beneke and 1.Z. Rothstein, SLAC-PUB-7129, UCSD-96-05, hep-ph/9603400.

[21] L. Slepchenko and A.Tkabladze, hep-ph/9608296.

[22] N. Cacciari and M. Kramer, DESY 96-005, hep-ph/9601276,

J. Amundson, S. Fleming and I. Maksymyk, UTTG-10-95, hep-ph/9601298.

[23] S.V.Goloskokov and Q.V. Selyugin, Phys. Atom. Nucl. 58, 1894 (1995).

846



Drell-Yan asymmetries at HERA-N
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Abstract: The production of Drell-Yan pairs in the double polarized mode of
HERA-N is studied at next-to-leading order in QCD. It is found that a measure-
ment of this observable could yield vital information on the polarization of the light
quark sea in the nucleon.

1 Introduction

Structure functions measured in deep inelastic lepton—nucleon scattering probe a particular
combination of quark distributions in the nucleon. The mere knowledge of these structure
functions is therefore insufficient for a distinction between valence and sea quarks and for a
further decomposition of the light quark sea into different flavours. These are only possible if
additional information from other experimental observables is taken into account.

Fits of unpolarized parton distributions (see for example [1]) obtain this information from
two sources. The weak structure functions measured in neutrino-nucleon scattering probe
different combinations of parton distributions than their electromagnetic counterparts. The
inclusion of these structure functions in a global fit can therefore constrain the flavour structure
of the unpolarized sea. A direct probe of the antiquark distributions in the nucleon is given
by the production of lepton pairs in hadron-hadron collisions [2], the Drell-Yan process. It
is in fact the inclusion of data from both processes in the global fits that leads to a precise
determination of the distribution of antiquarks and its flavour decomposition.

Recent fits of polarized parton distributions [3, 4] have to rely entirely on the available
data on the polarized structure function g{"“'"(:, Q?). The distinction of valence and sea quark
contributions to this structure function is possible to a certain extent if additional information
from sum rules is taken into account. The flavour structure of the polarized sea is, however,
completely unknown at present. It seems rather doubtful that more precise measurements of
this structure function will be able to provide more information on these two issues.

Polarized neutrino-nucleon scattering experiments will not be feasible in the foreseeable
future, although a measurement of polarized weak structure functions may be possible from
charged current interactions at HERA [5] if polarization in the collider mode can be achieved.

An experimental study of the polarized Drell-Yan cross section would be possible with the
HERA-N experiment (6], operated with a polarized proton beam on a polarized nucleon target.
We will examine the prospects of such a measurement in this article.

847

2 The polarized Drell-Yan process

The production of lepton pairs in hadronic collisions can be understood as annihilation of a
quark-antiquark pair to a virtual photon, which decays into a lepton pair of invariant mass
M?*. The polarized and unpolarized cross sections for this process are conventionally defined
to be [7]

dAo = % (drf”+ - da*") ; do = % (dr7++ - da*")

)

where (++) and (+—) denote the configurations of aligned and antialigned hadron spins.

In the QCD-corrected parton model, these hadronic cross sections can be expressed as a
convolution of parton-level coefficient functions with the appropriate parton distributions:

2
{ { (Al (1, M2) [Alga(z2, M?) + (1 — 2)} ([—]6(1 —-2)+ u,(;:rf )[Ajrrfv(z)>

+{(1Alar (21, M?) + (Al (@1, M?)) [A]Ga(za, M*) + (1 = 2) } #[A]CQY(Z)}, (1)

with the scaling variable 7 = M?/s. The parton distributions in the (not necessarily identical)
hadrons are denoted by f, »(z;, M?).

The next-to-leading order corrections to the unpolarized coefficient functions have been
caleulated in [8], and the polarized corrections are given in [7, 9]. It turns out that inclusion of
these corrections is crucial at fixed-target energies, as they contribute about 30% of the total
cross section. A fully consistent study of the Drell-Yan process at next-to-leading order was
until now only possible in the unpolarized case, as the polarized parton distributions could only
be determined to leading accuracy. With the recently calculated polarized two-loop splitting
functions [10], the polarized distributions can now be determined to next-to-leading order from
fits to structure function data [3, 4].

Using these distributions in combination with the unpolarized distributions (set A’) from [1],
we have calculated the total Drell-Yan cross section do/dM and the expected asymmetry

_ dAg/dM
M) = ~ran

for proton and (idealized) neutron targets at centre-of-mass energies /s = 40 GeV (HERA-N)
and /5 = 25 GeV. The latter could be achieved by operating HERA-N with a proton beam
energy of about 330 GeV. Figure 1 shows the unpolarized Drell-Yan production cross section
as a function of the invariant mass of the lepton pair. It should be noted that invariant masses
M <4 GeVand 9 GeV < M < 11 GeV must be excluded from the experimental measurement,
as lepton pair production in these mass regions is dominated by the decay of quarkonium
resonances. An experiment with /s = 25 GeV will clearly be restricted to the invariant
mass range 4 GeV < M < 9 GeV; depending on the available luminosity, a measurement for
M > 11 GeV could be possible at /s = 40 GeV.

The Drell-Yan cross section at HERA-N (/s =40 GeV) is about two orders of magnitude
larger than at RHIC-SPIN (/s = 200 GeV) when evaluated at fixed 7.
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Figure 1: Unpolarized Drell- Yan cross sections in proton—proton and proton-neutron collisions.
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Figure 2: Ezpected asymmetries in the polarized Drell-Yan process.

Figure 2 shows the asymmetries obtained with the polarized NLO parton distributions of [3]
(GS(A.B,C)) and [4] (GRSVs,v). The spread in these predictions reflects the present lack of
knowledge on the behaviour of polarized sea quark distributions in the region z > 0.1. Not
even the sign of the asymmetry at large M is predicted. A sizable asymmetry of more than
+10% can be expected in proton-proton collisions; the asymmetry in proton-neutron collisions
is considerably smaller,

We have checked the perturbative stability of these results by varying the mass factorization
scale; we find that the absolute value of the asymmetry is decreased (increased) by a maximum
of 1.5% if we take pup = 2M (urp = M/2). This variation is significantly smaller than the
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difference between the different parton distribution functions.

3 Conclusions and Outlook

A measurement of the polarized Drell-Yan cross section in the double polarized mode of HERA-
N appears feasible, given the anticipated luminosity of 240 pb~' [6]. Such a measurement
would provide important information on the polarization of the light quark sea at large z,
a region which cannot be probed with measurements of polarized weak structure functions.
Such a measurement would be unique to HERA-I_\? , as the polarized Drell-Yan process cannot
be studied at the RHIC. Furthermore, HERA-N could measure Drell- Yan asymmetries off
different targets, which could in principle be used to infer the flavour structure of the polarized
sea. Such a measurement would however require much higher luminosity due to the small

asymmetries on the (idealized) neutron target.

In this study we have only examined the invariant mass distribution of the Drell-Yan pairs,
which is already able to discriminate different parametrizations for the polarized sea quark
distributions. Even more information can be gained from more differential distributions (e.g. in
the lepton—pair rapidity), which could be obtained with higher luminosity.
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Study of the Pomeron Couplings in Diffractive
Reactions at HERA

S.V.Goloskokov
BLTP, JINR, Dubna, Russia

The study of diffractive reactions has attracted considerable interest due to the observation of
high p, jets in diffractive collisions [1]. The diffractive high p, jet production can be used as a
test of the Pomeron structure. The question about the spin structure of the Pomeron arises for
the reactions with polarized particles.

The Pomeron is a vacuum t-channel exchange that contributes to high-energy diffractive
reactions. The Pomeron contribution to the quark-proton amplitude can be written in the form
T(s,t)"® = P(s, t)Vip @ V2P,
where P is a "bare” Pomeron contribution, Vyp and VBF are the Pomeron vertices for particles

A and B, respectively.

It has been shown that in models (see e.g. [2]) the Pomeron-proton vertex is of the form
Viep(p:m) = mp" A(r) + +*B(r), (1)

where m is the proton mass.

The quark-Pomeron vertex has been calculated perturbatively [3]:
, a .
aap (1) = o + 2mgkyuy + 2k, fuy + tuget® Pkara¥oys + imgusa®r,. (2)

Here k is the quark momentum. r is the momentum transfer, m, is the quark mass.

Note that in the cases (1,2) the spin-flip effects do not vanish as s — o in contrast to the
standard Pomeron couplings in the models [4]

Vihp = Bunpy". (3)

The new form of the Pomeron couplings (2) should modifv various spin asymimetries in
high-energy diffractive reactions. The magnitude of the spin effects is connected with the ratio
m?*|A|/|B| for (1) or m?|us|/|ug| for (2) found to be of the order 0.2—0.3 for t| about few GeV'2,
Thus, the spin effects may be not small. We shall discuss the effects which can be used in the
future polarized diffractive experiments at HERA to study the spin structure of the Pomeron.

The transverse single spin asymmetry in polarized diffractive QQ production in proton-
proton scattering has been calculated in [5]. It was shown that the asymmetry is different for
the standard and spin-dependent Pomeron vertex at the HERA-N energy /5 = 40Gel” [6]. In

851

T R ———————————— st e

the first case it is about 5% and approximately constant; in the second case the asymmetry is
larger than 7% and depends on the transverse momenta of the produced jet.

It was shown that the asymmetry obtained from the cross sections of diffractive QQ produc-
tion integrated over transverse momenta of the produced jet depends mainly on the Pomeron-
proton coupling structure. It can be used for studying the spin structure of the proton-Pomeron
coupling. The single-spin transverse Ay asymmetry in elastic pp scattering can be studied at
HERA-N as a test of the spin dependence of the proton-Pomeron coupling too. The predicted
asymmetry is about 10% for pi. = 4 — 5(GeV)? [7]. Thus, the single-spin asymmetries can be
very useful in the determination of the structure of Pomeron couplings.

The effects in diffractive deep inelastic scattering connected with the spin-dependent quark-
Pomeron coupling have been studied. It was shown that the double longitudinal spin asymmetry
in diffractive QQ production for the standard quark-Pomeron vertex is very simple in form [8]

14, = Y5(2-y)
B TP

(4)

This asymmetry is about 8% for y = 0.7 and zp = 0.1. For the spin-dependent Pomeron
coupling the asymmetry is dependent on k% of jets and smaller than for the standard Pomeron
vertex, by about 5%.

The spin effects in diffractive reactions for the quark-Pomeron coupling in the form (1) have
been studied in [9]. Strong sensitivity of asymmetries was found in diffractive meson production
to the form of the Pomeron vertex at HERA energies.

We can conclude that the discussed single and double spin asymmetries depend strongly
on the spin structure of the Pomeron coupling. However, to obtain the information about the
Pomeron-coupling structure, the relevant asymmetries should be measured with an accuracy
less than 1%. The values of cross sections in diffractive QQ production are larger than 1000pb,
which permits one to perform these investigations at the integrated luminosity about 200(pb)~!

So, the diffractive polarization experiments at HERA allow one to study spin properties
of quark-Pomeron and proton-Pomeron vertices. This gives an important test of the spin
properties of QCD at large distances.
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Abstract: The tagging of spectator nucleons in polarised and unpolarised electron
deuteron scattering offers the possibility to measure proton and neutron structure
functions separately in the same nuclear environment. In contrast to fixed target
experiments, the spectator in collider mode has large momentum and is therefore
rather easy to measure. In a polarised deuteron beam proton and neutron are
both polarised. Tagging offers the ideal figure of merit, superior to any subtraction
method of H, D and *He beams. As the proton and neutron asymmetries are mea-
sured simultaneously in one experiment many systematic uncertainties cancel and
provide optimal conditions to measure the Bjorken Sum Rule. From the machine
point of view, the acceleration of polarised deuterons compared to protons has both
advantages and difficulties. It is not clear if deuteron polarisation can be handled
at high beam energies. It might turn out that a common solution to the luminosity
and polarisation problems is to significantly reduce the HERA deuteron energy.

1 Physics Motivation

HERA is a tool to investigate the structure of the nucleon. For a complete picture of the nucleon
the scattering off protons alone is not sufficient, a neutron target is required. In unpolarised
fixed target experiments, the neutron structure functions are derived from the difference of
deuterium and hydrogen scattering processes. Nuclear effects in the deuteron are small. For
nuclei with higher atomic mass nuclear effects become larger. They are known as the nuclear

EMC effect.

In polarised DIS in a similar fashion the difference of the deuterium and hydrogen spin
asymmetries are used to derive the neutron spin structure functions. The spins of proton and
neutron in a vector polarised deuteron are aligned parallel. However, there is an approximately
5% D-state probability in the deuteron wave function which has to be taken into account in
the derivation of the neutron spin structure function. In polarised DIS there is an alternative
possibility to derive the neutron spin structure by using a *He target. The 3He nucleus contains
two anti-aligned proton spins. The 3He spin asymmetry is directly related to the neutron spin.
This is strictly true only for the S-state of the 3He wave function. With about 10% probability
the nucleus is in the S- or D-state. In these states the spin asymmetry is dominated by
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the proton spin. In principle a ‘spin-nuclear” EMC effect, i.e. the modification of the spin
distributions of quarks in nuclear matter, may add some uncertainty to the measurement.

Spectator tagging in deuteron scattering offers a unique experimental approach to measure
differences of the proton and neutron scattering, i.e. to measure non-singlet distribution func-
tions. Spectator tagging means that the nucleon which is not involved in the DIS scattering
process is identified in the detector, so that for every DIS event on deuteron it is experimentally
known if it happened in the proton or the neutron. This method cannot or can only very poorly
be applied to fixed target experiments as the momentum of the spectator in the rest frame of
the deuteron is defined by its nuclear Fermi momentum, i.e. it is in the 100 MeV range.

The situation is completely different in a collider experiment. The spectator is boosted
to half of the beam energy and can in principle be easily detected. For an 820 GeV deuteron
beam the spectator proton has a momentum of 410 GeV and is separated from the electron and
deuteron beams by the first dipole field as shown in figure 1. The 410 GeV neutron spectator
is not bent and can be detected in a neutron calorimeter downstream the interaction point.

IP

820 GeV

d

410 GeV

Figure 1: The spectator nucleon in electron deuteron scattering at HERA can be detected in
coincidence with the deep inelastic event. The proton and neutron tagging offers the possibility to
measure proton and neutron spin structure functions simultaneously urthout switching targets.

Tagging a polarised deuteron beam allows the measurement of the fundamental Bjorken
Sum Rule in one nuclear environment and in one single experiment without switching targets.
It has been pointed out that a precision measurement of the QCD corrections involved in
the Bjorken Sum Rule allows a determination of the QCD coupling constant c,(Q?) [1]. The
verification of the running of a, with Q% and the comparison with results from jet physics would
be fundamental tests of the standard model.

The spectator tagging method can be extended by measuring the angle and momentum
of the spectator and correlating it to the kinematics of the DIS process. This way semi-
inclusive (spin-)structure functions can be obtained which contain information about the nuclear
structure of the deuteron. By comparing the results with the known structure functions of the
free proton, nuclear corrections can be tested and possible new nuclear effects can be measured.

2 Experimental Aspects

The most striking advantage of the spectator tagging in polarised deuteron scattering is the
high figure of merit which can be obtained. Assuming the Ellis-Jaffe Sum Rule for proton
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and neutron and the Bjorken Sum Rule should be measured in the experiment. The precision
which can be obtained is compared for the following three scenarios: deuteron tagging (I),
p/d subtraction (II) and p/*He subtraction (III). The maximal achievable polarisation and
luminosity may be different for the different beams but due to lack of better knowledge it is
assumed that the polarisation is identical and that the luminosity £. (in units of charge/cm?/s)
is (1 : 0.5 : 0.5) for the proton compared to the deuteron and *He beam. The nucleonic
luminosity £, (in units of nucleons/cm?/s) which is relevant for the number of DIS events is
then (1:1:0.67). In order to have the same statistical error on the neutron as on the proton
asymmetry the following data taking times are required approximately:

deuteron tagging (I): 2 time units deuteron beam with half of the data protons and neu-
trons.

p/d subtraction (II): 3 time units proton beam. 6 units denteron beam. The error on the
neutron asymmetry is derived according to §A} = /(20A4¢)2 + (5 A7)2.

p/*He subtraction (III): 1 time unit proton beam and 3%/0.67 = 13.5 time units on *He.
The factor 3% comes from the dilution of the neutron asymmetry by the two unpolarised
protons in *He.

To conclude: the time required for the same statistical precision on the spin asymmetries for
proton and neutron is (1 : 4.5 : 7.25) for the scenario (I : IT : III). Statistically, the deuteron
tagging method is clearly favoured.

Assuming 100% tagging efficiency the advantages of deuteron tagging in systematics are
obvious:

e proton and neutron are measured in one experiment, without changing targets, with
identical luminosity, with identical beam polarisations, with identical acceptance and
efficiency for the registration of the DIS event.

the CMS energy of the electron nucleon system are the same for proton and neutron in
case of deuteron tagging. It is important to mention that that is not the case for the p/d
or p/*He subtraction methods if the beam energies are the same for the p, d and 3He
beams. Each nucleon carries only a fraction of the beam energy, i.e. the nucleon in *He
carries only a third of the energy compared to the nucleon in the proton beam. This leads
to completely different energies and angles of the DIS event in the lab frame for a given z
and Q. On the other hand, if one wants to keep the lab kinematics identical, the beam
energies of the p, d and *He beams have to be different and therefore the polarisation,
the luminosity and the luminosity measurement will be very different, leading possibly to
large systematic errors in the subtraction methods (II) and (III).

The nuclear environment of proton and neutron are identical in the tagging method (III).
Therefore some of the nuclear effects will cancel in the ratio of the proton and neutron
cross sections and asymmetries. The remaining nuclear effect can be determined by the
comparison with the results from the free proton. If the tagging detectors have the
possibility to measure the momentum and angle of the spectator, nuclear effects can be
checked by selecting special kinematics, e.g. spectators at rest in the deuteron rest system
or spectators at the tails of the nuclear momentum distributions.
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All the above considerations assume that the DIS scattering occurs incoherently on one of
the two nucleons of the deuteron and that the tagging efficiency is 100%. Both assumptions are
certainly not strictly true. The incoherent scattering on nucleons does not necessarily apply at
very low z and to diffractive events. This is however a generic feature of the scattering process
and is also present in the subtraction methods (II) and (III). It is not necessary a limitation but
can be regarded as a possibility to learn about nuclear structure especially if the momentum of
the spectator is measured. Additionally, diffractive events can be identified by a rapidity gap
in the hadronic final state.

The tagging efficiency has physics and technical limitations. In first order, tagging ineffi-
ciencies cancel when the spin asymmetry is formed, as long as the tagging efficiency is spin
independent. However the asymmetry may be diluted by other processes. The physics limi-
tations come from the fact that charge exchange and diffractive processes may dilute a clean
DIS tagging. Detailed Monte-Carlo corrections are needed to take these processes into account.
Technical limitations come from the restrictions in space due to machine elements, from parti-
cle background and from the beam divergence. The scattering angle of the spectator is below
0.2 mrad for a typical Fermi-momentum of 100 MeV /c. Due to the divergence of the beam at
the interaction point the angular distribution is smeared. This limits the possibility to precisely
determine the transverse Fermi momentum of the spectator. The longitudinal momentum of
the Fermi motion is boosted with the + factor of the beam. This makes is rather easy to mea-
sure. A +100 MeV/c longitudinal motion translates to a spectator energy of 410 + 41 GeV.
The precision with which the spectator momentum can be determined depends on the energy
spread of the machine (~ 1%) and the resolution of the spectator detector.

The design of the neutron spectator detector is rather simple, it just requires a neutron
calorimeter downstream the interaction point with the possibility to identify neutrons compared
to charged particles and photons. The calorimeter has to be able to handle background from
photoproduction. The design of the proton detector is more complicated. The protons are bent
by the first separation fields of the off-axis HERA quadrupoles. In the current beam lattice
the spectators with large transverse Fermi momentum are bent by the quadrupole components
and cannot be properly separated. The existing proton detectors of ZEUS and HI have an
insufficient acceptance for the spectators. A clean separation of the proton spectators from the
deuteron beam requires a special design of the interaction region. The optimal solution would
be a dipole separation without quadrupole components. This dipole field could be part of the
spin rotator and would be used as spectrometer magnet for the momentum measurement of the
proton spectator at the same time.

3 Machine Aspects

The injection and acceleration of polarised protons and the maintenance of polarisation at
HERA energies is regarded as a very difficult task which is currently being studied in detail.
The task to produce longitudinally polarised deuterons at HERA is certainly very different. If
it is easier or more difficult is hard to predict as there is not much experimental and theoretical
experience with polarised deuterons. The reason why it is so different is due to the small gyro-
magnetic anomaly of the deuteron (g9,—2)/2 = —0.14 compared to the proton (g,—2)/2 = 1.79.
This leads to the effect that the number of depolarising resonances, which are the main difficulty
in the proton polarisation, is reduced by a factor of 25. The deuteron spin tune at 820 GeV
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is only vy = 62 for the deuteron compared to v, = 1600 for the proton. The spin tune of the
deuteron beam is similar to the spin tune of electrons at 27.5 GeV (v, = 62.5) which have been
successfully polarised at HERA.

The main difficulty of a polarised deuteron beam is the manipulation of the spin. A spin
rotator or a Siberian snake requires much stronger magnetic fields for deuterons than for pro-
tons, again due to the small gyro-magnetic anomaly. As the spin tune of the deuteron and the
electron beam are similar, the geometry of the rotator bump could be similar too as it is only
determined by the spin tune of the beam and not by its energy. Therefore a design like the
HERA-e mini-spin rotators would allow to rotate the deuteron spins by 90° if the warm coils
would be replaced by strong superconducting magnets.

Due to the smallness of the spin tune, it might be that a deuteron beam would not require
Siberian snakes, however this has to be studied in detail.

4 Conclusions

The tagging of proton and neutron spectators in unpolarised and polarised electron deuteron
scattering offers unique possibilities to study the difference of DIS cross sections and asymme-
tries in proton and neutron. The tagging offers a statistical figure of merit which is superior by
a factor of about 5...7 for the measurement of the proton and neutron Ellis-Jaffe and Bjorken
Sum Rules. The experimental conditions are ideal in the sense that proton and neutron can
be measured in the same nuclear environment with identical experimental conditions. The
main concern is the question how efficient the tagging is and whether it is possible to maintain
high deuteron polarisation at HERA. First experiences were obtained at the KEK-PS where
polarised deuteron beams have been successfully accelerated in a storage ring up to an energy
of 10.2 GeV.

Concerning the aim to measure the Bjorken Sum Rule and the spin structure functions at
small z (z < 0.01) with high precision, in principle the high energies at HERA are not needed.
If it would be possible to collide the polarised HERA electrons at 27.5 GeV with polarised
deuterons at 10...40 GeV, the center of mass energy would be large enough to cover the relevant
kinematic range (s = 1100...4400 GeV?). The energy would also be still high enough for gluon
spin studies using jet and charm production. At these energies also deuteron polarisation is a
much smaller problem and electron cooling of the stored deuterons and/or continuous injection
of deuterons into the storage ring would possibly allow for low emittance and high luminosity.
As the DIS cross section increases at lower energy, a much higher statistical precision could be
obtained.
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Abstract: We consider nuclear structure uncertainties in extraction of gi.(z, Q%)
from inclusive f—ﬁ(3f1 ¢) data at small z. Theoretical uncertainties in extraction of
gin from D data are small as far as gi,(z, Q) = —gl,,(I,QZ) at small z. In case of
3 He combination of effects of the spin depolarization, interaction with nonnucleonic
degrees of freedom, and nuclear shadowing is likely to reduce gispe(r < 0.05) by
~ 15% and significantly enhance g3y, at = ~ 0.1.

1 Introduction

Knowledge of gy, at small z is crucial for learning whether currently observed experimentally
regime of dominance of nonsinglet contribution to gi~(z, Q?) would be followed by dominance of
singlet contribution at z < 10-3. Measurement of g (z, @?) involves use of polarized deuterium
and 3He targets. Hence one has to address two question: How large are nuclear effects for
qra(z, Q%)? What is theoretical uncertainty in evaluation of these effects? We focus here on
the region of small = which is relevant for this workshop. In this kinematics three major
effects are present: (i) spin depolarization due to presence of higher orbital states in nuclei, (ii)
nonnucleonic degrees of freedom in nuclei, (iii) nuclear shadowing.

2 Spin depolarization and Fermi motion

In the many-nucleon approximation where non-nucleonic degrees of freedom in nuclei and
nuclear shadowing are neglected the Fermi motion, and the relativistic spin rotation effects are
small at z < 0.5 [1]. As a result, the static approximation expression for the deuteron

g @) = (1= 3P0 (g1p(. Q%) + 910(, Q") 1)

provides very good approximation for ¢ < 0.5. Here Pp = 6+ 1% is the probability of the
D-wave in the deuteron. Similarly, in the case of A = 3 target approximately 8% depolarization
effect is present. It is due to depolarization of the neutron (which in the case of S-wave 3He
would be 100% polarized), and from a small proton polarization [2, 3, 4, 5].

3 Nonnucleonic degrees of freedom

The EMC effect has unambiguously demonstrated that nonnucleonic degrees of freedom are
present in nuclei, though this effect does not allow to identify what particular nonnucleonic
degrees of freedom are responsible for the effect. However the EMC effect is small for 0.05 <
r < 0.3, so naively one would expect that such effects are not important in extraction of g1, at
medium and small z. It is possible to check the relevance of nonnucleonic degrees of freedom
by considering the ratio of the Bjorken sum rules for the A = 3 and A = 1 systems. The QCD
corrections to the sum rule which are proportional to a”(@?) cancel out and one obtains:

JlotHe(z, @) — 91" (x,@*)ldzx _ GA(*H) 2
o0 Q%) — oBEd.QY))dr  Ga(n)’

R=

independent of @, where we have ignored the higher twist effects. Nonrelativistic expression
for R = Ps — -;—Ps, + %PD = 1 — (0.0785 £ 0.0060) is perfectly consistent with the stan-
dard nonrelativistic expression for G 4(*H). However both these relations contradict the data:

GalH) — 1 — (0.0366 + 0.0030).

Hence we conclude that the use of the convolution model, combined with the 3-nucleon
description of A =3 nucleon system, leads to a ~ 4% violation of the Bjorken sum rule for the
scattering of the A = 3 systems. This is consistent with the general expectation that noticeable
nonnucleonic degrees of freedom should be present in the A = 3 systems. Inconsistency of the
convolution models and three nucleon description of A = 3 system with the Bjorken sum rule
was first pointed out in Ref.[6].

We observe that consistency of nonrelativistic results for the Bjorken sum rule and the
G 4 ratio can be used as a guide to identify what nonnucleonic effects are responsible for the
discrepancy in eq.2 [7]. Current analyses of G 4(*H) indicate that the major nuclear correction
to the impulse approximation calculation of G (A =3)is due to A — N transitions. Thus a
natural mechanism for resolving the discrepancy between the Bjorken sum rule for A =3 and
for A = 1 targets which is present in the impulse approximation, is the necessity to account for
the nondiagonal transitions v*N — 7*A. No theoretical investigations of this structure function
have been done as yet. For the simple case of gii," one can expect the same low z behavior for
this structure function as for the diagonal transitions since Regge trajectories with rather close
value of intercept couple in this case. Based on SU(6) symmetry, for average z ~ 0.2 +0.3 we
can expect a behavior similar to the diagonal nonsinglet matrix elements. Consequently, we
estimate that the contribution of the 4*N — 5" A transition to ¢} i—, leads to a change in the

97%’:—’]’ for z < 0.5 from 1-(0.0785 £ 0.0060) to G 4(*H)/Ga(n) = 1—(0.0366+0.0030).
Moreover, treating the A-admixture as a perturbation we observe that main contribution to g
should originate in the *He case from the n — A° nondiagonal transition and in the *H case from
the p — A* nondiagonal transition. In the SU(G) limit, which seems reasonable at least for the
valence quark contribution ' g, nae(z, Q) /gin(r.Q*) = ¢ ,,_.Af(r,(f)/gl,,(r,Qz). Thus up
to a small correction due to contribution of gy, (r, Q?) combined effect of nucleon depolarization
and nondiagonal contributions is approximately the same for 9131 (x. Q%) /gin(z, Q*) and for
9P ea(m. Q%) /TR (z, (?). We can write in this approximation

ratio

Ga(*H)

i, Q)+ 22012 @) 91, Q%)) 3)

2

gone(r. Q) =

where p, &~ —2.8% is polarization of a proton in *He. We neglect here contribution of A" — p

nondiagonal terms since they effectively result merely in the renormalization of p, by a factor

TACH . : (- () :

~ ‘T:"i—(’——l) Experimentally, [g1,(z, Q%) + ginl(1. QY| < |g1n(x. Q%) |g1n(x, Q%)| for 2 < 0.1 and

hence the last term for these x is a very small correction. In the sea region gin and ginvoa

may have different = dependence. This leads to < 4% theoretical uncertainty in extraction of

!/ln(-r < 003)

Overall, the uncertainties in extraction of g1, from this source due to poor knowledge of x
dependence of nondiagonal matrix elements is likely to be of the order 4% for small z. For the
deuteron case this effect is much smaller since nonnucleonic degrees of freedom are significantly
smaller and also AN admixture is forbidden. 860

INote that the SMC semi-inclusive data indicate that the sea contribution to g; is small down to = ~ 0.01.



4 Nuclear shadowing effects

At small z, when the coherence length | = 5 far exceeds the nucleus radius, the virtual
photon converts to a quark-gluon configuration h well before the target. In the case of nucleon
targets this leads to diffraction in deep inelastic scattering which has recently been observed at
HERA. For the nuclear targets this leads to the shadowing phenomenon which is well established
experimentally, for review and references see report of Group 8.

The phenomenon of shadowing reflects the presence of quark-glion configurations in 5*
which can interact with cross sections comparable to that of hadrons, A quantitative descrip-
tion of nuclear shadowing phenomenon in deep inelastic scattering was developed in the color
screening models, where * converts to a quark-gluon state & which interacts with the nuclear
target via multiple color singlet exchanges. The effect of shadowing is determined in these

models primarily by the value of the ratio Off = (: ; , where averaging is taken over differ-
ent strengths of interaction, that is, over different quark-gluon configurations involved in the
transition v* — "hadron state”. Numerical analyses of nuclear shadowing for 4 > 12 give
Tefy ~ 17 mb. Similar number follows from the estimate based on the generalization of the
lﬁxd’ "."'E_"\“E'
optical theorem to the diffractive processes Oepy = ﬁﬂ As soon as this parame-
ter is fixed all color singlet models give very similar results for r <
nuclei.

7 especially for light

Amy

It follows from the formulae of the eikonal-type approximation that for the case of Cross
sections which constitute a small fraction of the total cross section, the shadowing effects
should be larger. Several examples include shadowing in the parity violating jA scattering
8] and shadowing for valence quarks [9]. The same is true for shadowing of gy4 [7]. For
light nuclei like ?H and *He the screening effect for g;4 is ~ 2 larger than for F,,. Numer-
ically, we find the reduction effect due to shadowing is gysy.(z, Q?)/g1a(z, Q*) ~ 0.90, and
9120(2, Q%) /(91p(7, Q2) + gz, Q%)) ~ 0.96, with spin depolarization effects and nonnucleonic
degrees of freedom effects entering multiplicatively. This estimate probably has 50% uncer-
tainty due to due to uncertainties in the value of the real part of the spin dependent amplitude,
and spin dependent diffraction, etc. The Bjorken sum rule indicates that shadowing effects gen-
erate an enhancement of g, 4(z, Q%) at r ~ 0.1. Overall one expects significant modifications
of gy, 4=3 for z < 0.15, see Fig.1.

To summarize, at small = nuclear corrections lead to

Y3z, Q%) e g2 (7, Q%) :
— =~ 0.87+0.07: o — ~ (.86 & 0.04, 4
.‘/ln(-Ts Ql) ' glp(T- (2’)+gln(4’:tQ2) ( )

with errors reflecting our guess of the theoretical uncertainties involved in calculating discussed
nuclear effects. Smaller error in the deuteron case reflects smaller shadowing effects and sup-
pression of nounucleonic degrees of freedom due to smaller energy binding and zero isospin
which forbids VA states. Hence in the discussed z-range ?H targets may have certain advan-
tages in terms of theoretical uncertainties. Besides, in the first approximation, experimentally
91p(z, @) = —gia(z, Q*) for  ~ 1072 in which case shadowing does not affect the extraction
of gy, from the gi4 data and does not lead to noticeable enhancement effects at z ~ 0.1. If, on
the other hand, at verv small 7 ~ 10-3 Gin am§ » become comparable, theoretical uncertainty
in extraction of gy, would be ~ 8%. Experim xgtial error is usually larger in the deuteron case
since one has to combine experimental measurements of g14 and gy,.

..-..impulse approx.
— shadowing +
the Bjorken sum rule

0.95

0.85
e | | aaliy 1 1 | 1 1
0.05 0.1 0.15 0.2 025 03 035 04 045 0.5
X

Figure 1: gP' . /g% as a function of x. Dash-dotted curve is nonrelativistic calculation of
Refs.[2-5]. The solid curve is result of calculation (7] which includes nuclear shadowing, spin
depolarization, A — N nondiagonal contributions, and the Bjorken sum rule constraint.

Note also existence of specific nuclear effect for the scattering off the polarized deuteron,
which is analog of the Germond and Wilkin effect [10] for 7d total cross sections: due to the
presence of D-wave in the deuteron, the cross section of shadowing for scattering off deuteron
with helicities Ay = +1 and \; = 0 differs leading to approximately 1% difference of the
cross sections of unpolarized electron scattering off the deuteron in different helicity states for
z < 1072 [11]. Experimental study of this effect would check the basic ideas about mechanism
of nuclear shadowing. Unfortunately, the effect is quite small making its measurement nearly
impossible.
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Abstract: It is proposed to build an absolute Coulomb-Nuclear Interference (CNI)
polarimeter for measuring the proton beam polarization at HERA. An alternative
use of a polarized (unpolarized) proton beam with an unpolarized (polarized) jet
target would allow to determine the beam polarization with about 5% accuracy free
of theoretical uncertainties. Consistency checks of polarization measurements would
be done by using different combinations of beam and target polarization. Several
realization schemes of such a polarimeter are discussed.

The beam polarization in a polarized HERA proton ring should be measured and monitored
either continuously or frequently during the experimental runs. There are three stages to be
considered during acceleration [1]:

- Filling the HERA ring by polarized protons of 38 GeV

- Acceleration from injection energy of 38 GeV up to the final energy of Ez;,, = 820 GeV

- Colliding regime. This is the main regime for running experiments.

The proton beam filling time is about 120 including 30’ for accumulation at 38 GeV. We have to
be able to check the beam polarization at this stage before ramping up the energy. The accelera-
tion from 38 GeV to 820 GeV passes several steps and takes about 40°+-50’, This stage is crucial
for initial tuning of the beam polarization, since the strongest depolarization resonances are to be
crossed. From the polarimetry point of view it is desirable to maintain the intermediate plateau
in the magnetic field during about 30" or more to reach the necessary precision in beam polar-
ization measurements. A point of interest is at 200 GeV, where the E704 experiment discovered
a large analyzing power in inclusive pion production [2 +4]. A relative pion polarimeter might
be used for rapidly checking the polarization of the internal beam at this specific point (or at
820 GeV, if a dedicated nucleon-nucleon polarization experiment, like HERA- N [5], would have
delivered calibration data, already). Another important feature desirable to be implemented at
HERA is the possibility to decelerate the beam, say from 820 GeV to 200 GeV, in order to check
the consistency of the spin depolarization theory. For example, the correct siberian snake func-
tion presumes the conservation of beam polarization in acceleration and deceleration processes,
which might be checked directly by this method.

Possible polarimeters, both absolute and relative ones, and their figures of merit have been dis-
cussed elsewhere [6 + 8]. As concerns HERA, we discuss in the following several scenarios for
an absolute CNI polarimeter [9]:

Scenario 1: CNI polarimeter with detection of only recoil protons.

Scenario 2: CNI polarimeter with detection of only forward particles. It appears to
be very attractive since this approach may allow to gain one or even two orders of magnitude in
the azimuthal acceptance, A ¢ /(2 7), compared to the previous case.

Scenario 3: CNI polarimeter with detection of both protons. Evidently, in this case
the time of polarization measurements will be of the same order as for scenario 1, but the events
will be cleaner due to smaller background.

Ye-mail: nurushev@maz.ihep.su
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In fact, all three scenarios might be operated in parallel if three separate triggers were realized.
In order to avoid any theoretical uncertainty we intend to perform the polarization measurement
in two steps: In the first step we measure (calibrate) the analyzing power by using the unpo-
larized beam and a polarized target. In the second step, knowing the analyzing power from the
previous experiment, we determine the beam polarization by measuring the left-right asymmetry
with the polarized beam and an unpolarized target.

If, instead, both beam and target are polarized such a measurement constitutes an independent
way of measuring the beam polarization gaining an additional factor 2 in running time. Simul-
taneously the observable Ayy may be measured in this case, too.

Scenario 1 has several advantages:

- It is simple and occupies little space around the polarimeter target, only. Several solid state
detectors would be used for measuring the coordinate and energy of the recoil particle

- Itis a fast and reliable detector as it was demonstrated in an experiment [10]

- It is not sensitive to the initial energy

- No severe constraints are imposed on the beam parameters

To calculate the statistical accuracy for scenario 1 we consider two versions: i) Realistic version
[5]: Unpolarized beam of I = 80 mA, polarized jet target of density n = 3 - 10'® atoms/cm?. The
luminosity is L = 1.5 - 10* em™2 - 571, In the region of interest ¢ = 109 — 70-2 GeV?®,
the average differential cross-section is do/dt = 80 mb/GeV? and the mean value of the
analyzing power is Ay = 3%. The geometrical acceptance for a one arm apparatus is
At = 107%(GeV/e)’, A ¢ [(2r) = 4.5 -10~%. The anticipated combined trigger and
reconstruction efficiency is assumed to be 50%. Then the counting rate is expected to be N = 27
ev/s and the CNI analyzing power of AAy /Ay = £5% precision may be reached during 7 hours
of data taking assuming Pr = 0.8 as target polarization. ii) Optimastic version: Unpolarized
proton beam of I=160 mA (which is one goal of the HERA upgrade program), polarized jet
target of density n = 10*4atoms/cm? (which is acceptable according to [11]), and addition of a
second recoil arm. Finally we gain a factor x = 2- 3 -2 = 12. With all above parameters the
counting rate is expected to be N = 324 ev/s leading to A An/Ax = £ 5% precision after a
T = 0.6 hour measurement.

The second step consists in measuring the beam polarization by using the polarized proton
beam and an unpolarized target. The beam polarization, Pg, is defined through the relation
€ = Pg - Ay, where Ay is taken from the previous measurement. The factor ¢ is mea-
sured in this second step. Then A Pg/Pp = \/(Ae/e)2 + (A Ay/AN)? is the precision of
the beam polarization Pg. Assuming for simplicity the same error bars in both steps we get:
APp/Ps =~ \/2-AAy/An. The ideal case will occur when the luminosity of the polarized
beam with an unpolarized target is the same as above or better (since we can use the unpolarized
target with higher density). If the beam polarization is also P = 0.8 the 5% precision might
be reached in the same time as above, i.e. for T= 0.6 h. Then the final precision of the beam
polarization will be A Pg/Pg = /2 - 5=~ 7%.

The technique of Scenario 2 (forward arm polarimeter) was demonstrated to work reliably in
colliders [12]. This polarimeter detects the forward scattered particles moving very close (sev-
eral mm) to the main internal circulating proton beam. The detectors sit in Roman Pots. The
measured particle position transforms directly to the scattering angle if one puts some restric-
tions on the lattice function (see below). The accelerator lattice serves as a powerful magnetic
spectrometer suppressing strongly the background. The synchrotron radiation from the nearby
electron ring has to be taken into account. The following features of internal beam dynamics
are to be fully exploited:

- The jet target must be positioned in a region of a large 3-function (target position "TP”); the
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beam particles are essentially parallel to each other in this region
- The parallel particles coming from the TP region should be focused in the focal plane. The
”Roma.n Pots with strip or pixel detectors will be installed at this position (detector position
DP”)
- The difference between advanced phases at these two positions, ¥7p and ¥pp, must be
A = (2k+1) - 7/2, where k is any integer number
- the betatron parameter @ = —1/2 - d3/ds should be zero in the TP region.
In general, if the proton was scattered at the TP region under the angle § = \/t/Ey;,, it will
be detected in the DP region at the position d = L.s; - 6, where L.s; is the effective length
in the lattice. For the following calculations we selected the s ~ 1500 m region in HERA and
interpolated into the TP region to get the condition a ~ 0. In order to fix the detector position
we looked for phase advance differences A 1/ under the above condition. For k = 0 the cal-
culated parameters at TP and DP show a small difference between X- and Y-planes, preferring
slightly X. In order to calculate the size and the angular divergence of the beam at both positions
we used the standard formulae assuming the normalized emittance ey = 47 mm - mrad. The
calculations show that to reach the point ¢ = 107* GeV? the detector should be positioned
at 4.0 mm from the beam axis in the X-plane. This is about 20 times bigger than the beam
dimension. Background problems must be carefully studied together with the radiation level.
If no spin rotator will be foreseen for polarimetry, we must stick to the horizontal plane. For
the forward detector alone, the azimuthal acceptance might be 10 or 100 times bigger (for a
4x4 cm? detector), compared to the recoil detector. Hence one can expect counting rates of
10* =+ 10* ev/s. Therefore a 5% precision might be reached in several minutes.
We conclude that the CNI polarimeter may become a useful tool in the process of acceleration
and storage of a polarized proton beam at HERA. It was shown that a recoil polarimeter or a
forward polarimeter, or a combination of both of them may fit to the requirements: fast and
absolute measurements of beam polarization of HERA . Additionally, new information can be
obtained from such measurements (e.g. Ayn).
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Absolute Polarimetry for the Proton Beams of the RHIC
Spin Collider and HERA

G. Igo
Department of Physics, UCLA, Los Angeles, CA 90024, USA

Abstract

Measurements of spin dependent structure functions in a colliding beam
environment will require absolute beam polarimeters.

There is considerable interest in the spin physics community to develop polarime-
try methods for beams in the multi-100 GeV /c range. In the beginning of the next
century, polarized proton beams in the range, 100-250 GeV, will become available
at RHIC used in the p-p collider mode. A workshop at DESY this year studied the
option of polarizing the 820 GeV proton beam of Hera to support programs on deep
inelastic spin and di-jet physics. Polarized proton beams might become available
after the year 2000. Both facilities, RHIC and HERA, would require polarimeters to
measure the absolute value of the beam polarization with high accuracy (5 percent
at RHIC). Inclusive production of pions exhibits large analyzing power and high
count rate at 200 GeV/c?, an excellent option for measuring relative values of the
beam polarization. A polarimeter for measuring the absolute value of the beam
polarization should satisfy the criteria: 1. Large analyzing power; 2. Extrac-
tion of the beam polarization from the measured asymmetry should not depend on
knowledge of hadronic amplitudes subject to theoretical uncertainty. 3. High
count rate capability is a desirable but not necessary property since use would be
limited to occasional (but essential) periods to calibrate the inclusive pion polarime-
ter. With these conditions in mind, two types of polarimeters suggest themselves.
The first is based on the longitudinal asymmetry in electron-proton (e-p) polarized
deep inelastic scattering (PDIS) and elastic scattering. In the case of the former,
PDIS asymmetry data' at 9.7 GeV provide the analyzing power. For example, the
kinematics to produce the same center of mass energy requires the collision of a 250
GeV (RHIC energy) beam with a 19.7 MeV electron beam. The 9.7 Gev data taken
at SLAC exhibits a virtual photon asymmetry in the range of 0.05-0.31. The second
option of polarimetry is based on the equality of analyzing power and polarization
in elastic p-p scattering. The method involves the measurement of the analyzing
power (using a polarized target) and the asymmetry at -t = 1.7 (GeV/c)?, the second
maximum in the analyzing power.

[1] K. Abe et al., Phys.Lett.B364(1995)61
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Tracing the origin of the left-right asymmetries observed
in inclusive single-spin hadron-hadron collisions

C. Boros, Z. Liang, T. Meng and R. Rittel (presented by Z. L.)
Institut fiir theoretische Physik der FU Berlin, Arnimallee 14, 14195 Berlin, Germany

Abstract: It is shown that the origin of the striking left-right asymmetries observed
in single-spin inclusive hadron production processes in high energy hadron-hadron
collisions can be traced by performing suitable experiments at HERA. The possible
outcomes of these experiments are summarized. It is pointed out that the results
of such a set of experiments will not only be able to differentiate between existing
theoretical models, but also be helpful in locating the source(s) of the observed
asymmetries.

Striking left-right asymmetries (Ax) have been observed [1-3] for hadron production in
single-spin high energy hadron-hadron collisions. A number of mechanisms [4-11] have been
proposed recently which can lead to non-zero Ay's in the framework of quantum chromody-
namics (QCD) and/or quark or quark-parton models. Among the competing theoretical models
the following two classes of models enjoy the privilege of being simple — so simple that the
basic ingredients of these models can be directly tested by performing suitable experiments: (1)
perturbative QCD based hard scattering models [4-9] and (2) non-perturbative quark-fusion
models [11].

In the pQCD based hard scattering models [4-9], the cross section for inclusively produced
hadrons in hadron-hadron collisions is expressed as convolution of (i) the cross section for the
relevant elementary hard scattering (ii) the momentum distribution functions of the constituents
of the colliding hadrons; and (iii) the fragmentation function of the scattered constituent which
describes its hadronization process. The asymmetry can originate from any one or more of
these three factors.

In the second type of models [11], the basic elementary process is quark-antiquark fusion
— which is a process that cannot be caleulated by using perturbative QCD. The asymmetry
originates from the orbital motion of the valence quarks in transversely polarized nucleons and
the hadronic surface effect in single-spin hadron-hadron collisions.

Both kinds of model can give significant left-right asymmetry for inclusive hadron production
in single-spin hadron-hadron collisions. It is impossible to tell which one is more appriciate to
describe the abovementioned data[1-3]. In particular, it is impossible to tell which factor in
the type one model is asymmetric since one observes always the convolution of all the three
factors. In a recent paper [12], we proposed several new experiments and pointed out that
the results of such experiments together with those of others [7.11] will not only be able to
differentiate between the abovementioned models. but also be helpful in locating the source(s)
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of the observed asymmetries. The experiments we have proposed and/or chosen for this purpose
are the following:

(A) Perform [ +p(1) = L +7 + X for large 7 (> 0.1, say) and large Q* (> 10 GeV?, say)
and measure the left-right asymmetry in the current fragmentation region with respect to the
jet azis. Here, [ stands for charged lepton e or u~; rp = Q?*/(2P - q) is the usual Bjorken-
z, Q* = —¢?, and P,k,k',q = k — k" are the four momenta of the proton, incoming lepton,
outgoing lepton and the exchanged virtual photon respectively. The transverse momenta of the
produced hadrons with respect to this axis come solely from the fragmentation of the quark.
Hence, by measuring this transverse momentum distribution, we can directly find out whether
the fragmentation function of this polarized quark is asymmetric.

(B) Perform the same kind of experiments as that mentioned in (A) and measure the left-
right asymmetry of the produced pions in the current fragmentation region with respect to the
photon direction in the rest frame of the proton, and examine those events where the lepton
plane is perpendicular to the polarization axis of the proton. In such events, the obtained
asymmetry should contain the contributions from the intrinsic transverse motion of quarks in
the polarized proton and those from the fragmentation of polarized quarks, provided that they
indeed exist.

(C) Perform the same kind of experiments as that in (A), but measure the left-right asym-
metry in the target fragmentation region with respect to the moving direction of the proton in
the collider (e.g. HERA) laboratory frame. By doing so, we are looking at the fragmentation
products of “the rest of the proton” complementary to the struck quark (from the proton).
Since there is no contribution from the elementary hard scattering processes and there is no
hadronic surface effect, Ay should be zero if the existence of left-right asymmetries is due to
such effects. But, if such asymmetries originate from the fragmentation and/or from the in-
trinsic transverse motion of the quarks in the polarized proton, we should also be able to see
them here.

(D) Measure the left-right asymmetry Ay for Il and/or that for W* in p(1) + p(0) —
Il or W# + X. Here, there is no contribution from the guark fragmentation. Hence, non-zero
values for Ay in such processes can only originate from asymmetric quark distributions —
including those due to orbital motion of valence quarks and surface effect.

The results of different models for these experiments are summarized in the table.
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Table: Predictions for left-right asymmetries in the discussed experiments if the asymmetries

observed in inclusive hadron production in hadron-hadron collisions originate from the different
kinds of effects mentioned in the text.

If the Ay observed in p(1) +p(0) = 7 + X originates

from ...
process quark elementary (T quark frag- | orbital motion
distribution scattering mentation of valence
function process function quarks &

surface effect

o ) Ay =0 Ay =0 Ay #0 Av=0
l+p(t) =1+ K+ | TX wrt jet axis | wrt jet axis | wrt jet axis wrt jet axis

in the current fragmentation region Ax #0 Ay =0 Av #0 Ay =0
for large @ and large zp wrt v* axis wrt v* axis wrt v* axis wrt y* axis

o
I+ =1+ . +X
Bt (1\* ) Ay #0 AN=0 AN #0 Ax =0
in the target fragmentation region

for large % and large zp

i ;
p+p(t) = ( W ) +X Av #0 Ay =0 AN =0 An #£0
in the fragmentation region of p(1)
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Time-reversal-odd asymmetries at HERA
T. Gehrmann®

@ Department of Physics, University of Durham, South Road, Durham, UK

Abstract: Longitudinal polarization of the HERA electron beam allows the study
of spatial asymmetries in the final state of single inclusive hadron production in
ép-collisions. We estimate the size of a particular production asymmetry which is
related to the time reversal properties of the underlying parton level subprocess.

Despite the experimental success of QCD, some of its basic interaction properties are yet
undetermined. In particular, only little is known about the behaviour of QCD interactions under
discrete symmetry operations. It was shown in [1] that time-reversal properties of a particular
interaction can be tested by measuring experimental observables which are odd under the time-
reversal operation. Assuming invariance under T, these T-odd observables vanish at tree level
but receive contributions from the absorptive part of higher order loop corrections, yielding in
general a non-zero effect. The first measurement of a T-odd QCD observable was carried out in
hadronic Z% decays by the SLD collaboration [2]. Due to the presence of T-odd contributions
from QCD and electroweak interactions [3] at V/s = My, this measurement fails to provide a
clean probe of the T-properties of QCD. A complimentary measurement of a T-odd observable
in deep inelastic scattering at moderate Q? would on the contrary be insensitive to electroweak
effects. Such an observable is suggested in [4, 5]: the azimuthal angle between the momenta of
the outgoing electron and an outgoing hadron in the plane transverse to the current direction
in the target rest frame. This angle can be expressed as a triple product

'

., §x _:'-P‘-r
sing = ———
|§x K'||Pr|

-/
where § denotes the incoming electron spin, &' the momentum of the outgoing electron and Pr
the transverse momentum of the outgoing hadron relative to the current direction. The leading
non-zero contribution inducing a sin ¢-dependence into the single hadron inclusive cross section
arises from the absorptive part of the one-loop corrections to the 4*¢ — ¢g and Y9 — qf
subprocesses and was calculated in [4]. The average angle (sin ¢) is

do do
. S\ — ] § ) 1
(sing)(z) = /dmdydé sin ¢ “d;rdydod: / /dzd}/dcﬂ dzdydedz 1

As the numerator is O(a?) while the denominator is O(1), one should expect (sin ¢) to be rather
small. The non-vanishing of (sin ¢) is manifest as asymmetry between the left and right event
hemispheres in a frame defined by the current direction and divided by the lepton scattering
plane. It has to be kept in mind that this asymmetry is subleading to the up-down asymmetry
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left-handed electrons.

Abstract: We review the implications of polarized structure function measure-
in the same frame, which arises from a cos¢ dependence of the cross section at O(ay) [6]. In ments for experiments to search for cold dark matter particles, such as the the
order to estimate the expected asymmetries at HERA and at HERMES, we have evaluated neutralino and the axion.
the average angle (sin¢) in the single inclusive production of charged pions and kaons, using
the LO parton distribution functions of [7] and the LO hadron fragmentation functions of [8].

To suppress higher twist contributions which can vield sizable T-odd asymmetries [5], we have 1 Cold Dark Matter Particles

restricted the final state to Q* > 5 GeV? and W2 > 5 GeV2. The resulting average angle (sin ¢)

for left-handed electrons is shown in Fig. 1 as a function of the longitudinal hadron momentum Many astrophysical observations suggest that the visible baryonic matter is accompanied by
z=(P-P')/(P-q). The asymmetry for right-handed electrons would be equal in magnitude larger amounts of invisible dark matter. Mainstream theories of cosmological inflation suggest
but opposite in sign. Although the asymmetry appears small at first sight, a measurement that the total density of matter in the Universe should be close to the critical density required
might still be possible. The denominator of (1) can be suppressed to O(a;) by including only for its future collapse in a Big Crunch. The upper limits on the baryon density coming from Big
hadrons above a minimal transverse momentum in the measurement. A realistic estimate with Bang Nucleosynthesis calculations suggest in this case that at least 90% of the matter is dark.
a transverse momentum cut has to take effects due to detector resolution and geometry into Models of structure formation based on inflation suggest that most of this dark matter was non-
account and is beyond the scope of the present study. relativistic at the epoch when galaxies and clusters began to form. There are many candidates

for this Cold Dark Matter, of which the two particles that are most prominent are the lightest
supersymmetric particle, presumably a combination of the supersymmetric partners of the

References photon, Z and neutral Higgses called a neutralino, and the axion, which is invoked to explain
the fact that the strong interactions conserve CP to a very good approximation. Measurements
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tBased on chapter 3 of Ref. [1].
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convert it from a hyperbolic orbit into an elliptic one, with a perihelion or perigee below the
solar or terrestrial radius. If s, the initial capture would be followed by repeated scattering
and energy loss, resulting in a quasi-isothermal distribution within the Sun or Earth. The
resulting LSP population would grow indefinitely, a la Malthus, unless it were controlled either
by emigration, namely evacuation from the surface, or by civil war, namely annihilation within
the Sun or Earth. Evaporation is negligible for x particles weighing more than a few GeV [4],
so the only hope is annihilation. The neutrinos produced by any such annihilation events would
escape from the core, leading to a high-energy solar neutrino flux (Ey R 1 GeV). This could be
detected either directly in an underground experiment, or indirectly via a flux of upward-going
muons produced by neutrino collisions in the rock.

The polarized structure function measurements enter in the estimate of the X capture rate,
which enters in the following general formula [5] for the neutrino flux:

= -2 a(xp — xp) ( Py ) 300 kms™!
Ro=2.T% 1072 (g /) ( 10-40¢m? ) 0.3GeVcm—3 ikl (1)

Uy

where we have simplified to the case of capture by the Sun, where proton targets predominate.
Here f is a kinematic function, p, and Ty are the local density and mean velocity of the halo
LSPs, and F, represents factors associated with the neutrino interaction rate in the apparatus.
The factor which interests us here is the elastic LSP-proton scattering cross section o(yp —
Xp).

To see how the polarized structure functions enter into the estimation of the elastic scattering
cross section [5], first note that the LSP interacts with hadrons via an effective four-fermion
interaction of the general form XXxqq, which is mediated by the exchanges of massive particles
such as the Z° Higgs bosons and squarks ¢, as seen in Fig. 1. This four-fermion interaction

Figure 1: The exchanges of massive particle such as the Z°, Higgs boson and squarks give rise
to an effective four-fermion interaction between the neutralinos X and quarks inside a proton
target.

is similar in many ways to the original Fermi four-fermion weak interaction mediated by W+
exchange. The matrix elements of the latter interaction between nucleon states are governed
by the familiar 3-decay constant 94, which may be written in the form

9a] = Au — Ad (2)

Analogous expressions in terms of the Ag exist for the spin-dependent part of the X-nucleon
scattering matrix element. For example, if the x were to be a pure photino state, we would
e 4A -+ 1Ad+ 1;\ (3)
= —au = =08 <
w=g gty
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It is amusing to note that this is exactly the same combination of the Ag that appears in
charged-lepton scattering off a proton target [5]. In a sense, the EMC and its successors have
been measuring ¥-nucleon scattering!

The EMC and subsequent measurements indicate values of the Ag that are rather different
from those predicted by the naive quark model, which means that the dark matter scattering
matrix elements are also rather different, and hence also the upper limits on the halo dark
matter density that can be deduced from a given search for high-energy neutrinos from the
core of the Sun or the Earth. By now, as discussed in the first lecture, the determination of
the Ag is quite precise, and, as discussed earlier in this lecture, we no longer believe that the
LSP x can be a pure 7. Consider, for example, the plausible case of an essentially pure U(1)
gaugino LSP B: its scattering matrix elements on protons and neutrons are given by [6]

17 5

ay ~ —Au+ —(Ad + As

P36 36( )

We see that, in this case, the uncertainties (6] from polarized structure measurements are likely

to be much smaller than those from other components in equation (1). In the long run, it seems

that a search for upward-going neutrino-induced muons with a 1 km? detector could almost

certainly detect LSP annihilation [7], if most of the cold dark matter is indeed composed of
LSPs.

The third LSP search strategy is to look directly for LSP scattering off nuclei in the labo-
ratory [8]. It is easy to see that the typical recoil energy

=~ (Au— Ad) (4)

my
10 GeV

deposited by elastic y-nucleus scattering would probably lie in the range of 10 to 100 keV.
The type of spin-dependent interaction, mediated by Z° or G exchange, that we discussed in
previous paragraphs is likely to dominate for light nuclei [9], whereas coherent spin-dependent
interactions mediated by H and G exchange are likely to dominate scattering off heavy nuclei
[10]. As we have already discussed, the spin-dependent interactions on individual nucleons are
controlled by the Ag: translating these into matrix elements for interactions on nuclei depends
on the decomposition of the nuclear spin, which must be studied using the shell model [9] or
some other theory of nuclear structure (11]. The spin-independent interactions on individual
nucleons are related to the different quark and gluon contributions to the micleon mass, which
is also an interesting phenomenological issue related to the 7-nucleon o-term. Again, the issue
of nuclear structure arises when one goes from the nucleon level to coherent scattering off a
nuclear target.

AE <mp? ~ 1()( ) keV (5)

We will not discuss here the details of such nuclear caleulations, but we see in Fig. 2 that
the spin-independent contribution tends to dominate over the spin-dependent one in the case
of Germanium, though this would not be the case for scattering off Fluorine [9)].

3 Couplings of Axions

The axion [13] is another favoured candidate for the cold dark matter, whose mass and couplings
to matter are scaled inversely by the axion decay constant f,:

Agepm, my I
Ng ~ - v Gafp ™~ . Jayy ~ (6)
7 7. Gaff 7. 24l I
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Figure 2: A comparison of the spin-dependent and spin-independent interaction rates of relic

neutralinos x with Germanium in a sampling of supersymmetric models [12].

The fact that no axion has been seen in any accelerator experiment tells us that
faR 1TeV (7)

and hence that any axion must be associated with physics beyond the scale of the Standard
Model.

Axions would have been produced in the early Universe in the form of slow-moving coher-
ent waves that could constitute cold dark matter. The relic density of these waves has been

estimated as [14] '
0.6 x 102V """ /200 MeV\** /752
Qa = (—) (8)
mg Agep H,

which is less than unity if
fa S 10 GeV (9)

In addition to these coherent waves, there may also be axions radiated from cosmic strings [15],
which would also be non-relativistic by now, and hence contribute to the relic axion density
and strengthen the limit in equation (9).

The fact that the Sun shines photons rather than axions, or. more accurately but less
picturesquely, that the standard solar model describes most data, implies the lower limit [16]

fa 2107 GeV (10)

This has been strengthened somewhat by unsuccessful searches for the axio-electric effect. in
which an axion ionizes an atom. More stringent lower bounds on fa are provided by the
agreements between theories of Red Giant and White Dwarf stars with the observations [17]

fa 2 10° GeV (11)
875

Between equations (9) and (11) there is an open window in which the axion could provide a
relic density of interest to astrophysicists and cosmologists.

Part of this window may be closed by the observations of the supernova SN1987a, which is
where the polarized structure function measurements come into play. According to the standard
theory of supernova collapse to form a neutron star, 99% of the binding energy released in the
collapse to the neutron star escapes as neutrinos. This theory agrees [18] with the observations
of SN1987a made by the Kamiokande [19] and IMB experiments [20], which means that most
of the energy could not have been carried off by other invisible particles such as axions.

Since the axion is a light pseudoscalar boson, its couplings to nuclear matter are related by
a generalized Goldberger-Treiman relation to the corresponding axial-current matrix elements,
and these are in turn determined by the corresponding Ag [21]. Specifically, we find for the
axion couplings to individual nucleons that

Cop = 2[-2.76 Au— 1.13Ad + 0.89 As — cos 23 (Au — Ad - As)],
(12)
Can = 2[-2.76 Ad — 1.13 Au+ 0.89 As — cos 23 (Ad — Au— As)]
Evaluating the Ag at a momentum scale around 1 GeV. as is appropriate in the core of a
neutron star, we estimate [6] that
Cap = (=3.9%04) — (2.68 + 0.06) cos 23
(13)
Con = (0.19£0.4) + (2.35 % 0.06) cos 203
which are plotted in Fig. 3(a). As in the case of LSP scattering, the uncertainties associated
with polarized structure function measurements are by now considerably smaller than other
uncertainties, in this case particularly those associated with the nuclear equation of state. The

total axion emission rate from the core of a neutron star is approximately proportional to the
combination

Can® + 0.8 (Can + Cup)? + 0.5C,,2 (14)
which is plotted in Fig. 3(b), together with the associated with the errors in the Ag. Estimating
axion emission rates in this way [22], it seems that part of the previous axion window is still
open, and an experiment (23] is underway which should be able to detect halo axions if they
occupy part of this window,

4 Polarized Scattering and Cosmology

The above examples show how measurements of the spin decomposition may not only deepen
our understanding of nucleon structure, but may also help resolve important issues in cosmology.
They are essential if one is to make reliable calculations of the nuclear interaction and detection
rates for cold dark matter particles, which would be needed to confirm directly the emerging
picture of structure formation in the Universe.
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Probing dissociation of space-like photons at HERA
C. Boros. Z. Liang and T. Meng (presented by T. M.)
Institut fiir theoretische Physik, Freie Universitat Berlin, Arnimallee 14, 14195 Berlin, Germany

In this talk, I briefly summarize some of the experiments my collaborators and myself
proposed in a recent paper [1]. We show: By using the characteristic spin-effects observed in
high-energy hadron-hadron collisions as indicators, hadronic dissociation of space-like photons
can be directly probed by performing measurements in the fragmentation region of transversely
polarized and unpolarized proton beams at HERA.

It is known already for a long time that hadronic dissociation of space-like photons may play
a significant role in deep-inelastic lepton-hadron scattering — especially in diffractive processes
[2,3]). People seem to agree that. viewed from the hadron- or nucleus-target, not only real, but
also space-like photons (Q* = —¢* > 0, where g is the four-momentum of such a photon) may
exhibit hadronic structure. But, as far as the following question is concerned, different theoreti-
cal models (see e.g. Refs. 2-5 and the papers cited therein) seem to give different answers. How
do such hadronic dissociation processes depend on the standard kinematic variables of deep-
inelastic lepton-nucleon scattering, @* and 15 = —¢*/(2pq). where p is the four-momentum of
the struck nucleon? In particular, do virtual photons indeed behave like hadrons in the small
zp and large Q? region ?

Viewed from the rest frame of the struck nucleon mentioned above, the lifetime 7, of the
virtual hadronic system is of the order 2v/Q* =1/(Mzg), where v is the photon-energy and M
is the proton-mass. This means. the corresponding formation/coherence length is of the order
100 Fermis for zz = 1072, Furthermore, we note that 7 is function of rp, independent of Q.
Does it imply that the hadronic dissociation of a photon always takes place — independent of
its virtuality Q?? Is it true that we are practically always dealing with hadron-hadron collisions,
when zp is sufficiently small (x5 ~ 1072, say)?

Some of the dynamical models based on such a photon-dissociation picture (See e.g.[4])
have been used to describe the proton structure function F}(zp. Q%) in the small zp region
and the obtained results are in reasonable agreement with the existing data [6,7]. Can we, on
the basis of this agreement. say: “Experiments show that space-like photons 4 (Q?) always
dissociate into hadronic systems — independent of their virtualities (Q*-values)” ? Is it correct
and/or appropriate to say that the question whether space-like photons dissociate hadronically

depends entirely on the choice of reference frames 7

A large number of inelastic lepton-nucleus experiments have been performed in which the
hadronic properties of the space-like photons have been studied. But, probably due to the
complicated nucleon structure which has to be taken into account, the data can be reproduced
by different models based on different physical pictures [4.5]. Can hadronic dissociation of
space-like photons be probed without using nuclear targets ?
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Having the present and the future experimental possibilities at HERA in mind, we think
it would be useful to consider the characteristic spin-effects observed — and only observed —
in the fragmentation regions of hadron-hadron collisions at comparable energies and use them
as indicators to probe space-like photon ~*(Q?, xp) at given values of @? and rp. To be more
precise, we propose to measure the left-right asymmetry Ax of produced charged mesons in
the fragmentation region of the transversely polarized proton p(1), to measure A-polarization
P, of the unpolarized protons p at HERA in the small-z region for different Q*-values, and to
compare the obtained results with those obtained in the corresponding hadron-hadron collisions.

In order to demonstrate in a quantitative manner how the Q*-dependence of such disso-
ciation processes may manifest itself, we examine the FI'(rg,Q%)-data [6,7] in the small-zp
region. In Fig.1, we separate the well-known vector-dominance contribution (See e.g. [4,5])
from “the rest” which may be identified as “the part due to quark-antiquark continuum” or
“the rest of the contributions due to the generalized vector-dominance model”, and we consider
the following two extreme possibilities which correspond to two very much different physical
pictures: (i) The hadronic dissociation of virtual space-like (Q* > 0) photons take place for
all possible Q*-values. In other words, in this picture 7*(@?) should always be considered as
a hadronic system — independent of Q2. (ii) The hadronic dissociation of such photons de-
pends very much on Q2. In terms of a two-component picture (See e.g.[2-5]) the virtual photon
v*(Q?) is considered to be either in the “bare photon” state or in a hadronically dissociated
state (“hadronic cloud”) described by the vector-dominance model. In other words, only the
latter can be considered hadronic; and the probability for v*(Q*)to be in this state is the ratio
between the values shown by the dashed and the full lines.

Let us first look at the left-right asymmetry data [8] for 7*-production in p(1) + p and
see what we may obtain by replacing the unpolarized proton-target p by a photon with given
Q2 v'(Q?%). Tt is clear that the corresponding asymmetry which we denote by Ay (zx|Q%) will
have the following properties: If scenario (i) is correct, we shall see no change in Ay(zp|Q?)
by varying Q?. If scenario (ii) is true, there will be a significant Q*-dependence. The results
are shown in Fig.2a. Similar effects are expected also for K*-mesons. In order to emphasize
the model-independence of this test the curve which goes through the existing proton-proton
data points [8] should be considered as an empirical fit, although such an asymmetry-data can
be described by a relativistic quark model [9].

NOE: Y - B Fig.l: Structure function Ff(zp, Q%) as a

N, o 24 1] function of @*. The data-points are taken
~= EG65 # 1,e000800016

o 4 ¥ e from [6,7]: and they are parametrized (shown

£ Y oo as sohd line) in order to carry out the quanti-

Y. O seean tative calculation mentioned in the text. The

T vaman dashed line is the contribution from the vec-

. NMC O s, tor meson dominance. The difference, which

o] 4 50 1o is called “the rest”, is shown as dotted line.

Q%(GeV/c)

We next consider the A-polarization Pa(zp,@%) in the process p + 7 (Q*) —- A+ X in
which unpolarized proton beam is used [10]. Also here, we expect to see no Q?*-dependence for
scenario (i) but a significant Q*-dependence for scenario (ii). This is shown in Fig.2b.
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Fig.2: (a) Left-right asymmetry for pion-production in () +7" = 7t + X as function of zp at
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for A-production in p+~* — A+ X as function of xp at different @Q*. The data are from [10].
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Nuclear beams in HERA
M.Arneodo?®, A.Bialas’, M.W Krasny*, T .Sloan? and M. Strikman®
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Abstract: A study has been made of the physics interest and feasibility of ex-
periments with nuclear beams in HERA. It is shown that such experiments widen
considerably the horizon for probing QCD compared to that from free nucleon tar-
gets. In addition there is some sensitivity to physics beyond the standard model.
Hence the option to include circulating nuclear beams in HERA allows a wide range
of physics processes to be studied and understood.

1 Introduction

The successes of QCD in describing inclusive perturbative phenomena have moved the focus of
investigations to new frontiers. Three fundamental questions to be resolved are the space-time
structure of high-energy strong interactions, the QCD dynamics in the nonlinear, small coupling
domain and the QCD dynamics of interactions of fast. compact colour singlet systems.

The study of electron-nucleus scattering at HERA allows a new regime to be probed exper-
imentally for the first time. This is the regime in which the virtual photon interacts coherently
with all the nucleons at a given impact parameter. In the rest frame of the nucleus this can be
visualized in terms of the propagation of a small gq pair in high density gluon fields over much
larger distances than is possible with free nucleons. In the Breit frame it corresponds to the
fact that small z partons cannot be localized longitudinally to better than the size of the nu-
cleus. Thus low x partons from different nucleons overlap spatially creating much larger parton
densities than in the free nucleon case. This leads to a large amplification of the nonlinear
effects expected in QCD at small z. The HERA ep data have confirmed the rapid increase
of the parton densities in the small z limit predicted by perturbative QCD. However the lim-
ited r range available at HERA makes it difficult to distinguish between the predictions of the
DGLAP evolution equations and the BFKL-type dynamics. Moreover, the nonlinear effects
expected at small z are relatively small in ep scattering in the HERA kinematic domain and
it may be necessary to reduce z by at least one order of magnitude to observe unambiguously
such effects. However, the amplification obtained with heavy nuclear targets allows an effec-
tive reduction of about two orders of magnitude in @ making it feasible to explore such
nonlinear effects at the energies available at HERA. The question of nonlinear effects is one
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of the most fundamental in QCD. It is crucial for understanding the kind of dynamics which
would slow down and eventually stop the rapid growth of the cross section (or the structure
function,F,) at small 2. It is also essential in order to understand down to what values of z the
decomposition of the cross section into terms with different powers of 2 remains effective. It
is important for the understanding of the relationship between hard and soft physics. One can
also study the dynamics of QCD at high densities and at zero temperatures raising questions
complementary to those addressed in the search for a quark-gluon plasma in high-energy heavy
ion collisions.

Deep inelastic scattering from nuclei provides also a number of ways to probe the dynamics
of high-energy interactions of small colour singlet systems. This issue started from the
work of Gribov [1] who demonstrated the following paradox. If one makes the natural (in
soft physics) assumption that at high energies any hadron interacts with a heavy nucleus with
cross section 2m Ry (corresponding to interaction with a black body), Bjorken scaling at small
x is grossly violated — 0,04 In Q? instead of # To preserve scaling, Bjorken suggested,
using parton model arguments, that only configurations with small p; < pro are involved in the
interaction (the Aligned Jet Model) [2]. However. in perturbative QCD Bjorken’s assumption
does not hold — large p, configurations interact with finite though small cross sections (colour
screening), which however increase rapidly with incident energy due to the increase of the gluon
density with decreasing x. Hence again one is faced with a fundamental question which can
only be answered experimentally: Can small colour singlets interact with hadrons with cross
sections comparable to that of normal hadrons? At HERA one can both establish the z.Q?
range where the cross section of small colour singlets is small — colour transparency, and look
for the onset of the new regime of large cross sections, perturbative colour opacity.

Another fundamental question to be addressed is the propagation of quarks through
nuclear matter. At large energies perturbative QCD leads to the analogue of the Landau-
Migdal-Pomeranchuk effect in quantum electrodynamics. In particular Baier et al. [3] find
a highly nontrivial dependence of the energy loss on the distance, L. travelled by a parton
in a nuclear medium: the loss instead of being x L is « L2. Several manifestations of this
phenomenon can be studied at HERA.

There is also an important connection to heavy ion physics. Study of €A scattering at
HERA would be important for the analysis of heavy ion collisions at the LHC and RHIC.
Measurements of gluon shadowing at small x are necessary for a reliable interpretation of the
high p, jet rates at the LHC. In addition, the study of parton propagation in nuclear media is
important for the analysis of jet quenching phenomena, which may be one of the most direct
global signals of the formation of a quark-gluon plasma.

Current fixed target data on lepton-nucleus scattering only touch the surface of all these
effects due to the limited Q* range of the data at small z. Indeed the Q* range of these data
is too small to distinguish the contribution of the vector meson dominance behaviour of the
photon from its hard QCD behaviour at small z. The range of  and Q* in experiments with
nuclei at HERA compared to the fixed target experiments is shown in Fig. 1. It can be seen that
at HERA the kinematic range will be extended well into the deep inelastic scattering region.

To address the questions discussed above we identify the primary experimental programme
for nuclei in HERA as:

o Study of the = and Q* dependence of nuclear shadowing over a wide Q* range.
This will allow the processes limiting the growth of F; as x tends to zero to be studied in detail.
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Figure 1: The kinematic region covered by experiments at HERA compared to fixed target
data (shaded region).

¢ To establish the difference between the gluon distributions of bound and free
nucleons. This will allow the part played by gluon fusion in the shadowing process to be
studied directly.

e Study of diffractive processes: to see if (he pomeron generated by nuclei shows any
difference from that generated by free nucleons. Processes such as vector meson production
can also be used to search for colour transparency.

¢ Study of hadronic final states. This allows the propagation of partons in the nuclear
medium to be studied as well as the multiplicity fluctuations discussed later.

The proceedings of Working Group 8 are organised as follows. First we give an experimental
overview in which we demonstrate the feasibility of carrying out this experimental programme.
Then we give a theoretical overview in which we explain the relevance of the programme to
QCD. Finally, we give the detailed contributions on different topics which demonstrate the
depth of the physics interest. The proposed measurements in the main will be possible with
the existing detectors H1 and ZEUS measuring down to low Q* and with luminosities at the
level of 1-10 pb™" per nucleon. The contribution of Chwastowski and Krasny [4] shows that if
the detectors could extend their rapidity coverages various experiments of interest to nuclear
structure physicists become feasible.
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2 Experimental Overview

2.1 Introduction

In the following subsections the feasibility of the measurements defined above as the primary
experimental programme is investigated. The nuclear targets should each have Z/A of 1/2.
Hence the energy of each nucleon in a deep inelastic collision will be half that of the HERA
proton energy of 820 GeV i.e. 410 GeV. The electron energy is assumed to have the standard
value of 27.6 GeV. We show that most studies can be carried out with the existing detectors
requiring luminosities between 1-10 pb~! per nucleon. While the possibility of storing heavy
nuclei up to Sn and Pb is very attractive, a program covering the light isoscalar nuclei (D, *He,
C, S) would by itself have a major discovery potential. The necessary radiative corrections are
described in the contributions of Kurek [5] and of Akushevich and Spiesberger [6] who show
that such corrections can be kept under control using suitable cuts on the data. In most of the
experiments it is proposed to measure ratios of vields. Hence, in order to minimise systematic
errors, it is desirable to store different nuclei in HERA simultaneously. Otherwise frequent
changes of the stored nucleus in the beam will be necessary.

2.2 Shadowing Measurements Using Nuclei in HERA

The accuracy of shadowing measurements for an experiment in which nuclear targets are stored
in HERA is calculated. It is shown that for luminosities of 2 pb~! per nucleon the measurements
would extend considerably the accuracy and range of the existing data.

The z dependence of the differences in the nucleon structure function between bound and
free nucleons has been well measured in recent vears in fixed target experiments [7, 8,9, 10,
1] following the discovery of the differences in the 1980s (12, 13, 14, 15, 16]. The present
experimental situation on this = dependence is briefly summarised in Fig. 2. However, the Q*
dependence is not well measured. In the shadowing region the data are at such low Q? values
that they are arguably not even in the deep inelastic regime.

There are many different models [17] for the effects in the different regions shown in Fig. 2
which are all compatible with the existing data. In the shadowing region the Q? range of the
data is insufficient to separate the different contributions from the vector dominance behaviour
of the photon and QCD effects such as parton fusion. Measurements over the extended ¢ and
@ ranges, which would become possible at HERA, will give more information to help separate
the models and help us understand the phenomena which limit the rise of the nucleon structure
function F at small z; e.g. see references [18, 19].

Is it feasible to study shadowing in HERA?

To answer this question we assume that nuclear beams can be stored in HERA and lumi-
nosities of 2 pb~! per nucleon, shared between 2 nuclear targets, can be achieved (i.e. 2/4 pbh~!
per nucleus, where A is the atomic weight). With this definition of luminosity, rate computa-
tions should use cross sections per nucleon. The counting rates in bins of Q* and x are then
estimated to assess the statistical errors on the measurements of the ratios of Fj'/FP where
the nuclear targets are assumed to be He, C or S. The cross sections are calculated from the
one photon exchange formula

890




I xem + °1'1
A XeD-E 665 (1992)(3)

© Co/D~-NMC (1394
¢ C/D- NMC ’Iw;‘{ﬂ
06l \ L, i .NID—S}\ACIW"
1074 1072 1072 107! 1

X

Figure 2: Partial compilation of results for F*/FP (from [8]). Note that below z ~ 0.01. the
average Q* value of the data is smaller than 2 GeV2.
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The nucleon structure functions, F, and R, are computed from the MRS(A) set [20]. Deep
inelastic scattering events are assumed to be detectable with 100% efficiency if the scattered
electron energy E' > 5 GeV and its scattering angle is more than 3 degrees to the electron
beam. Alternatively events are assumed to be detectable with 100% efficiency if a quark is
scattered out by an angle of more than 10 degrees to the proton beam and with an energy more
than 5 GeV. Nuclear effects on the structure functions are neglected. Such effects, which are
at the 10% level, will have little effect on the statistical accuracy of measurements of ratios of
structure functions, Fj'/FP.

Fig. 3 shows the estimated statistical errors on the ratios (averaged over Q?), with these
assumptions, together with the measurements of the NMC [8]. In many cases the statistical
errors are < 1% i.e. smaller than the sizes of the points. It can be seen from Fig. 3 that this
statistical precision will allow high accuracy measurements of the shadowing ratios down to
lower z values than in fixed target experiments and over a much wider range of Q2.

Fig. 4 shows the statistical precision of the slopes d(F3'/FP)/dIn Q* estimated at HERA
compared to the NMC data. Impressive precision is possible at HERA, presumably due to the
much larger @? range covered. Measurements over such a large Q* range will allow the precise
predictions of the parton fusion model to be tested.

If at least two different nuclear targets can be stored in different bunches in HERA during
experimental running the systematic errors should be similar in magnitude to those in fixed
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target experiments [7]. Radiative corrections for deep inelastic scattering from heavy nuclear
targets will be necessary and these will be applied with the appropriate cuts on the data as
discussed in these preceedings [5, 6).

In conclusion. measurements of the ratios (F§*/FP) at HERA will extend the data to smaller
values of # and much larger values of @* than in fixed target experiments. Impressive precision
on the Q? dependence will be possible from which the mechanism which leads to the limitation
in the rise of F; at small z and large Q? can be studied.
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Figure 3: Ratio of the nucleon structure function in carbon to that in deuterium as a function
of z. The NMC data [§] (open squares) are shown in comparison to data with the estimated
statistical accuracy of an experiment of luminosity 1 pb~" per nucleon at HERA,

2.3 The Accuracy of The Gluon Density Measurements Using Nu-
clei in HERA

2.3.1 Introduction

The major contribution to shadowing from nonlinear QCD effects is thought to arise from
multigluon interactions such as gluon fusion effects. Such effects are amplified at higher = in
nuclei due to the larger target size so that they should become visible in the HERA kinematic
range. Similar effects are expected to limit the growth of the nucleon structure function F,
at high Q* and low . Hence it is interesting to look for such effects directly on the gluon
distribution by looking for differences between the gluon density in bound and free nucleons.
Different ways of doing this are studied below.
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Figure 4: The slopes d(F#/FP)/dIn Q* as function of z showing the NMC data [7] (open
squares) and the statistical accuracy of an experiment with 1 pb™" per nucleon at HERA.

Figure 5: The processes giving rise to 2+ 1 jet topology. P denotes here the projectile particle,
a proton or a nucleus, Q* is the four-momentum transfer and « is the Bjorken variable.

2.3.2 Determination of the Gluon Density in the Nucleus from the Jet Rates

In the majority of large Q* deep inelastic electron-nucleus scattering events, at HERA, the
scattered quark and the remnant of the nucleus will hadronize to form two jets. Such a topology
is often called the | + 1 jet configuration. Occasionally, however, more jets will be produced.
In Fig. 5 the partonic processes giving rise to the 2+ 1 jet topology are shown. These processes
are called “boson-gluon fusion” (process a) and “the QCD Compton scattering” (processes b).

The 2+ 1 jet events can be related to the partonic processes shown in Fig. 5 if the invariant
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mass of the system of two jets 5 = (pers + Pjer2)? is significantly larger than the typical scale
of the strong interactions, so that perturbative QCD can be used. The contribution of these
processes to the total cross section depends upon the value of the coupling constant as defining
the strength of quark-gluon coupling and upon the momentum distribution of the incoming
gluon (quark). The fractions of the parent bound nucleon momentum carried by the incoming
partons, T, are constrained by the value of z. the total hadronic mass, W, and the invariant
mass of the two jet system :

2, =T +35/W (2)

For values of 5/W? > 0.01, the values of z,,; must be large. In this kinematic domain the par-
tonic distributions in bound nucleons have been well measured in fixed target experiments [17].
Thus, the coupling constant, a,, can be derived from the measured rate of 2 + 1 jet events.
In turn, we shall be able to use this a, value to determine the gluon momentum distribution
at smaller z,. corresponding to small values of both « and 5/W? (note that at small z the
contribution of the QCD Compton processes (Fig. 5b.c) to the total “2+1" jet cross section is
expected to be small). Such an analysis has been recently carried out by the H1 collaboration
[21] using deep inelastic electron-proton scattering data collected at HERA. The systematic er-
rors of the resulting gluon density are large and to some extent uncertain. They are dominated
by the uncertainties in relating the measured rate of observed jet topologies to the basic QCD
processes involving quarks and gluons. Unfolding the gluon densities involves modelling the
hadronisation of the quarks which is necessary for simulating the detector effects but is only
weakly constrained by the data. In addition several jet algorithms can be used leading to differ-
ences in jet counting. There exist as well ambiguities in the QCD calculation of the processes
shown in Fig. 5. The amplitudes of the processes y°g — jet, + jety and g — jet; + FE
have poles corresponding to the collinear emission of jets with respect to the direction of the
incoming gluon (77) and to the emission of jets of small invariant mass. Since one must use
fixed order perturbative QCD, jets reconstructed in phase space close to the poles must be
avoided to diminish the sensitivity to higher order terms which have so far not been calculated.
This can be achieved by using only jets of high invariant mass (3 > 100 GeV?) and by rejecting
events in which one of the jets is emitted at a small angle with respect to the incoming proton
direction. In the region of small 5 the jet rates calculated using leading order and next to lead-
ing order approximations are significantly different [22] indicating that higher order corrections
are necessary for an unambigous determination of the gluon density.

Will it be possible to use the jet method to determine the gluon density in nuclei given
the uncertainties described above and at the same time adding the extra ambiguity related
to jet formation in the nuclear medium? Most likely it will be difficult to obtain satisfactory
precision in measuring the absolute gluon distributions in the nuclei. However, we expect that
good precision can be achieved in measuring the ratios of gluon distributions for various nuclei.
The uncertainties due to the jet finding algorithms and to the modelling of the hadronisation
processes will largely cancel in the ratios if high energy jets are used. High energy jets are
expected to be formed outside the nucleus. In addition we shall be able to select jets in the
restricted phase space region where the effects of rescattering of slow particles belonging to the
jet but formed inside the nucleus are small. The energy loss of quarks and gluons traversing
the nuclear medium prior to hadronisation is expected to be below 350 MeV/fm according to
the estimation of [3] and should not give rise to large errors on the gluon density ratio. The
expected statistical precision of the measurements of the ratio of the gluon densities for two
nuclei of atomic numbers Al and A2 is shown in Fig. 6. It corresponds to a luminosity of 10
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Figure 6:  Statistical precision of the ratio of gluon densities in two nuclei

enG(an, Ar)/2GlzN, A2) at Q? = 30 GeV? determined from the “2417 jet sample.

pb=!/A for each nucleus. In estimating this statistical precision we have followed the jet and
kinematic region selection of [21] and neglected all nuclear effects. We also assume that the
contribution of the QCD Compton process can be unambigously subtracted. The zy variable
is the fraction of the bound nucleon momentum carried by the gluon. It is clear that good
statistical precision on the measurement of the ratio of the gluon densities can be achieved at
modest luminosities.

2.3.3 The Gluon Distribution in Nuclei from Scaling Violations

The gluon distribution can also be determined from the deviations from scaling of the structure
function F,. We estimate the accuracy of such a determination of the gluon density for bound
nucleons in an experiment with nuclear beams in HERA. The scaling violations of F are
strongly related to the gluon distribution of the target nucleon at small r values. The quantity
dFp dFf

_ dmQ@? _ dm@? ;
= T — Tgk (3)

kgt

dInQ*

is sensitive to the differences of the gluon distribution in bound and free nucleons and is roughly
proportional to 6G/G where G is the gluon density at a particular z value and 8G is the
difference in gluon densities between bound and free nucleons. Hence it would be interesting
to measure this quantity in an experiment with nuclear beams stored in HERA.

To estimate the feasibility of such a measurement the accuracies of the determinations of
the slopes dF,/dIn Q* have been estimated from the expected counting rates for a 2 pb~!
per nucleon run using the MRS(A) set of structure functions [20]. The slopes were obtained
from a linear least squares fit to values of F, using the statistical errors calculated for such an
experiment with the assumptions described in section 2.2. The error in the quantity ¥ was
then obtained assuming equal statistical errors for the nuclear and deuteron targets with a 1
pb~! per nucleon run for each. The error on the slope dF} /d1n Q* for the proton was neglected
since this should be well determined from high luminosity proton running.
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Figure 7: Accuracy of the difference between the slopes of F between nuclei and deuterium as
a function of z. The smooth curve shows the calculated slope for the free proton.

The results are shown in Fig. 7. For the purpose of this figure we assume that the gluon
densities for bound and free nucleons are the same so that ¥»=0. The estimated statistical errors
are then superimposed on these values and the smooth curve shows dF}/dIn @? for comparison
computed from the MRS(A) set. Comparison of the errors on v with the values of the slope
for the proton shows that this method will be sensitive to differences in the gluon densities
between bound and free nucleons of the order of 5 per cent of the total gluon density at z in
the vicinity of 107, Hence the measurement will be quite sensitive to nuclear effects on the
gluon density.

2.3.4 Determination of the Gluon Density in the Nucleus from Inelastic .J/¢ pro-
duction

The expected accuracy of the determination of the bound to free nucleon gluon density ratio
£G|4/xG|p using nuclei in HERA is estimated for inelastic photoproduction of J/1» mesons at
Q* < 4 GeV? (eA = eXJ/0¥).

Inelastic production of J/4 mesons has been used for a long time to extract or constrain
the gluon distribution in the nucleon (see e.g. [23]-[28]), assuming that the dominant mecha-
nism is the photon-gluon fusion [29]-[32]. Within this framework, the cross section is directly
proportional to the gluon density. These calculations have been affected in the past by large
normalisation uncertainties (up to factors of 2-3), which however have been greatly reduced
recently [33]. Inelastic J/v production dominates at values of z. the fraction of the photon
energy carried by the meson in the nucleon rest frame, smaller than = 0.9. In the framework of
the colour singlet model [32], the gluon distribution is probed at a value of z, the fraction of the
proton’s momentum carried by the gluon, x = [mf/u/: +p/z(1 = z)]/W?2, where p; is the J /v
transverse momentum with respect to the virtual photon direction and W' is the photon-nucleon
centre-of-mass energy. The scale probed by this process is approximately milw ~ 10 GeV?.
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Fig. 8 shows the expected statistical accuracy as a function of log,gz for an integrated
luminosity of 10 pb=!/A. Decays into ete~ or uFp~ pairs have been assumed. The plot refers
to the kinematic region Q* < 4 GeV?, z < 0.9. Nuclear effects have been neglected in the
evaluation of statistical accuracies.

Possible sources of systematic uncertainties are the luminosity, the branching ratio, the
global acceptance (including trigger and reconstruction efficiency, muon or electron identifica-
tion etc.), the feed-in from v’ production and the contamination from resolved photon events.
In the recent H1 [26] and ZEUS [27] analyses, the total systematic uncertainty is approximately
10-20%. By and large all the above contributions would cancel in a ratio for simultaneously
stored nuclei, with the partial exception of the luminosity. In practice, for an integrated lumi-
nosity of 10 pb~!, the statistical uncertainty dominates.

= inelostic photopraduction of J/psi (10 po—1/A)
5
*
2 VNE
X 03 F
%]
x 08 1 L | L™
- -15 =3 -2 =% -18 -1

l0g,ox
Figure 8: Expected statistical accuracy (vertical error bars) on the ratio 2G|s/zG|p as a
function of log,, = using inelastic photoproduction (Q* < 4 GeV?) of J/y mesons. An integrated
luminosity of 10 pb='/A for each nucleus has been assumed. The horizontal bars indicate the
size of the bins.

2.4 Diffraction from Nuclei in HERA
2.4.1 Introduction

The measurements of the ZEUS and H1 collaborations [34, 35] of deep-inelastic electron-proton
scattering have revealed the existence of a distinct class of events in which there is no hadronic
energy flow in an interval of pseudo-rapidity, 1. adjacent to the proton beam direction i.e.
events with a large rapidity gap. Such events are interpreted as deep inelastic scattering from
the pomeron, IP. Studies of events with a large rapidity gap from nuclear targets will allow the
structure of the pomeron from a different source than the free nucleon to be determined. It will
be interesting to see if these structures differ. In addition, the study of diffractive vector meson
production will be interesting to search for the phenomenon of colour transparency. Such a
phenomenon has not yet been convincingly seen although it is predicted in QCD.

2.4.2 Expected Accuracy of the Measurements of the Pomeron Structure

We commence by describing the terminology surrounding measurements of the Pomeron struc-
ture. In our studies we shall use the four variables Ba, Q% x4 and t4, or equivalently 3,4, Q2,
zp.4 and t4, which are defined as follows:

—qz q'(P_P') 2 2 —(12 12
= — = — =—q5 3 = — ta=(P— . (4
T4 Pq Ipa P Q q%  Pa W P_P) (P - P2 (4)
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Here g, P and P’ are, as indicated in Fig. 9, the 4-momenta of the virtual hoson, incident
nucleus and the final state colourless remnant Y respectively, The latter can be either a
coherently recoiling nucleus or any incoherent excitation of the nucleus carrying its quantum
numbers. The variables in equation (4) are related to each other via the expression:

T4 = Bazp4. (5)

We also introduce, in order to allow the comparison of measurements with nuclei of different
atomic number A, the variables:

r=r4-A Tp=zps-A B=84 t=1ti. (6)
Note that relation (5) rewritten in terms of the above variables still holds i.e.
T = frp. (7)

The A-rescaled variables can be directly related to the variables defined in [36, 37] retaining
their interpretation, as was given there, for processes in which only one nucleon of the nucleus
interacts with the electron and the nucleon’s Fermi momentum can be neglected.

The variables x p 4, zp and 3 can be expressed in terms of the invariant mass of the hadronic
system X, My, the nucleus mass, M4, and the total hadronic invariant mass W as

Q+Mi -t Q+M;

AT mywiaE Y g (8)
2 Ar2

— 9%;"—«‘1 )

B =B, g° s (10)

TOEME -t Qe

In the kinematic domain which we shall consider here (M2 <« W? and |t |< Q?, [t|< M%)
zp 4 may be interpreted as the fraction of the 4—momentum of the nucleus carried by the IP
and /3 as the fraction of the 4-momentum of the IP carried by the quark interacting with the
virtual boson. Note that in the interactions in which only one nucleon takes part, rp can be
interpreted as the fraction of the 4-momentum of this nucleon carried by the IP.

We shall follow in our analysis the formalism defined in [36, 37] and introduce the diffractive

structure function Fﬂ” as a function of three kinematic variables, derived from the structure

function Fff,(,“. This latter structure function depends upon four kinematic variables chosen
here as: z, Q% zp and t and is defined by analogy with the decomposition of the unpolarised

total €A cross section. The total cross section can be expressed in terms of two structure
D(4)

: D(4) Fa :
functions F, ;"' and 21+ AT, 1D the form

d*easexy ima® { v } D) 3 2
¥E =A. l—y+ Fyy'(3.Q% zp,t), (11)
da:dQ’dJ‘pdf IQ" y 2[] + Rg(.l)(g‘ Qz.-l'p.l)] 2,A

in which y = Q?/sz4 and s is the eA collision centre of mass (CM) energy squared. We shall _—

discuss here the low y region and neglect the term containing RRH).
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Figure 9: The diagram of the process with a rapidity gap between the system X and Y. The
projectile nucleus is denoted here as p.
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We shall consider in the following measurements of d—;%l. from which the structure

function Fff’(d, Q% zp)=[ Ff,ﬁ“(,?,Q".x,:. t)dt can be derived. The integration is over the
range |tmin |<[t|<|t|m where t,i is a function of Q% W2, 3 and the mass of the the system
Y. and [ |, is specified by the requirement that all particles belonging to the system Y remain
undetected. The structure function F'ﬂa) will thus be derived from

dsdﬂi-&u\’)’ 47['02 y2 D(3), - Ps
o By SR . T 5
dIszd:l‘p J’Q" l—y+ 2 [‘_'7_‘ (3.Q% xp) (12)

The structure function F;ﬁa)(d,Qz.rp) can be measured at HERA using a sample of “ra-
pidity gap” events i.e. events in which there is no hadronjc energy flow over a large 7 interval,
These events originate from coherent diffractive scattering (¢A — eA + Xy//) and from inco-
herent diffractive scattering (eA — e(A—N)+ N + Xaiyz). N denotes here the nucleons ejected
from the incoming nucleus. The measurement of F,’?_(‘sl(‘.i. Q* zp) for several nuclei, separately
for coherent and incoherent processes [4]. will provide an important test of the quark parton
interpretation of diffractive processes and a unique means to find out how universal is the
concept of the pomeron.

We propose to measure the ratio of the structure functions
Raya2(3.Q% zp) = F{iﬁ)(d. QZ.Jpl/ff,(,;)(J. Q. rp), (13)

where Al and A2 denote the atomic numbers of the {wo nuclei. This ratio can be measured at
HERA with a very high systematic accuracy. The statistical precision of such a measurement
will be of the order of 5 %, if luminosities of 10/A41 and 10/A42 pb=! are collected for each
nucleus. This is illustrated in Fig. 10 where we show, as an example, R4y 45 at Q2 = 12 GeV?
as a function of 4 and zp. In order to estimate the statistical precision of the measurement we
have used the RAPGAP (38] Monte-Carlo and have assumed the event selection procedure of
[36, 37]. We have not tried to model the nuclear dependence of the Ff_ﬁ,’(x. Q% rp) resulting
in the ratio shown in Fig. 10 to be equal 1.

Several distinct hypotheses concerning the deep inelastic structure of the diffractive pro-
cesses can be verified (rejected) by measuring the R4y 4,:

® universal (independent of the source) pomeron structure and an A-independent pomeron
flux leading to

Rara2(3,Q% zp) = 1 (14)
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Figure 10: The ratio Ry 42(/3. Q* zp) plotted as a function of zp for fixed values of 3 and Q2.
The error bars correspond to a luminosity of 10/41 and 10/A2 pb~! for each nucleus.

¢ universal pomeron structure and an A-dependent pomeron flux leading to
Rar42(3.Q% zp) = f(AL A2); (13)

e A-independent pomeron flux and a parent nucleus dependent pomeron structure. In a
model of this type [39] the ratio R4 4 can be expressed using the nuclear structure
functions F 4(x, Q?) measured in inclusive electron nucleus scattering

Rara2(8.Q% 2p) = Fyn(3 - ap, Q*)/ Fraa(3 - zp, Q). (16)

2.4.3 Measurement of the A-dependence of the Fraction of Rapidity Gap Events

One of the simplest measurements which could discriminate between the two pictures of pomeron
formation proposed in [39, 40] and unresolved by the diffractive e€p scattering data, is the mea-
surement of the A-dependence of the fraction of the number of rapidity gap events with respect
to the total number of deep inelastic scattering events:

Nyap(AL) [ Nigr( A1)
Ryap(Al, A2) = 22000/ toth? ] T
e ) Nyap(A2)/Nior(A2) (17

In the model of [39] the pomeron is replaced by multiple soft colour exchanges between the
quark-antiquark pair into which the virtual photon has fluctnated and the target nucleus, In
this model the ratio R,,,(Al, A2) is expected to be 1. This is in contrast to the prediction
of the colour singlet exchange model [40] in which the ratio Rgap( AL, A2) can reach a value of
3 between nuclei with atomic numbers Al and A2 differing by 200. In order 1o illustrate the

900




(Ngop(A1 xpom)Ntot(A2))/(Ngop(A2,xpom)sNtot (A1)

o0es - ‘

0.96

T

\
Q2 >2GeVas2, t < 0.5 GeVes2, beta > 0.0

ey 1 i !
28 -3 -275 -28 -228 -2 ~-17% -15% -1.25

. g

-

Figure 11: The integrated ratio Ryap(Al, A2) plotted as a function of zp. The error bars
correspond to a luminosity of 1/Al and 1/A2 pb~! for each nucleus.

statistical precision of such a measurement we show in Fig. 11 the values of Rj,(Al. A2) and
their statistical errors.

The statistical precision of Ry.p(Al. A2) is dominated by the statistical precision of Nyup(Al)
and N,.p(A2) and was determined with help of the RAPGAP [38] Monte Carlo by counting
events generated within the kinematic domain defined by the following boundaries: Q*>2
GeV?, |t] < 0.5 GeV? and 3 > 0.05. The ratio shown in Fig. 11 was set to unity as we have
not tried to model the nuclear dependence of the Ryep(Al, A2). We observe that statistical
precisions of =~ 2 % can be reached by collecting integrated luminosity of 1/A pb~! for each
nucleus. The systematic errors, as for the measurement of F.f:n(,d.Qz.Ip) are expected to
be smaller than the statistical errors if two nuclei are stored simultaneously at HERA. This
measurement, even if carried out for two light nuclei, can easily rule out one of the two models
of pomeron formation.

2.4.4 Elastic Vector Meson Production

We present the accuracy expected for exclusive photoproduction of J/i mesons at Q* < 4 GeV?
(eA — eAJ/y) and exclusive production of p° mesons at Q% >4 GeV? (ed = eAp).

As discussed in detail later, elastic (or exclusive) production of vector mesons in the reaction
ep — epV, where V' is a vector meson (p°. w. &, J[1...). is thought to be of a diffractive nature.
Recent calculations (cf. e.g. [41,42, 43, 44, 45]) indicate that the cross section for these processes
may depend on the gluon momentum distribution #G(z) probed at a value of Z, the fraction
of the nucleon’s momentum carried by the gluon, .r ~ (Q?% + m})/W?, where my is the vector

meson mass and W is the photon-nucleon centre-of-mass energy.

We have determined the statistical accuracy with which the ratios
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1 do?/dt|i=0

o= doP | dl}io

(18)

can be determined for *He, '2C, **S and 2**Pb. Fig. 12 shows the results for J/v» production.
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Figure 12: Expected statistical accuracy (vertical error bars) on the ratio R:-/z for elastic
photoproduction (Q* < 4 GeV?) of J/¢ mesons. In all cases a luminosity of 1 pb~!/A for each
nucleus was assumed. The horizontal bars indicate the size of the bins.

We used DIPSI [46], a Monte Carlo generator based on [41] that describes the available
7ZEUS data on J/v» photoproduction. Events were generated in the range Q* < 4 GeV? and
30 < W < 300 GeV; the J/3 was assumed to decay into ete~ or utp~ pairs. Events in which
the decay leptons were outside the coverage of the barrel and rear tracking detectors of H1 and
ZEUS (approximately 34° < ¥ < 164°) were rejected. A further reduction in the number of
accepted events by a factor 0.2 was applied to account for efficiency and acceptance effects: this
factor was taken to be independent of z.

Only statistical uncertainties are shown. Possible sources of systematic uncertainties are
the luminosity, the branching ratio, the global acceptance (including trigger and reconstruction
efficiency, muon or electron identification etc.), the contamination from incoherent events, the
feed-in from inelastic J/y production (a la photon-gluon fusion) and the feed-in from ' pro-
duction. All the above contributions would largely cancel in a ratio for simultaneously stored
nuclei, with the partial exception of the luminosity. In practice, for an integrated luminosity of
1 pb™!, the statistical uncertainty is expected to dominate.

Fig. 13 shows the expected statistical uncertainty for p® production at Q* > 1 GeV?. Hereas
well we used DIPSI, and the parameters were chosen so that the generator describes the ZEUS
data [47]. Events were generated in the range 1 < Q* < 100 GeV? and 30 < W < 300 GeV.
The p° was assumed to decay into w7~ pairs; pairs with masses between 0.3 and 1.4 GeV were
considered. Events in which the decay pions were outside the coverage of the tracking detectors
of H1 and ZEUS (approximately 15° < J < 164%) were rejected. A further reduction in the
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Figure 13: Expected statistical accuracy (vertical error bars) on the ratio Ri/* for elastic
production (Q* > 4 GeV?) of p mesons. In all cases a luminosity of 1 pb=!/A for each nucleus
was assumed. The horizontal bars indicate the size of the bins.

number of accepted events by a factor 0.6 was applied to account for efficiency and acceptance
effects; this factor was independent of z.

One can see from the figures that the accuracy of the measurements would be sufficient to
discriminate between the colour transparency expectation of a ratio close to unity and the vector
meson dominance expectation of the ratio By = A=%/%; ¢f. also the discussion in section 3.6.

2.5 Parton Propagation in Nuclei

This has been studied in various fixed target experiments in the past [48, 49]. It is investigated
by measuring the final state hadrons in the deep inelastic scattering. Since there will be many
more than one hadron per event in experiments at HERA the statistical errors are not expected
to be a limitation and high accuracy should be possible. This subject is considered in more
detail in section 3.7 and in [50).

2.6 Other Physics

[n addition to the primary programme for nuclear beams in HERA outlined above there will
be additional experiments which have not been explored in these studies. For example. there is
physics interest in studying photoproduction from nuclear targets in the HERA energy range
as well as sensitivity to physics beyond the standard model. Such sensitivity arises in e-nucleus
collisions via coherent two photon interactions allowing production of positive (' parity states
which will be inhibited at LEP. This is discussed by Krawczyk and Levtchenko [51].
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3 Theoretical Overview

3.1 Introduction

In this overview we describe those aspects of the phenomenology of QCD which lead to the
nonlinear effects referred to earlier. These effects are thought to be related to the mechanisms
which will eventually limit the growth of the nucleon structure function as r decreases at finite

Q.

3.2 Space-time Picture of DIS off Nuclei at Small »
3.2.1 The Rest Frame

In the rest frame of the target nucleus the life-time of a fluctuation is given by the formula

3
s myrg;’ (19)
where 8 = Q*/(Q* + M?) < 1. M is the mass of the qq system
k2 2
M2 =St (20)

z2(1=2)’
where z is the light-cone momentum fraction, k, the transverse momentum and m, the mass of
the quark. Perturbative QCD studies show that the most probable configurations are those for
which M? 2~ Q2. In the case of transversely polarised photons both configurations with small k,
and highly asymmetric fractions z and configurations with comparable z and 1 — » contribute
to the cross section. For the case of the longitudinal photons the asymmetric contribution is
strongly suppressed.

In the language of noncovariant diagrams this corresponds to the virtual photon fluctuating
into a quark-antiquark pair at a longitudinal distance [, = m‘ir from the nucleus which far
exceeds the nuclear radius. The distance l. is referred to as the “coherence length®. The pair
propagates essentially without transverse expansion until it reaches the target. QCD evolution
leads to a logarithmic decrease of 4 with increasing Q. At HERA coherence lengths of up to
1000 fm are possible, so that the interaction of the qq pair with nuclear matter can be studied

in detail - notably its transparency to small size pairs - colour transparency.

At HERA new features of colour transparency should emerge: the incident small size qq
pair resolves small z gluon fields with virtualities ~ Q*. 1f the transverse size of the qq pair is
re = by, — by , the cross section for interaction with a nucleon is [52]

2
a’l'i-.\'(Emr.) = %r?o,(QQ)rg,\'(.r,Qz), (21)

where Q% = i\;(-,’—’./\(r =107 =9,r= F\Qﬁ Since the gluon density increases rapidly with
decreasing z, even small size pairs may interact strongly, leading to some sort of perturbative
colour opacity — the interaction of a small object with a large object with a cross section
comparable to the geometric size of the larger object (Fig. 14).

Unitarity considerations for the scattering of a small size system [44] - i.e. the requirement
that 0y,.1(qq, target) < TR}, 5o — indicate that nonlinear effects (i.e. effects not accounted for
by the standard evolution equations) should become significant at much larger values of z in
€A scattering than in ep scattering.
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Figure 14: Colour-dipole cross section, ogan(x,b) of Eq. (21), as a function of the transverse
size of the qq pair for various values of z and for the GRV94 parametrization of the nucleon’s
gluon density.

3.2.2 The Breit Frame

In the Breit frame, small z partons in a nucleon are localized within a longitudinal distance
~ 1/zpn, while the distance between two nucleons is ~ ryvmy/pny (ran is the distance
between nucleons in the rest frame and py is the nucleon momentum). Therefore partons with
r < 1/(2mnra), wherery = 1oAY fm is the nuclear radius and ro = 1.1 fm cannot be localized
to better than the whole nuclear longitudinal size. Hence low z partons emitted by different
nucleons in a nucleus can overlap spatially and fuse, provided the density is high enough,
leading to shadowing of the partonic distributions in bound nucleons with respect to the free
nucleon ones and to nonlinear effects already at values of r ~ 10~* =102, For example, in the
simplest model of nonlinear effects corresponding to the fan diagrams of Fig. 15, the additional
contribution dga(z, Q%) to gal(x,Q?) due to the nonlinear term in the equation for the Q%
evolution of the gluon density is [19]:

) 0 bxga(z.Q? 81 A3 1 d
@ty = g @ [ 5 bt @ (22)

The analogous equation for the gluon density in the nucleon has a much smaller coefficient —
approximately by a factor r2/r3, AV3, where vy ~ 0.8 fm is the nucleon radius. Once again
one can see then that the z-range where nonlinear effects become significant differs for a heavy

nucleus and for a nucleon by more than two orders of magnitude, assuming rgn(z,Q?) x z"
with n ~ —0.2.

Thus electron-nucleus collisions at HERA can be seen as efficient amplifiers of nonlinear

QCD effects.
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Figure 15: Typical fan diagrams leading to nonlinear evolution of ga(, Q.

3.3 Theoretical Framework for Small + Phenomena in ¢4 Collisions
3.3.1 Perturbative and Nonperturbative Shadowing

At small z the DIS cross section per nucleon in a nucleus is smaller for a bound nucleon than for
a free one, the so called shadowing phenomenon. Shadowing is determined by a combination of
non-perturbative and perturbative effects. In the DGLAP evolution equations one can express
shadowing at large Q7 through the shadowing at the normalization point Q3. This type of
shadowing is connected to the soft physics. It can be visualized e.g. in the aligned jet model of
Bjorken [2], extended to account for QCD evolution effects [53]. A virtual photon converts to a
qq pair with small transverse momenta (large transverse size) which interacts with the nucleus
with a hadronic cross section, leading to shadowing. The effective small phase volume of these
configurations (o 5\7) leads to Bjorken scaling and it is due to colour transparency [53].

At large Q*, these qg pairs evolve into systems with gluons, leading to a shift of shadowing
to smaller z, which is equivalent to the standard Q? evolution of parton distributions. These qq
pairs, which interact with the target nonperturbatively, seem to be responsible for most of the
shadowing at intermediate Q* and = ~ 10~2 which has been studied at fixed target energies.
This mechanism of shadowing is effective for o only since for o, the aligned jet contribution
is strongly suppressed. For o (as well as for the production of heavy quarks) one is more
sensitive to the shadowing due to the interaction of small size qq pairs with the nuclear gluon
field which can be shadowed.

At smaller z the situation may change rather dramatically because. as the recent HERA data
indicate, already for Q* ~1.5 GeV* at = ~ 10~ perturbative contributions to Fz,(z, (Q?) appear
to become important, leading to a rapid increase of the structure functions with decreasing z.
Hence contributions of various perturbative mechanisms which may generate shadowing for
configurations of a size smaller than the hadronic size may become important. Perturbative
QCD may be applicable to those small size pairs. Typical contributions involve diagrams of
the eikonal type, various enhanced diagrams, etc. (Fig. 15,16).

3.3.2 Shadowing and Diffraction

In practically all models it is assumed that nuclei are built of nucleons. So the condition that
the matrix element < A|T[J,(y)J.(0)]|4 > involves only nucleonic initial and final states is
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Figure 16: Examples of typical perturbative QCD diagrams contributing to nuclear shadowing.

implemented!. Under these natural assumptions one is essentially not sensitive to any details
of the nuclear structure, such as short-range correlations etc.

In the case of scattering off the deuteron and light nuclei the same diagrams contribute to
the cross section for diffraction in ep scattering and the cross section for shadowing — hence
similar nonlinear phenomena like those described by eq.(22) are involved in each case. For
example for the deuteron [1]:

" dogyyg(ep)
- o Ooi(€D) — 201, (eN) o = dt = =0 1 (23)
shad = U(C.V) = aml((p) STI'R?)) ' ¢

where R = (L:;—:;% A= ReA/ImA = %(‘,ll'r“: for the amplitude A of 4*p scattering and Rp
is the deuteron radius. For small z, A may be as large as 0.5, leading to R ~ 0.5 especially
for the case of the longitudinal cross section. So already for light nuclei the study of the
total cross sections of scattering from nuclei would allow to establish a fundamental connection
between the two seemingly unrelated phenomena of diffraction at small t in ep scattering and
nuclear shadowing. With the increase of A more complicated nonlinear interactions with several
nucleons become important, see e.g. Fig. 16b.

Nuclear shadowing for the total cross sections has a simple physical meaning - it corresponds
to a reduction of cross section due to screening of one nucleon by another ( as well as by several
nucleons for A > 2). If one treats the deuteron as a two nucleon system it is possible to apply
the Abramovskii, Gribov, Kancheli (AGK) cutting rules [53] to elucidate the connection
between nuclear shadowing, diffraction and fluctuations of multiplicity. One observes
that the simultaneous interaction of the 4= with the two nucleons of the deuteron modifies not
only the total cross section but also the composition of the produced final states. It increases
the cross section for diffractive scattering off the deuteron due to diffractive scattering off both
nucleons by §oyi; = Gghaa. At the same time the probability to interact inelastically with one
nucleon only is reduced since the second nucleon screens the first one: do, . = =404 In
addition, a new process emerges in the case of the deuteron which was absent in the case of
the free nucleon - simultaneous inelastic interaction with both nucleons which leads to a factor
of two larger multiplicity densities for rapidities away from the current fragmentation region:
Tdouble = 204had. Altogether these contributions constitute —o,4.4, the amount by which the
total cross section is reduced 2.

!The condition that nuclei are built of nucleons is not so obvious in the fast frame picture. However it i1s
implemented in most of the models [19, 54].
?For simplicity we give here relations for the case of purely imaginary ° N amplitude =4 = 0.
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To summarize, there is a deep connection between the phenomena of diffraction observed at
HERA in ep scattering and nuclear shadowing as well as the A-dependence of diffraction and
the distribution of the multiplicities in DIS.

It follows from the above discussion that it is possible to get information about the dy-
namics of nuclear shadowing and hence about nonlinear effects by studying several key DIS
phenomena such as: nuclear shadowing for inclusive cross sections F3, ey F,““"“""; the cross
section for nuclear diffraction: the multiplicity distribution for particle proJuction in the central
rapidity range; diffractive production of vector mesons. The advantage of the latter process is
that one gets a rather direct access to the interaction of a small colour dipole with matter. It
is in a sense an exclusive analogue of o, which is easier to measure.

3.4 The A-Dependence of Parton Distributions at Small

As discussed above, the nucleus serves as an amplifier for nonlinear phenomena expected in
QCD at small z. The simplest example of such effects is given by equation (22) where the
nonlinear term is proportional to the square of the nucleon gluon density. If shadowing were
absent the parton densities per unit transverse area would be enhanced by a factor A3 as
compared to the free nucleon case. Hence even just an upper limit on the parton densities
based on unitarity — that the cross section for the inelastic interaction of a small dipole with
a nucleus may not exceed o, = mh% - leads to the expectation of nonlinear phenomena -
shadowing of an observable magnitude - already at = ~ 107 = 10* [44].

Hence, from detailed studies of the A-dependence of the parton densities it would be possible
both to check the dominance of the two-nucleon screening mechanism for r ~ 1072 [56, 57] and
to extract information about the coherent interaction of the virtual photon with three (four)
nucleons at r < 1072,

For z > 1072 for any nucleus and for all z for light nuclei, the main contribution to shadowing
is given by the interaction with two nucleons of the target. Hence in this regime there is a
relatively simple connection with the diffraction of a virtual photon off a proton — which is the
simplest nonlinear effect in the perturbative domain in QCD. For smaller z and heavy nuclei,
when essential longitudinal distances become comparable and ultimately exceed the diameter
of the nucleus, several nucleons at the same impact parameter contribute to the screening.
It is worth emphasizing that these multi-vacuum exchange processes cannot be singled out
unambiguously using a nucleon target. The relevant QCD diagrams for the total cross section
of 7* A interaction are rather similar to higher-order nonlinear diagrams for the proton target —
except that in the nuclear case one has to impose the condition that couplings to the individual
nucleons are colour singlets, see e.g. Fig. 15,16,

In a sense, the studies of nuclear shadowing at small = and large ()* can be considered as a
simpler model of nonlinear effects which occur in the case of a nucleon target. In the latter case
it is not easy to relate the coupling of say two vacuum exchanges (or a ladder with 4 gluons
in the t-channel) with a nucleon to the coupling of one vacuum exchange with a nucleon. In
fact the region of 10™* > z > 107" may be optimal in this respect since nonlinearities for
the nucleon case are still small though nonlinearities for the nuclear case are already quite
substantial. It is worth emphasizing that experience of the studies of the total hadron-nucleus
scattering indicates that interaction with bound nucleons for the total cross sections can well be
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Figure 17: A-dependence of nuclear shadowing and probability of rapidity gap events in the
colour screening model of shadowing; dot-dashed curve assumes A-independent probability of
rapidity gap events.

approximated by the interactions with free nucleons (for a recent analysis see [58]). Therefore
nuclear structure effects do not obscure the interpretation of nuclear shadowing effects.

Using current information from HERA on diffractive production in ep scattering it is
straightforward to estimate the amount of nuclear shadowing at small z taking into account
interactions with 3 or more nucleons using the eikonal approximation with an effective cross
section determined from diffractive data, see eq.(24) below. The result of the calculation [40]
is shown in Fig. 17 for Re/Im = 0; for A > 12 it weakly depends on the value of Re/Im.
Since the data on diffraction indicate that the fraction of diffractive events in DIS weakly de-
pends on z,Q* these considerations show that significant shadowing effects should be present
for F(z,Q*) in the wide small z range of HERA. Note that the shadowing effect in DIS is
expected to be much smaller than for the case of real photon scattering since the effective cross
section for interaction of the hadron component of quasi-real photon at HERA is a factor of
~ 3 larger than for a highly virtual photon (we use here the HERA data on diffraction for real
photons [59]).

Since the interaction of the octet colour dipole gg is a factor of 9/4 stronger than for the
qq dipole, nonlinear effects are expected to be more important for gluons. So gluon shadowing
would provide even more direct access to nonlinear phenomena. Note that in this case there is
no simple relation of shadowing with diffraction in y* + p DIS, so any information about gluon
shadowing would be complementary to the information from ep DIS. There are very few data
on the gluon distribution in nuclei. Among them, the enhancement of the gluon distribution
at  ~ 0.1 indicated by the inelastic J/v production data [25]. Also the analysis [60] of
the scaling violation for the ratio 3" /FS [11] under the assumption that higher twist effects
are not important in the Q* « range of the data allows to extract information about the A-
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dependence of gluon distributions, indicating some nuclear shadowing for G4 for = < 0.01 and
an enhancement at = ~ 0.1, see Figure in [60]*. Theoretical expectations for gluon shadowing
discussed in the literature are quite different — from a larger effect than for ;! [63], to an effect
comparable to that of quarks [62, 61, 64, 65] to substantially smaller shadowing [66]; see also
contributed papers to these proceedings.

Comparison of different determinations of shadowing of gluons and measurements of the
scaling violation for the F3'/F ratios will allow to determine the range of applicability of the
DGLAP evolution equations and hence provide unique clues to the role of nonlinear effects.

It is worth emphasizing also that knowledge of parton distributions in bound nucleons at
these values of z will be crucial also for studies in heavy-ion physics at the LHC and RHIC.

3.4.1 BFKL Pomeron

One can envision several strategies for the study of the BFKL Pomeron in DIS. The main
requirement is to enhance the contribution of scattering of small transverse size configurations
in the ladder. It is natural to expect that screening for these configurations would be minimal.
Hence for heavy nuclei the contribution of the BFKL Pomeron can be enhanced.

1. A procedure can be envisioned to study the A-dependence of Fj'(z,Q*) at small z to
extract the term in the structure functions o A and then study its r dependence. Based
on the above argument A.Mueller has suggested [67] that the = dependence of this term
(linear in A) would be closer to BFKL type behaviour.

2. One promising direction to look for the BFKL pomeron is the Mueller-Navalet process of
producing two high p; jets with large a rapidity difference [68] to suppress the contribution
from small transverse momenta (large transverse distances) in the ladder. In the case of
a nuclear target large distance contributions would be screened out to a large extent.

3. Another possibility is the production of p mesons at large |¢| in inelastic diffraction. To
enhance the contribution of the BFKL Pomeron it is desirable to increase the contribution
of small configurations in the p meson, i.e. quark-antiquark pairs with small transverse
separation. Large size configurations can be filtered out by exploiting the fact that they
are absorbed on the nucleus surface. Once again extracting the term in the cross section
x A would allow to enhance the contribution of the BFKL Pomeron.

3.5 Diffraction off Nuclei
3.5.1 Introduction

Diffraction studies have been defined as one of the primary goals of nuclear beams in HERA.
Such processes can be interpreted using two complementary languages depending on whether
the rest frame of the nucleon or the Breit frame are used:

o Scattering of electrons on colourless components of the proton [36, 37]. Such scattering
may be identified, for the very low z events dominated by diffraction, with the interaction with

3The shadowing for gluons should be accompanied by a significant enhancement at larger x since the total
momentum fraction carried by gluons in nuclei is not suppressed and is probably slightly enhanced [61].
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the vacuum (-channel exchange which is often referred to as the Pomeron, [P. This object
is not necessarily the same as the Pomeron of the Gribov-Regge high-energy soft interactions
(see report of the diffractive group). Deep inelastic electron scattering leading to the presence
of a rapidity gap can thus be considered as probing the internal parton structure of the /P
originating from the proton.

One of the questions of primordial importance which may be addressed within the future
electron-nucleus scattering program at HERA is then “how universal is the internal structure
of the Pomeron?” or, more precisely: “Is the internal structure of the Pomeron originating
from various hadronic sources (protons, neutrons, nuclei) the same?”. We shall show below
how nuclei may help in answering these questions.

o The diffractive interaction of different hadronic components of the virtual photon with
the target via vacuum exchange. Diffraction predominantly selects the 4* components which
interact with sufficiently large cross sections such as large transverse size g, ggg colour dipoles.
Therefore the study of diffraction plays a very important role in determining the relative impor-
tance of small and large size configurations and addressing the question whether small white
objects interact weakly or not. Indeed if the interaction with a target becomes sufficiently
strong at small impact parameters the cross section for diffraction (which includes both elastic
scattering and inelastic diffractive dissociation) would reach the black body limit of 50% of the
total cross section.

3.5.2 Theoretical Expectations

Diffraction off a nucleon (including dissociation of the nucleon) constitutes about 15-20% of
the deep inelastic events. Therefore the interaction is definitely far from being close to the
scattering off a black body. Even this number came a surprise in view of the large Q* value
involved. Using the generalized optical theorem as formulated by Miettinen and Pumplin, one
can estimate the effective total cross section for the interaction of the hadronic components of
the 7* as

da;:*”‘x*”
dt =0 19 . 1= ‘
a,/jzlﬁww—»llvlamb. (24)
This cross section is significantly smaller than the pN cross section which at the HERA energies
can be estimated to be close to 40 mb using the vector dominance model and the Landshoff-
Donnachie fit [69]:

n

ol (s) = a:’;Y(sO)(i) : (25)

where n & 0.08, s, = 200 GeV?, 2% (so) = 25 mb. However it is sufficiently large to result in a
substantial cross section of diffraction for small z — it can reach 30-40% for large A (Fig. 17)[40].
For large A the coherent diffraction dominates when the incoming wave is sufficiently absorbed
at small impact parameters which, by virtue of Babinet's principle. corresponds to scattering
beyond the nucleus. In such processes the nucleus remains intact and the average momentum
transfer is very small ((t) x A=%/3).

One expects that hadronic configurations interacting with different strength contribute to
diffraction (cf. Fig. 14). The parameter o,;; characterizes just the average strength of this
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interaction, while the distribution over the strengths is expected to be quite broad. The study
of diffraction off nuclei allows to separate contributions to diffraction of large and small size
configurations due to the filtering phenomenon: with the increase of A the relative contri-
bution of more weakly interacting (smaller size) configurations should increase since they are
less shadowed, leading to a relative enhancement of the colour transparent subprocesses.

Examples of promising processes are:

o Diffractive production of charm. The A-dependence of this process would be interesting
already at low Q? since the essential transverse distances are, naively, of the order of
1/m., where m. is the charm quark mass. Since the cross section for the interaction
of a colour dipole of such size is small for  ~ 1072, the cross section for diffractive
charm production at these values of x is small and practically not shadowed, leading to
a cross section x A*3. At the same time the cc — N cross section increases rapidly with
decreasing = (increase of energy) for fixed @?. Therefore at HERA energies diffractive
charm production in ep collisions may become a substantial part of the total diffractive
cross section. At this point one expects the emergence of shadowing in diffractive charm
production in €A collisions, leading to slowing down of the A-dependence of diffractive
charm production as compared with the A dependence at x ~ 1072,

One can go one step further and study the A-dependence of p, distributions for diffractive
charm production. Smaller size components will be less absorbed and so their relative
contribution may increase with A.

Diffractive production of two high p, jets.

Selection of large p, jets enhances the contribution of diffraction of small size configura-
tions. Hence, one expects broader p; distributions in the case of nuclear targets (smaller
jet alignment) with nontrivial dependences on W and Q*. For example. il we fix the p,
of the jets, the A-dependence of dijet production should become weaker with increasing
energy reflecting the increase of the absorption (which can be studied this way). If on
the other hand we fix W and consider the A-dependence as a function of p;. a stronger
A-dependence is expected. Effectively, this would be another way to approach colour
transparency via filtering out of the soft components.

To summarize, a study of inclusive diffraction will give better insights into the structure
of the Pomeron. The interplay of soft and hard contributions will lead to a breakdown of
factorization for the structure function of the Pomeron. Stated differently, the check of the
degree of “universality” of the Pomeron - i.e. whether the “nuclear” Pomeron is different from
the Pomeron observed in ep diffraction - will provide a very sensitive test of QCD dynamics.

An important aspect of the diffractive studies is the colour transparency phenomenon. In
view of its special interest we will discuss this separately below.

3.5.3 Multiplicity Fluctuations

As we explained in section 3.3.2 diffraction off nuclei and nuclear shadowing are closely related
to the simultaneous inelastic interactions of the virtual photon with several nucleons. Such in-
teractions produce events with large multiplicity densities in the central rapidity range, leading
to a much broader distribution over multiplicities in eA collisions than in the ep case. Study
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Figure 18: A-dependence of distribution over multiplicity calculated in the colour singlet model
for a luminosity of 1 pb=*,

of this effect will provide information complementary to that obtained from nuclear shadowing
about the structure of the vacuum exchange at small z. Interesting phenomena to look for may

be:

1. Local fluctuations of multiplicity in the central rapidity region, e.g. the observation of
a broader distribution of the number of particles per unit rapidity, n(An), than in ep
scattering [40], see Fig. 18.

[

- Long range rapidity fluctuations — i.e. positive correlation of the increase of multiplicity
in one rapidity interval with the increase of multiplicity several units away.

3. Correlation of the central multiplicity with the multiplicity of neutrons in the neutron
detector (most effective for heavy nuclei).

3.6 Colour Transparency Phenomena

An important property of QCD is that small objects are expected to interact with hadrons
with small cross section [70]. This implies that in the processes dominated by the scatter-
ing/production of hadrons in “point-like”(small size) configurations (PLC) when embedded in
the nuclei, the projectile or the outgoing hadron essentially does not interact with the nuclear
environment [71, 72]. In the limit of colour transparency one expects for an incoherent cross
section a linear dependence on A, for example

dofe+ A= e+p+(A—1)) Ada(e+p—)e+p)
dQ? dQ*? v
913
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Figure 19: Average transverse size of the ¢ components effective in A novn for p— and
J/¢-meson production and oy. The probed Q? scale is inversely proportmnal to b,

while for coherent processes at t = () one expects

do(y"+ A= X+ A) _ﬁda('y' +N—=X+N)
dt o dt '

No decisive experimental tests of this property of QCD were performed so far since in most of the
current experiments the energies were not sufficiently high to prevent expansion of the produced
small system. The high-energy E665 experiment [73] at FNAL has found some evidence for
colour transparency in the p meson production ofl nuclei. However. the data have low statistics,
cover a small z, Q? range and cannot reliably separate events without hadron production.

(27)

A quantitative formulation of colour transparency for high-energy processes can be based
on eq.(21). For the case of nuclear targets it implies that for a small enough colour dipole,
the cross section of its interaction with nuclei is proportional to A up to the gluon shadowing
factor. As a result the colour transparency prediction for 2 jet and vector meson diffractive
production is [74, 42] *:

(28)

F(rA—yets+ Ay _ F(TA= VA _ [FAL(:.Q‘-')]2 _ Gi(x.QY)
L(v"N = 2jets+ N)|,.g  2(y"N > VN)|o  |[Fh(=.Q?) GX(22Q)

Gluon shadowing constitutes a rather small effect for »+ ~ 1072 (see earlier discussion). For
smaller « it increases but it is in any case much smaller than the screening effect expected
in the case of lack of colour transparency if the produced system interacts with cross section
comparable to 0,5 ~ 30-40 mb. For such values of o one expects the cross section to behave
as o AY3 for t = 0 which would be possible to test using diffractive production by quasi-real
photons.

Coherent diffractive p,J /v -meson production

“In writing eq.(28) we neglect the difference of Q scales for different processes which is reflected in a different
dependence of the essential transverse size of the ¢4 state on the process (see Fig. 19). For a discussion of the
appropriate scale for dijet production see [75].
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The most straightforward test of colour transparency can be made using coherent production
of p or J/Y-mesons at small ¢ using nuclei with A > 12. The p; resolution of the current
detectors is good enough to single out the diffractive peak which is concentrated at p, < 0.1
GeV. In the higher r end of the range which could be studied at HERA for vector meson
production. & ~ 107%, one expects at large Q* nearly complete colour transparency since gluon
shadowing effects are rather small and decrease rapidly with increase of Q?. while the transverse
separation,b, between g and § is of the order of 0.4 fm for Q* ~ 10 GeV? and further decreases
with increase of Q* (Fig. 19 [44] ). Study of coherent J/¢» meson production would allow to
probe colour transparency for propagation of even smaller dipoles since (b.-(Q* = 0)) ~ 0.2 fm.

On the other hand as discussed earlier at the smallest values of = of the HERA range,
screening effects should start to play a role even at large Q? so a gradual disappearance of
colour transparency is expected - the emergence of colour opacity. Noticeable screening is
expected already on the basis of unitarity constraints. Qualitatively one may expect that the
rise of the cross section for vector meson production with increasing energy at fixed Q? will slow
down at significantly lower energies than for the case of the y"+p reaction. Currently theoretical
calculations of vector meson production by transversely polarised photons are difficult because
the nonperturbative large distance contribution is not as strongly suppressed in this case as in
the longitudinal case. If contribution of pairs with large transverse size is indeed important for
or. it would be filtered out with increasing A leading to larger values of oy /o7 for large A.

Let us enumerate several other effects of Colour Transparency (CT) in diffractive production.

1. Production of excited vector meson states p'. @'

In the CT limit, QCD predicts a universal A-dependence of the yields of the lowest mass
and excited states (this includes the effect of gluon shadowing in eq.(28)). This is highly
nontrivial since the sizes of the excited states are much larger, so one might expect larger
absorption. On the other hand, for lower Q* average transverse distances, b, are not
small. At these distances the wave functions of ground and excited states differ. So in
this Q2 range the relative yields of various mesons may depend on A.

(S

. Production of high p, dijets.

The uncertainty relation indicates that coherent production of dijets with large p,. car-
rying all the momentum of the diffractively produced system is dominated by distances
re x L. Hence filtering out of soft jets is expected, leading to a broadening of the p, and
thrust distributions. At the same time the study of the A-dependence of low p, jets would
allow to address the question of colour opacity. Another feature to look for would be the
distribution over the electron-two jet plane angle as suggested in [76].

3. Coherent diffractive production at —t > 0.1 GeV? for 4 = 2.4.

An important question here is the possibility to observe the “disappearance™ of colour
transparency for p-meson production and the emergence of “colour opacity” - due to
nonlinear screening effects at = ~ 107", Manifestations of CT would be the increase of
the differential cross section Z—‘: below the diffractive minimum (|¢,,;,,(*He)| = 0.2 Ge\*?
and suppression of the cross section in the region of the secondary maximum. A gradual
disappearance of CT in this region with increasing energy would appear as a very fast
increase with energy of the secondary maximum of the ¢t distribution. Remarkably. in this

region the cross section for the process is proportional to [Gy(z,Q%)]*, where Gy is the
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gluon density in the nucleon [77, 78]. The present beam optics would allow measurements
of quasielastic processes with "He in the region of the secondary maximum ([t("He)| ~
0.4 GeV?). Tor a luminosity of 10 pb~" it would be possible to measure the p-meson
production cross section up to Q% ~ 10 GeVZ.

4. A-dependence of rapidity gaps between jets in photoproduction.

Recently photoproduction events which have two or more jets have been observed in the
range 135 < W, < 280 GeV with the ZEUS detector at HERA [79]. A fraction of
the events has little hadronic activity between the jets. The fraction of these events,
f(An), reaches a constant value of about 0.1 for large pseudorapidity intervals An >
3.The observed number of events with a gap is larger than that expected on the basis of
multiplicity fluctuations assuming the exchange of a colour singlet. This value is rather
close to estimates in perturbative QCD (80, 81, 82] neglecting absorptive effects due
to interactions of spectator partons. It is much larger than the values reported by DO
[83] and CDF [84]. Small effects of absorption are by no means trivial in view of the
large interaction cross section for many components of the hadronic wave function of the
real photon. They may indicate that colour transparency is at work here as the ZEUS
trigger may select point-like configurations in the photon wave function [85]. To check
this idea it would be natural to study the A-dependence of rapidity gap survival. It is
demonstrated in [85] that this probability strongly depends on the effective cross section
of the interaction of the photon with the quark-gluon configurations involved in producing
rapidity gap events. One would be sensitive to cross sections as small as ~ 5 mb.

3.7 Parton Propagation in Nuclear Matter
3.7.1 Introduction

Measurements of final state hadrons allow to investigate the effects of partons propagating
through nuclear matter. In the present section we discuss some of these possibilities. The
discussion is restricted to incoherent phenomena (coherent nuclear interactions were discussed
in previous sections).

There are essentially two types of measurements which can be useful: (a) energy loss of high-
energy particles and (b) increase of their transverse momentum, both studied as a function of
the nuclear number A and/or number of nucleons emitted from the target nucleus. They are
sensitive to different aspects of the interactions. Energy loss reflects the properties of inelastic
collisions: the value of the inelastic parton-nucleon cross section and of the inelasticity. The
increase of transverse momentum and emission of the nucleons from the target can be induced
by elastic as well as by inelastic collisions and thus can provide information on both.

At this point we emphasize the importance of the measurement of the distribution of the
nucleons (protons and neutrons) emitted from the target nucleus during or after the interaction.
Such measurements give direct access to the number of secondary interactions inside the target
[86], as was already realized (and used) in numerous emulsion experiments where protons with
momenta 250 < py < 700 MeV/c were measured [87]. Related information can be inferred
from the measurement of the production of soft nentrons (E, < 10 MeV) which was studied
recently by the E665 collaboration [88]. Measurements of the emitted nucleons and of their
energy spectrum should thus be considered a high priority. They allow to improve greatly the
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analysis of the data in three respects: (a) by studies of the distribution of nucleons themselves
one obtains information of the strength of the secondary interactions and - more essentially- on
the fluctuations which are expected to be large and would otherwise hamper the interpretation
of the data; (b) By studying the interactions as a function of the number of the emitted nucleons
one can obtain not only a larger lever arm in terms of the number of secondary interactions
but also, at a fired nuclear number, a clean sample, free of possible biases related to the use of
different targets: (c) a really exciting possibility is to develop a trigger for events with a large
number of emitted nucleons (or highly reduced charge of the nuclear remnant). This would
allow to study in detail the rare events with particularly strong secondary interactions. Further
quantitative studies (both theoretical and experimental) of this problem are necessary to clarify
the relation between the emitted nucleons and number of secondary interactions. Some work
on these lines was already presented during this workshop (89, 4, 90]. The detection of such
nucleons at HERA will be simpler than in fixed target experiments since they will be boosted
by the motion of the target nucleus [4].

As we discussed previously there should be a substantial difference between the nuclear
effects observed in the region of “finite” z (r greater than, say, 0.05) and the region of very
small ¢ (z smaller than, say. 0.001). The reason is the different nature of the photon-nucleon
interactions in these two regions caused by the difference in life times of the relevant photon
fluctuations into a qg pair.

One sees from eq.( 19) that at finite x the life time of a fluctuation is rather short (smaller
than 2 fm). This has two consequences: (a) the interaction of the photon must take place inside
one of the nucleons of the target (nuclear coherence suppressed) and (b) the high-energy part
of the interacting photon fluctuation can be well approximated by a simple “bare” quark. This
can be seen as follows. The time necessary to produce a high-energy gluon from a quark is
given by .

2F
L
g 0
where E, is the gluon energy and g its transverse momentum (with respect to the quark).
From the obvious condition 7, < 7 we then obtain

B3k}
2myz’

(30)

By <

We conclude that at finite = there is simply no time to produce the energetic gluon cloud.

For DIS nuclear collisions this picture implies that after the first interaction of the virtual
photon the nucleus is penetrated by one bare quark (following approximately the direction
of the virtual photon). Alternatively one can consider the process of production of two high
pe jets in photon-gluon fusion. In this case one studies propagation through the nucleus of a
colour octet state. Thus the observed nuclear effects measure interactions of a bare parton (or
a system of bare partons) in nuclear matter.

The situation is rather different in the region of small z. In this case there is enough time
for the gg system coupled to the virtual photon to “dress™ itself into a cloud of energetic gluons
and ¢q pairs (in the limit z5; — 0 the condition (30) is not restrictive). Consequently, the
system traversing the nucleus is a complex multiparton system resembling in some respects
an “ordinary” hadron. The observed nuclear effects measure interactions of this multiparton
system (dressed quark or gg dipole) in nuclear matter. It should thus not be surprising that
the expectations for the region of small x are rather different from those at finite z.
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3.7.2 Current Experimental Situation

Two major manifestations of the interaction of a parton propagating through the nuclear
medium which were studied experimentally so far are the parton energy loss and the broadening
of its transverse momentum distribution.

The measurements of the leading hadron spectrum in deep inelastic lepton-nucleus scattering
have the biggest sensitivity to the energy loss. Measurements at incident energies below 50-
100 GeV find a depletion of the leading particle spectrum which may be interpreted as due
to the energy loss. At higher energies the effect nearly disappears [49]. indicating that energy
losses for partons propagating through nuclear matter are definitely smaller than AE/dz <1
GeV/fm. This is in agreement with the observed low multiplicity of low energy neutrons in
uPb interactions at high energies [88], which is consistent with knockout of one nucleon from
lead [90]. This makes it impossible to address directly the question of energy losses at high
energies.

The phenomenological situation with transverse momentum broadening is somewhat con-
fusing at the moment. The u-pair production experiments [91] which measure the broadening
of the incident quark find rather small broadening: Apf ~ 0.1 GeV? for the distance, L ~ 5
fm. At the same time the transverse momentum broadening for the jets produced by outgo-
ing partons in photon-nucleus interactions seems to be much larger [92]. Theoretically this
difference is not understood [93].

3.7.3 Perturbative QCD Expectations for Finite ¢

All estimates of nuclear effects in this region of = accept that the interaction of a bare quark
in nuclear matter is dominated by colour-exchange processes which lead to break-up of the
“wounded” nucleon in the target but do not slow down significantly the energetic quark. This
is based on the argument that the quark in question can only emit gluons satisfying the condition
7, < Al where Al is the distance between the subsequent collisions. From eq.(29) we deduce
that the energy loss in one secondary collision is limited by

AE < 2¢7Al, (31)

i.e., by a value which is independent of the energy of the quark. Consequently, a high energy
quark can lose only a small fraction of its energy. A precise evaluation of the energy loss in a
collision with one target nucleon is not possible at the present stage of the theory.

However recently a significant progress was obtained in the analysis of the propagation
of a virtual parton through the nuclear medium [3]. It was demonstrated that the Landau-
Pomeranchuk-Migdal effect in QCD is qualitatively different from the case of QED. It was
argued that for sufficiently large distances, L, traversed by a parton the process is dominated
by perturbative QCD though the momentum transfers in the individual collisions are small.

A simple relation was found between the p; broadening and the energy loss

dE _ a,N.
dL — 8

ApA(L). (32)

which corresponds to substantially smaller energy losses than those implied by the inequality
in eq.(31).
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Probably the most striking prediction is the quadratic dependence of the energy loss on the
traversed distance. L, as compared to the nonperturbative models where it is approximately
proportional to L. Numerically the authors find for a quark

1 L ¥ s
—AE ~2Gel ( IOfm) . (33)
neglecting the = dependence of the nucleon gluon density (and a factor of ~ 2 larger energy
loss for gluons). If this effect is included the L-dependence is even steeper. The numerical
coefficient is estimated here from the information on the nucleon gluon densities and consistent
with eq.( 32) if one uses experimental data on pe broadening of the p-pair spectrum [91].
Alternatively, if one uses the p; information from vA data a much larger energy loss is predicted.
However even in this case the expected energy loss is too small to be observed directly in DIS
at collider energies.

The energy loss occurs (for realistic nuclei) via the emission of one or two gluons with
energies ~ AE. So it would be the best to look for the energy loss effects by studying the
production of hadrons in the nucleus fragmentation region. Quadratic dependence on L will
be manifest in the A-dependence of the number of knocked out nucleons, as well as in the
fluctuations of the number of emitted soft protons and neutrons in the case of heavy nuclei.
Current HERA detectors have good acceptance for such nucleons.

Broadening of the transverse momentum spectrum may be more easy to access. The trans-
verse momentum of a parton increases as a result of multiple collisions. Since the momentum
transfers in the subsequent collisions are independent, the increase of the (average) transverse
momentum squared is proportional to L and hence to the number of secondary collisions. One

expects for the quark .

10fm’
while for gluons broadening is about a factor of 2 larger.

Ap? ~ 0.2GeV?

(34)

A word of caution is necessary here. For distances typical even for heavy nuclei the average
momentum transfer is rather small so application of perturbative QCD may be difficult to
Justify. Also it is not clear whether it is safe to interpolate from fixed target energies to collider
energies assuming that the momentum transfer in individual collisions is energy independent.

To study these effects at HERA in a clean way one needs to consider processes dominated
by relatively large z > 0.1. They include processes of dijet production similar to those studjed
at FNAL [92]. An advantage of HERA is that it would be possible to use information about
the decay of the nucleus to check the correlation between transverse momentum broadening
and the number of struck nucleons.

3.7.4 Parton Propagation at Small s

This region is more relevant for HERA but, unfortunately, theoretical estimates are difficult and
uncertain because the system traversing the nucleus is fairly complicated. Hence its interaction
with nuclear matter not easy to evaluate. Perturbative QCD leads to the simple prediction
that at large % and large incident energies, due to QCD factorization. the spectrum of leading
hadrons [72] is given by,

1 do"" AN (02 ) 5 :
= f(z, 5 35
A 2. 07) e flz.n@?) (35)
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which does not depend on A. (Energy losses we discussed above do not change the = spectrum
in this limit). However, it is far from clear if perturbative methods are applicable at all -
even at large Q2 [94]. The incoming system can experience several soft interactions with the
nucleons of the target nucleus. However, the AGK technique which can be used to relate nuclear
shadowing with the A dependence of diffraction and the fluctuations of hadron production in
the central region, does not allow any predictions for the A dependence of the spectrum of
leading hadrons in the current fragentation region since these effects depend on the details of
the virtual photon wave function. In view of these difficulties it is not possible to give unbiased
quantitative predictions and we restrict ourselves to a discussion of qualitative expectations
and possible interpretations of the future measurements.

As we have already mentioned, at small z the virtual photon fluctuates into a qq pair a long
time before it enters the nucleus. This has several consequences. First, it opens the possibility
of coherent phenomena in which the nucleus participates as a whole which were discussed
in a previous section. They should be carefully separated from the incoherent interactions
we are concerned with. Second, there is enough time for this fluctuation to emit a large
number of gluons and new 9q pairs before it enters the nucleus. The cross-section of such a
“dressed” fluctuation is generally fairly large, leading to substantial “shadowing” effects, as
already discussed. Finally, the system produced in the first collision is by no means a single
bare quark but rather a multiparton conglomerate - result of a quark-gluon cascade of length
equal to the available rapidity, i.e. very long at small values of z. Studies of interactions in
nuclear matter provide an opportunity to obtain information about this object.

The cascade origin of the system travelling through the nucleus implies strong correlations
between partons. Consequently, large fluctuations are expected in its physical properties and
thus also in the observable nuclear effects. For example, the cross section for secondary in-
teractions is expected to vary widely from event to event. This variation may or may not
be correlated with the fluctuations of the parton multiplicity and energy distributions. For a
clean interpretation of the results it is therefore crucial to obtain information on the number of
secondary interactions inside the nucleus which is the most important parameter determining
the strength of the interaction. Fortunately, as we have already explained, this information is
accessible through measurements of the distribution of nucleons (protons and neutrons) emitted
by the colliding nucleus. They seem thus crucial for the success of this investigation.

The distribution of the number of collisions gives straightforward information on the fluc-
tuations of the cross section for secondary interactions inside the nucleus. Its change as (2
increases from 0 to the deep inelastic region should give information on the extent to which the
structure of parton bound states (i.e. hadrons) differs from that of the “dressed” ¢q pair.

Similar remarks apply to measurements of the energy loss (which measures the energy
distribution inside the parton system in question). Correlation between the observed energy
loss and the number of collisions gives information on clustering phenomena inside the parton
system. It will be interesting to look for possible effects of constituent quarks at low Q?
and to see when they disappear as Q? increases. Fig. 20 illustrates the possibility of such
an investigation. It shows the ratio of the total energy loss of the incident virtual photon in
the nucleus to that in collision with one nucleon, assuming that the photon fluctuates into A’
constituents which interact independently (losing energy) with the target. One sees that the
curves corresponding to different values of K are substantially different. This seems to give a
chance to see possible effects of constituent quarks (K = 2) at low @* which should gradually
disappear (K" — oo) as Q? increases. It should be remembered, however. that variations in
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Figure 20: Energy loss of the incident virtual photon in nuclei assuming that the photon
fluctuates into I constituents interacting independently in nuclear matter with an interaction
cross section of 20 mb.

the cross-section of the photon fluctuation in question will smear out this clean effect. It is
therefore necessary to rely on an independent estimate of the number of collisions as we already
emphasized at the beginning of this section. In this case the ratio in question is given by

AE;, . AN
N =K(1-(1=1/K)") (36)

(N is the number of collisions) and one can easily see that this is indeed a much better way to
analyze the data, particularly at high N.

It should be noted at this point that, in contrast to the situation at finite x, in the present
case the energy loss is expected to be a finite fraction of total available energy, as explained
above. Consequently, there seem to be no particular difficulties in this measurement.

To summarize. one expects a dramatic increase of the energy loss in nuclear matter when
one goes from finite to small values of z. If confirmed by future data this should allow to study
details of the parton structure of the QCD cascade. Investigation of the transition region of
£ 2 0.01 is also of great interest. HERA is very well suited for this task.

3.8 Connection to Heavy-ion Collisions at High Energies

The interplay between the physics which can be studied in high-energy eA collisions at HERA
and that to be studied in the heavy ion physics was discussed at the dedicated workshop
“Nuclei at HERA and Heavy lon Physics” which was held at Brookhaven National Laboratory
in 1995, Tt was concluded that the measurements of €A collisions at HERA can provide crucial
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information necessary for unambigous interpretation of the heavy ion colllisions at RHIC and
LHC for establishing whether a quark-gluon plasma is formed in these collisions.

Three major links are
o Nuclear gluon shadowing

One needs zga(z,Q?) for z ~ 1072, @* ~ 1— 10GeV? and z ~ 1078, Q* ~ 10GeV? to
fix the initial conditions at RHIC and LHC respectively. This is especially important for the
LHC since mini-jet production determines the initial conditions for /s > 100GeV A. The bulk
of the particles produced at central rapidities in AA collisions at the LHC is expected to be
generated due to this mechanism [95]. Currently uncertainties in nuclear shadowing transform
into at least a factor 2-4 differences in the final transverse energy flow [96].

o Jet quenching

Recent QCD studies [97] have demonstrated that the medium induced energy losses and
p: broadening of a high energy parton traversing a hot QCD medium are much larger than in
the case of a cold medium. This provides a unique new set of global probes of the properties
of the state formed during AA collisions [96]. To interpret unambiguously this effect it is
necessary both to measure the nuclear gluon shadowing and to study the parton propagation in
cold matter in DIS to confirm that the energy losses (p:-broadening) remain small at energies
comparable to those to be studied at RHIC and LHC.

o Testing of soft dynamics of interactions with nuclet

Study of €A interactions at HERA in the same energy range as that to be studied
in pA and AA collisions at RHIC (/s ~ 200 GeV) will provide a unique testing ground for
the modern models of interactions with nuclei which aim at describing on the same footing
ep.eA, pp,pA, AA collisions [89]. It would allow to be established whether or not the same
dynamics determines hadroproduction in eA collisions and in central AA collisions.
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Abstract: This letter is a digest of the result of Ref.[1], prepared for the DESY Workshop.
The Glauber (Mueller) approach has been developed to calculate the gluon distributions in a
nucleus. This approach includes shadowing corrections due to gluons rescatterings inside the
nucleus. It is shown that the shadowing corrections are essential in the region of small z. As
the second order corrections to the Glauber formula are sizable, we improve this description
deriving a nonlinear evolution equation, and solving it in the semiclassical approach. The
results are shown and discussed.

1 Introduction.

The gluon structure function is the observable that governs the physics of the high energy
processes in QCD [2]. In this letter, we will show how the space-time picture [3] can be used
to describe the interaction of a probe with the nucleus and obtain a nuclear gluon distribu-
tion function from Glauber (Mueller) approach. This approach was first suggested in Ref.[4]
and extensively developed in Ref.[1]. In Glauber (Mueller) approach [5], a high energy virtual
probe creates a GG pair with momentum @, which penetrates the nucleus and suffers multiple
interactions with the nucleons. These rescatterings of the gluon pair generate the shadow-
ing corrections which could be taken into account in a closed formula, based on the GLAP
evolution[7] at low z ( high energy). We show that these corrections are relevant and modify
the gluon distribution and the anomalous dimension in the region of small gluon z. We discuss
also the kinematic region where this approach is valid and a possible improvement.

2 The Glauber approach to high energy in QCD

The main features and the kinematics of the Glauber approach to high energy processes have
been discussed in Fig.1. The virtual probe with virtuality Q* decays in a GG pair with trans-
verse separation r, and transverse momentum k. This pair interacts with a nucleon due to
exchange of a gluon ladder diagram. 1, denotes the transverse moment of the gluon in the
ladder attached to the GG pair. The Bjorken r is defined as 25, = 9; where /s = W is the

* E-mail: ayala@if.ufrgs.br
** E-mail:gay @if.ufrgs.br
! E-mail: levin@lafex.cbpf.br;levin@ccsg.tau.ac.il
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Figure 1: Kinematics of the Glauber approach.

c.m. energy of the incoming gluon. In DLA , the change in 7, during the passage of the GG
pair through the nucleus may be neglected. Indeed, r, can vary by an amount Ar 1 X R'—‘,j:
where E denotes the energy of the pair in the target rest frame and R is the size of the target.
The transverse momentum is k; x 1/r,. Therefore

k
ArchA'?fl Ty, (1)
which in terms of Bjorken z has the form:

r <

1
2mR’ @)

In Glauber (Mueller) approach, the nuclear gluon distribution is given by

/ao d*r, /Uoc &2{1 _ ﬂ-%”gc(:ﬂr’i)swi)} (3)

4 4 -
o7 Ty tl

1 dq!
1Gan, @) = 5 [ 2

I

The term in curly brackets is the total cross section of the interaction of the gluon pair with
nucleus in the eikonal approach. This term is the solution of the s-channel unitarity constraint
6] if the elastic amplitude of the gluon nuclei scattering is purely imaginary at high energy and
the structure of the final state is mostly the uniform distribution of the produced gluons.

In DLA perturbative QCD, the GG pair cross section with the nucleon 066(r?) can be
written (for N, = 3)

S 3(!5(;’%‘) . ) 4
00(;(7{) — 1 AL 71'2Tl2 (.I'G%LAP(I, r—g)) ) (4)
L

This expression is valid in DLA since it was obtained considering [;; < k, and neglecting
the longitudinal part of the momentum /;. The factor 1/ ri comes from the wave function of
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the two gluons in the high energy probe, after the integration over the fraction of energy of

the probe carried by the gluon. Using the Gaussian parameterization for the nucleon profile
function S(b,). we can take the integral over b, and obtain the answer (N, = Ny = 3)

; 2R% rldr' gz dr? o

1Ga(r, @) = =4 [ S [B ZL{C+in(re(e!,rD) + Bulwa(a', 1)} (5)

m R

where C is the Euler constant and E, is the exponential integral (see Ref.[9] Eq. 5.1.11) and

3agAnr?

1 g U ! 1
Ka(r',rl) = Z'GFHAP (e, =) (6)

2R% 1
where A is the number of the nucleons in a nucleus and R% is the mean nuclear radius. If
eq. (5) is expanded for small &, the first term will correspond to the usual GLAP equations in
the small z region (Born approximation of Mueller formula), while the other terms will take
into account the shadowing corrections (SC).

3 pQCD calculations from Mueller approach.

To calculate the nuclear gluon distribution zG 4(z, Q*) we use the GRV parameterization [10]
for the nucleon gluon distribution. The GRV distribution is suited for our calculation because
its initial virtuality is small and we can estimate the SC for large distance (r? o 1/0.25 GeV~%).
In this distribution, the most essential contribution comes from the region where agin(1/z) = 1
and agln@? ~ 1, which allows the use of DLA, where the Mueller formula is proven.

As the DLA does not work quite well in the accessible kinematic region (Q* > 1 GeV?* and
z > 107%) and the Mueller Formula is proven in DLA, we develop a more realistic approach
subtracting the Born term of the Mueller formula and adding the GRV gluon distribution. This
procedure gives

rGA(2. Q%) = 1Ga(z,Q%)(eq. (3)) + .41G§\",[l"(z.Q2)
asNe ' (@ de' dQ” , Grv. 1 A0 .
ar= [ [, T or TR .. (7)

The above equation includes also AzG§RY (x, Q2) as the initial condition for the gluon distribu-
tion and gives AzGSRY (x,Q*) as the first term of the expansion with respect to k. Therefore,
this equation is an attempt to include the full expression for the anomalous dimension for the
scattering off each nucleon, while we use the DLA to take into account all SC

In order to investigate the general features of the nuclear gluon distribution given by eq. (7),

we calculate the ratio :

7G 4(x, Qz)(WI- (7)) (8)
AzG§RY (z,Q%)
which is shown in Fig.2. From this ratio we can see the general behavior of the SC as a function
of In(1/z) and Q. The suppression due to the SC increases with In(1/x). For A = 40 (Ca)
and Q? = 10 GeV'?, the suppression varies from 4% for In(1/z) = 3 to 25% for In(1/z) = 10.
For A = 197 (Au) the suppression is still bigger, going from 6% to 35% in the same kinematic
region.

R1=
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Figure 2: R, as a function of In(1/z) and Q*

In the semiclassical approach (see [2]), the nucleon structure function is supposed to have
() and z dependence as

2Gx (e, Q) o (@ (31 )

where < w > is the average value of effective power of G 4 for z — 0 and < 7 > is the average
value of the anomalous dimension . We can calculate both exponents using the definitions

dIn(zGa(z, Q%))

W= Tomi/r) a0)
_ OIn(zGa(x, Q%)
ST T Tom(QYQd) -

Fig.3 shows the calculation of < w > as a function of z and Q* for GRV distribution and
for Au. We can see that the SC give rise to a flattening of the nuclear distribution as A grows
in small x region.

Fig.4 shows the results for < 7 > as a function of In(1/z) and Q* for GRV distribution and
Au. As 7 decreases, the anomalous dimension presents a sizeable reduction and goes to zero
for In(1/x) > 15, unlike the GLAP evolution.

We can estimate what distances work in the SC calculation from the average value of the
anomalous dimension. Let us consider the expansion of eq. (5) in respect to & ( see eq. (6)).
From semiclassical approach, x may be written £ x (Q*)7/Q* and if v < 1, the integral
over 7y in eq. (5) becomes divergent. If 1 < 5 < 1/2 only the second term of the expansion
(first SC term) is concentrated at small distances. From Fig.4, we see that 1 < v < 1/2 for
Q? > 1GeV? and even for Q* = 1GeV* at very small values of .

4 The generalization of Glauber Approach.

The Mueller formula (5) is not an evolution equation but an analogue of the Glauber formula
which gives the possibility to calculate 2G 4(z, (?) and the SC for nucleus from the solution of
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Figure 4: <4 > a5 ¢ function of & and Q? for a) GRV
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In(1/x)

distribution and b) Ay

of the next to the fastest gluon in the gluon-nucleon process. This task was done in ref [1] and
the main conclusion is that the second iteration gives a sizable contribution for r < 10-2 anq
becomes of the order of the first iteration for <107 It occurs because the second iteration
gives correction of the order of asln(Q"/Qg)ln(l/I) % 1 for the DLA.

In order to improve the calculation of the nuclear distribution G 4(7,Q%) we suggest to
derive the Mueller formula in respect toy = In(1/z) and € =In(Q?), and write it as an equation
for . The result reads

2 3 a ] VL‘
a;y(;&f‘) # ‘Kg; e | €+ ) + W)} = Fix). (29
where & is given by N
Neasm
K = QQT;{%'IG"(I’Q% (13)

This is a generalized nonlinear evolution equation for nuclear gluon distribution. This equation
sums all contributions of the order (agyé)n absorbing them in TG 4(y,€), as well as all con-
tributions of the order of x". This equation provides the correct matching both with the GLR
equation and with the Glauber ( Mueller ) formula in the kinematic region where agy¢ <1

We solve eq. (12) in semiclassical approach for ag constant using the method of charac-
teristics ( see ref (1] for a detailed discussion ). In semiclassical approach, we write x in the
form

K=e’ (14)

where the partial derivatives 3S/0y = w and 9S/09€ =~ are supposed to be smooth functions
of y and €. The initjal condition for the characteristics is given by

So in Nlﬂ(!/Orfﬂ)
OMnkn (4o, €)

Il

Yo = _ =< >Glauter —1. (15)
% =6
where x;, is -
Neagm .
K = Kin = WIGA(-L (22) ) (16)

and zG, is given by the Mueller formula. The GLAP equation for s is obtained taking the
term in the curly in r.h.s of eq. (12) equal to x.

Fig.5 shows the general features of the solution, calculated for £y = 102 apq several values
of @? close to 1GeV?; Fig.5a shows the characteristic curves in the Y v.s. £ plane; Fig.5b
shows the evolution of the ~ values with . When the value of 4 goes to zero, the nonlinear
effects play an important role and the solution goes to ap asymptotic solution (Kasymp(y))
which is ¢ independent and satisfies the equation: i"_prﬂ/) = F(K) ( see [1] for details).
When 5 goes to a constant value, the nonlinear effects disappear, and the solution tends to
the usual GLAP evolution. This figure also shows the lines with definite value of the ratio
R = ’U”‘Q:g(:z;;'(’gzﬁ ;,’)"“'""” (horizontal lines). These lines give a way to estimate how big
are the SC, which are rather big.
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Abstract: Shadowing correction to the deuteron structure function is calculated in
the HERA kinematic region. The double interaction formalism relating the shad-
owing to inclusive diffractive processes is used. Both the vector meson and parton
contributions are considered for low and high Q* values. The QCD corrections with
parton recombination are included for high Q*.

Accelerating deuterons at HERA will give an opportunity to rise a precision of the QCD
analysis of the structure functions (FY contains almost completely a flavour singlet quark dis-
tributions) and to measure the neutron structure function, Fy (and thus the flavour non-singlet
F? — F}). To these aims. shadowing in the deuteron has to be quantified in a wide interval of
kinematic variables. Shadowing in the deuteron, per s¢ & very interesting low phenomenon,
is well established experimentally. observed in the low Q? (including the photoproduction) and
in the large Q* region and apparently only weekly dependent on Q2 [1]. In this paper we sum-
marise the results of our earlier studies of the deuteron shadowing 2], updated and adapted to
the HERA kinematics.

The deuteron structure function Fy is related in the following way to F3. F7 and to the
shadowing term §F§, which is non-negligible for x less than, say, 0.1:

2Fi(z, QY = Fi(z,Q") + Fy(z, Q%) — 20F3(2,Q). (1)

(Fg and §F4 are normalised per nucleon).
2 2

The shadowing term SFH(x,Q%) is related through the (double) pomeron exchange to the
diffractive structure function, PFMY jogot

d 2 2 ! 2 i

5Fie, @) = [ k. [ dES() g5 2
5 (7, Q%) L.£°l5 (k%) dEat (2)
where S(k?) is the deuteron form factor. We define § = 2kq/paq where k.q and py are the four
momenta of the pomeron, virtual photon and of the deuteron respectively; §o = 1+ M3%/Q%)
where M7, is the lowest mass squared of the diffractively produced hadronic system. We also
have t = —k? —kff where ki = M?2€% with M being equal to the nucleon mass. The integration
over £ corresponds to the integration over M? where M is the mass of the diffract ively produced
system. The region of low M2 is dominated by the diffractive production of low mass vector
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mesons which is assumed to be described by the vector meson dominance mechanism. In this

2 Mot
SFd — 2 . _UXEw 3
e Y ey W

where the sum extends over the low mass vector mesons p,w and ¢. M, are the masses of
the vector mesons v and v can be obtained from the leptonic widths of the vector mesons.
The double scattering cross section do? is obtained from the Glauber model, with the energy—
dependent vector meson-nucleon €ross sections. The contribution of large M? corresponds to
the partonic mechanism of shadowing, §F3,. which is related to the partonic content of the
pomeron. We used the parametrization of parton distributions in a pomeron from ref. [3)

0.08 a3 - ———

SF3 a) é_ b) |

0028 oas [ ‘ ‘
0.02 i

r

! |
.01 ‘r
g

L -
0.00s f T | /

2 | \\J

DL*M_M¢“%151HMQ~MTW,
16" 1 0 1a? i 152 16 [

Q(GeV?)

Figure [: Shadowing contribution, SF§(2,Q2), to the deuteron structure function; a) continuous
line: z=0.0001, broken line: x=0.01, dotted line: *=0.1: b) continuous line: Q%=0.2 ¢ 12,
broken line: Q%=1 Ge V2, dotted line: Q*=10 Gel?,

In fig.2 plotted is the quantity 2F¢(z, Q) /F¥(2,Q%) =1 which in the absence of shadowing
would be just equal to F(z, Q%)) F}(x,Q?) and is often referred to as a ratjo ol neutron and
proton structure functions. The F{ has been calculated according to eqs (1) and (2) where the
structure functions for the proton and the neutron were calculated according to a mode] [5].

ing contribution to the deuteron structure function js available, It should be used jn extracting
the neutron strycture function from the Ffand F? measurements as well as in the QCD analysis
including, in particular, measurements of Fg. A shadowing model of ours, extended to encom-
pass the meson exchange effects, [9], gives the same results for the JF{. Other approaches,

generally similar to ours, [10], predict larger values of the effect.
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Figure 2: FJ/F} = 2B FP—1 450 Junction of . The line shows a result of our caleulations,
2], with MRS(A), [6], as asymptotic function. Datq come from the F663, [7] and from the
NMC, [8]. Errors are statistical, band at the bottom shows the magnitude of the 665 systematic
uncertainty.

The curve in fig.2 has been calculated for the (. Q%) points corresponding to the Eg6s;
experiment results, i.e. at lowest values of z, ¢ ~ 107°, Q% ~ 0.005 Gev2 It would be

desirable to measure the shadowing in the region of similarly low values of « but at higher

scales in order to check its possible @? dependence (anticipated to be weak). This would be
possible uniquely at HERA.

HERA might also permit detection of the shadowing modifications due to the QCD effects:
(mild) logarithmic scaling violations induced by the QCD evoly
tons from different nucleons ip the deuteron [2]. Influence of t}
fig.3.

tion and recombination of par-
lese effects on 0F is shown in

Fortran codes to calculate dF(2,Q%) and Fd/Fz"(.r.Qz)

5 are available upon request from
baddckgfuu'.cdu.pl.

This research has been supported in part by the Pdlish Committee for Scientific Research,
grant number 2 P03B 184 o,

References

[1] B. Badelek and J. Kwieciriski, Rev. Mod. Phys. (in print),
[2] B. Badelek and J. Kwieciriski, Nuel. Phys. B370 (1992) 278; Phys. Rev. D50 (1994) R4,
936

eeee,—



0.2% p Q; = 10 GEVZ ‘

Figure 3:. QCD effects in the §F§ for Q*=10 GeV?. Dotted curve marks the results without-

and continuous one — with the QCD evolution starting from Q=4 GeV?. The dotted line shows

thvc c"ﬂecl‘ of the QCD evolution with the recombination terms in the evolution equations. Gluon

distribution was assumed as given by the parametrization of Gliick, Reya and Vogt, [11].

[3] K. Golec-Biernat and J. Kwieciriski Phys. Lett. B353 (1995) 329.

[4] ZEUS Collabqration, M. Derrick et al., Phys. Lett. B315 (1994) 228; B338 (1994) 483.
?l Collaboration, T. Ahmed et al.. Nucl. Phys. B429 (1994) 47T; Phys.Lett. B348 (1995)
681, .

(3] J. Kwieciriski and B. Badelek, 7. Phys. C43 (1989) 251;
B. Badelek and J. Kwieciriski, Phys. Lett. B295 (1992) 263.

[6] A.D. Martin, W.J. Stirling and R.G. Roberts, Phys. Rev. D50 (1995) 6734.
(7] E665 Collaboration, M.R. Adams et al., Phys. Rev. Lett. 75 (1995) 1466.
[8] NMC, E.M. Kabuss, presented at DIS96, Rome, Italy.

[9] W. Melnitchouk and A.W. Thomas, Phys. Rev. D47 (1993) 3783.

[10] S)ee e.g. N.N. Nikolaev and B.G. Zakharov, Z. Phys. C49 (1991) 607: V. Barone et al.,
Phys. Lett. B321 (1994) 137: V.R. Zoller, Phys. Lett. B279 (1992) 145.

[11] M. Gliick, E. Reva and A. Vogt, Z. Phys. Ce7 (1995) 433.

937

Longitudinal and Transverse Nuclear Shadowing
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Abstract: Nuclear shadowing arises from multiple scattering of the hadronic fluc-
tuations (1q@), |qgg--)) of the virtual photon in a nucleus. We predict different
longitudinal and transverse shadowing and an A-dependence of R = o/or which
can be up to a 50% effect. The possibility of detecting nuclear effects on R at HERA
is discussed.

While there are very different ideas on the nature of the EMC effect at intermediate and
large values of z, the situation seems to be less controversial at small . the region of nuclear
shadowing (NS). There is a general consensus that NS is due to the recombination of partons
belonging to different nucleons. A concrete and quantitative realization of this old idea has been
offered in [1] where NS is attributed to the multiple scattering of the hadronic fluctuations
of the virtual photon in nuclei. One can thus speak of parton recombination in that the
multiple scattering diagrams involve quarks and gluons which do not belong to a single nucleon.
This approach leads rather naturally to the prediction of different shadowing effects in the
longitudinal and transverse channels and consequently to an enhancement of B = op/or in
nuclei [2]. In the following we shall sketch the derivation of this result and present some
quantitative estimates. We shall also study the possibility of measuring nuclear effects on K at

HERA.

In \'irtual-photon-nucleus scattering, using Glauber formalism, the nuclear cross section is

given by
A-1 iz_'r_D_

A dt

where doP/dt is the ¥ N diffraction dissociation cross section integrated over the mass M* of
the excited hadronic states

Tt =A o' N —4x

]dn:-r2(5)+.... (1)

t=0

F(k2). (2)

t=0

i
dt

B ) d*aP
e [ G

The longitudinal form factor of the nucleus F(k}) appearing in (2) suppresses heavy mass
excitations corresponding to non negligible Jongitudinal momenta of the recoil proton, kL =

(07 + M) /20 = zm (1+ M2/QY)
Eq. (1) establishes a link between the leading nuclear shadowing correction and the pomeron
structure function which is proportioual to doP/dt. This allows relating the diffractive DIS
iGupported by EU Contract ERBFMBICT 950427
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currently under experimental study at HERA to the small-x nuclear phenomena which will
hopefully be a future chapter of the HERA program.

In the Nikolaev-Zakharov picture of small -z DIS [3. 4] the double scaltering.icrm‘ in (1)
can be calculated on the basis of the Fock structure of the virtual photon interacting with the
nucleus. At small z, the hadronic states into which the 4* ﬂuctuzf.le’s (lqq), Iq(ig... .)) have a
very long lifetime ~ I/myz and their transverse size is frozen during ll‘](‘ scattering proc::§ls;/.
Ilex-u'e one can write the virtyal photoabsorption cross sections for scattering off a nucleon ol
as (focusing for the moment op the qq Fock component )

1T (2,QY) = (o(p,2))Lr
[ da [ 5190202 p.0) o). 3)
0

where W 1 are the ¢ wave functions of the virtual photon, p the transverse .separa't.ion of Fhe
pair, a the momentum fraction carried by one of the ('orn'poncnts. and o(p,z) is the interaction
cross section of the gg color dipole with the IlllClEOll..\\’hl('l.l does not (lepenc_i on the flavor .and
on the photon polarization. Glauber’s expansion, written in terms of the dipole cross section,

n

reads A1 . I
ol 7(z,Q% = A (o(px))r1 - Ty (o(p,x)*) 7 /rl'b T*b)+... . (4)

where (o(p,z)) 7 = az'iy(r, @Q%). By comparing eqs. (1) and (4) one identifies the contribution
to doP /dt correspondirig to the gg content of the photon (or of the pomeron, from another
viewpoint) as

dop ! (o(p.2)?) Ly
= ey (5)
dt 2 167

For small p, o(p. z) has the color Lransparem‘_\'ﬁlge\yhavior a(p,x) x p*. Because of tbc st;uct urf;of
V1 7(Q% p, ) the dominant contribution to o T COI})}GS fromq pairs of transverse size p ~2 [mq2+
Q*a(1-a)]~". Symmetric pairs, with a ~ 1/2 an.d p*~ 1/Q? have oy 1 & (léQ-)log (2(3 /m2),
i.e. scaling cross sections. Asymmetric pairs, with a ~ 0.1 and large size p? ~ 1/m?, have a

scaling transverse cross section o ~ 1/Q%. but a vanishing longitudinal cross section oy,

Because of the color transparency property of o(p. r). lhe.se«:ol.ld zm.d higzher lermzs i{x the
series (4) contain powers of P’ Asa consequence, symmetric pairs with p* ~ 1/Q give a
1/(Q%)?, i.e. negligible, contribution to the <19ublc scattering ts-rmj wht:rf-a.s asymmetnc. ‘pa}nrs
with p? ~ l/mg lead to a scaling 1/Q? screening. 31[1('0 asymmc-l.rlc pairs leja.d to a vanishing
oL, we can conclude that shadowing in the longitudinal cross szm.‘tlon is nf‘ghsxble at moderate
and large values of Q?, whereas it is significant and almos.l Q@ n;depyn?en; in the transverse
cross section. Thus, R is expected to be enhanced in nuclei for @? > 5 GeV2,

So far we have considered only the lowest Fock state of 77, yielding the component o
M*(M? 4+ Q)3 of the mass spectrum. At large. M? the triple pomeron component, related to
the gqg Fock state of the photon, becomes dominant. Its mass spectrum js

dopz"| Ly M ”
dMZdr| T %t P i Ty
t=0

Putting all terms together one ends up with
A-1
44

p doil
{((r(p.l‘lz)L.T + 167 %

¢

. - o [ BET )+ (7
0;;(IQ2) = Aaz‘#(:.Q?) - 1=U} /41' bT#(b) + (7)
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A full calculation of the 3 contribution has been performed (4], which has confirmed the
behavior (6) both for the longitudinal and the transverse cross section and predicted a coupling
Asp substantially flavor and Q?* independent for Q% 22 GeV2,

~
Our estimate of AR = Ry~ Ry in [2] was based on eqs. (7) and (6), with Asp taken phe-
nomenologically from photoproduction data, Now, the Asp value computed in [4] is somehow
larger than the one used in [2]. This means that, since the triple pomeron contributjon does
not discriminate between longitudinal and transverse cross sections, the resylts for AR given in
2] slightly overestimate the nuclear effects on £, We correct them here by an educated guess,
leaving a precise quantitative determination to a forthcoming paper.

Thus our prediction for AR = Ry~ Ry in the atomic mass range 4 ~ 30 — 80 (say
Cu-Pb), at 2 = 10-3 anq Q% = 10 GeV? is; AR =~ 0.10 — 0.15, that is a 30 — 50% effect
(with Ry ~ 0.30 — 0.35). We found that at small Q? ~ | GeV? shadowing is similar in the
longitudinal and transverse cross sections. We expect the largest nuclear effects at r around
107* and (2 larger than few GeV?,

Let us address the problem of detecting nuclear effects op R at HERA. In order to extract
R one has to use nucleon beams with at least two different energies. We consider the possibility
of having two beams with nucleon energies £, = 410 GeV and B, = 205 GeV. The electron
energy is 27.6 GeV,

We estimate now the statistical error on AR, By considering two targets A and B and the
cross section ratios p, = a,;)/a&' and p, = rfgl/a_f + corresponding to the two target energies,

~ l — =, |
A’““’"’“*”’H?é“ﬁ} : ®)

among AR = R, — Ry, R = (Rq+ Rg)/2, 22 = (L=yi)/00 - Yia+ yf_2/2). and the ratio
of cross section ratjos P = p1/py. 1t is clear from €q. (8) that in order to extract AR one needs
R, besides p. Since our purpose here is simply to evaluate the expected statistical error on
AR, we use (8) as a constraint between R and AR [5]. In the following target B js assumed
to be deuteron. We choose 7 — 1074, Q% ~ 20 GeV?2, Jot R vary in a reasonable range around
0.3—0.4, fix p so as to get a AR value around 0.10-0.15 (which is our estimate presented above),
and calculate the error on AR. The statistical error on p12, with a luminosity of | pb" per
nucleon, is taken to be dp1.2 = 0.0090 (inlerpolating the values computed by Sloan [6]). We set
£1 = 0.80 and, finally, assume a 30% error on R. The result of our evaluation is shown in Fig. 1
where the solid line represents the central value of AR and the dashed and dotted lines mark
the estimated statistjcal error with integrated luminosities of | pb="and 10 pb~! per nucleon,
respectively. The estimated statistical uncertainty on AR is thus 30 — 35%. Our conclusion is
that the nuclear effects on R predicted by our mode] are visible at HERA and can be measured
with a reasonable accuracy.

Finally we would ike to comment on a different approach to parton recombination 7. In
the fusion model of [7] parton recombination is an initial state process and the shadowing of
nuclear structure functions arises from the shadowing of the glue density, which, is universal.
not depending on the specific process or observable considered. Thus one would expect that aj]
gluon-dominated physical quantities, such as Fi' and F2 at small 2. should behave similarly, at
variance with our finding. However no quantitative results for Ry and AR have been provided
so far for this class of models. It would he interesting to work out their predictions to see
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Figure 1: AR vs. Rat z = 10-2 and Q% = 20 GeV?.

whether a possible HERA measurement of R4 and AR can also discriminate between different
models of nuclear shadowing.
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Abstract: The development of a nuclear beam facility at HERA would allow the
study of fundamental features of quark and gluon interactions in QCD. I briefly
review the physics underlying nuclear shadowing and anti-shadowing as well as
other diffractive and jet fragmentation processes that can be studies in high energy
electron-nucleus collisions.

The use of nuclear targets and beams in high energy collisions provides a practical way to
vary the external parameters of QCD. At HERA, one can employ nuclear beams to probe deep
inelastic lepton scattering on nuclei in the small © regime where non-additive nuclear effects
are large, reflecting the space-time propagation of quarks and gluons. One can also test other
important nuclear effects, such as the energy loss of quarks propagating in nuclear matter,
color transparency phenomena in coherent and quasielastic diffractive processes, and nuclear
photoabsorption.

In the conventional infinite momentum frame parton model picture of DIS, the electron
scatters on a quark constituent of the target. In the corresponding description in the nuclear
rest frame, the incident transversely polarized virtual photon first splits into a pair 77 — qq
and the anti-quark is absorbed in the target. The scattered quark then appears as a jet
aligned with the incident virtual photon [1]. Thus from the laboratory frame perspective, the
nuclear dependence of the transverse nuclear structure function FT(z,Q%)a directly reflects the
nuclear dependence of the quark-nucleus cross section o,4(8) at a corresponding C'M energy
squared § = O(Fi/.r) [2]. Here Ei is the mean square Lransverse momentum of the interacting
quark. At very small = the effective laboratory energies can reach 10° GeV, and thus the
nuclear dependence of the transverse structure function reflects the Pomeron-like interactions
of the quark, including its elastic and inelastic interactions within the nuclens. Thus one
expects that the dominant quark interactions to occur on the front surface of the nucleus
and FT(z,Q%)a < AFT(z,Q%)~ (3] At moderate = ~ 0.15, the Reggeon contributions to
the quark-nucleon scattering become important; because of their phase structure the multi-
scattering amplitudes can lead to constructive interference, and thus to anti-shadowing; t.€.
FT(x,Q%a > AFT(z,Q*)~ [4]. For electron scattering on light nuclei. such as the deuteron.
one can also generate non-additive contributions from the “hidden color” non-nucleon Fock
components of the nucleus [3].

Examining the nuclear dependence of the final hadronic state is also illuminating. The
hadronization and fragmentation of the jet which is produced aligned along the photon direction
will reflect the energy loss mechanisms and multiple scattering of the quark as it propagates
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through the nucleus. On general quantum mechanical grounds, the high energy outgoing jet
can only lose a finite amount of energy so that the fragmentation function still factorizes in
leading twist—even though the quark transits the nucleus [6]. More recently, Baier et al. have
argued that the energy loss can scale as the square of the nuclear length because of specific
non-Abelian effects [7]. Bjorken has also discussed the predictions for rapidity gaps in deep
inelastic electron-nucleus collisions [1].

In contrast, the leading-twist contribution to the longitudinal structure function F¥(x, Q%)
derives from the interaction of a approximately symmetric gg component of the virtual photon
wavefunction with relative impact separation by ~O(1/Q). The specific nuclear effects at low
« then reflect the interactions of a small-color singlet system, thus leading to decreasing nuclear
absorption with increasing Q. Thus the study of shadowing as a function of photon polarization
and Q* can illuminate {he basic mechanisms underlying short-distance QCD processes.

It is also interesting to measure the shadowing of the charm and bottom cross section. The
basic underlying subprocess at low z is photon-gluon fusion. Thus the nuclear dependence of
the heavy quark structure functions measures the shadowing of the gluion distribution in the
nucleus, which in turn reflects the shadowing of the gluon-nucleus cross section.

It is also very interesting to measure the nuclear dependence of totally diffractive vector
meson production do/dt(7” A — VA) [8] at HERA energies, For large photon virtualities (or
for heavy vector quarkonium), the small color dipole moment of the vector system implies
minimal absorption; €., color transparency. The interacting ¢ system stays small over the
entire nuclear length at HERA energies. Thus, remarkably. QCD predicts that the forward
amplitude 77A — VA at t — 0 is nearly linear in A. One also is sensitive to corrections from
the nonlinear A-dependence of the nearly forward matrix element that couples two gluons to
the nucleus, which in turn reflects the square of the nuclear dependence of the gluon structure
function of the nucleus [9]. Because of color transparency, the integral of the diffractive cross
section over the forward peak is thus predicted to scale approximately A%/ R ~ AYS. A test
of this striking prediction could be carried out at very small tin at HERA and would provide
a striking test of QCD in exclusive nuclear reactions. Evidence for color transparency in quasi-
elastic p leptoproduction ~*A— p°N(A=1) has recently been reported by the 665 experiment
[10] at Fermilab.

In QCD. the proton is represented at a given light-cone time 7 =t+ = asa superposition of
quark and gluon Fock states |uud >, |uudg >. [uudgg >. luudQQ >, etc. Thus when the proton
is expanded on a free quark and gluon basis, it is a fluctuating system of arbitrarily large parti-
cle number. The light-cone wavefunctions ¥, (i, kii A, are the probability amplitudes which
describe the projections of the proton state on this Hilbert space. The structure functions
measured in deep inelastic lepton scattering are directly related to the light-cone x momentum
distributions of the quarks and gluons determined by the [wal?. An equally interesting mea-
sure of the proton’s structure is to examine the system of hadrons produced in the proton’s
fragmentation region when one quark is removed: 1.¢.. the proton’s “fracture functions™. At
HERA the particles derived from the spectator 3¢ system which are intrinsic to the proton’s
structure are produced in the proton beam direction with approximately the same rapidity as
that of the proton at relatively small transverse momentum. Thus in high energy ep collisions.
the electron resolves the diffractively-excited proton, revealing the correlations of the spectator
quarks and gluons in its light cone Fock components with invariant mass extending up to the
energy of the collision.
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It is of particular interest to examine the fragmentation of the proton when the electron
strikes a light quark and {he interacting Fock component is the |uudce > or |uudbb > state.
These Fock components correspond to intrinsic charm or intrinsic bottom quarks in the proton
wavefunction. Since the heavy quarks in the proton bound state have roughly the same rapidity
as the proton itself. the intrinsic heavy quarks will appear at large zp. One expects heavy
quarkonium and also heavy hadrons to be formed from the coalescence of one (or more) heavy
quarks with the valence u and d quarks, since they have nearly the same rapidity[11]. Since
the heavy and valence quark momenta combine, these states are preferably produced with
Jarge longitudinal momentum fractions. A recent analysis by Harris, Smith and Vogt of the
excessively large charm structure function of the proton at large = as measured by the EMC
collaboration at CERN implies that the probability Pe that the proton contains intrinsic charm
Fock sLaleszis of the order of 0.6% [12]. In the case of intrinsic bottom, PQCD scaling predicts
Pz = Pc;:l—lﬁx—g%%, more than an order of magnitude smaller. A discussion of the physics of
intrinsic heavy quark states and the dependence of the resolution of intrinsic heavy particle
Fock states on photon virtuality Q* is presented in Ref. [13].

It is also illuminating to study the target fragmentation region at HERA with nuclear
targets [13]. The spectator system evolves as 3¢ of color il a single quark is removed in the
DIS process. One then can examine the composition and fragmentation of this system. Some
of the main issues in the nuclear case are nuclear modifications of leading particle effects due
to increased density of comovers 8], nuclear modifications of intrinsic sea distributions in the
target fragmentation region, particularly intrinsic charm, production of heavy quarkonia at
large xr, etc.

The forward proton fragmentation regime is a challenge to instrument at HERA. but it may
be feasible to tag special channels involving neutral hadrons or muons. In the case of the gas
jet fixed target ep collisions at HERMES, the target fragments emerge at low velocity and large
backward angles, and thus may more be accessible to precise measurement.

| thank J. D. Bjorken. P . Hoyer. A. lebecker, A. Mueller, E. Quack. and R. Vogt for helpful
discussions. Work supported by the Department of Energy. contract DE-AC03-76SF00515.
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Abstract: Coherent electroproduction of vector mesons off *H and *He is consid-
ered in the kinematics of deep inelastic scattering. Special emphasize is given to
the —t ~ 0.8 — 1GeV2 region where cross section is dominated by the interaction
of ¢ configuration in 7" with two nucleons. This kinematics provides unique pos-
sibilities to study quantitatively onset of Color Transparency in the vector meson
production with increase of Q? as well as its graduate disappearance at very small
z- perturbative Color Opacity.

1 Introduction

The recent theoretical analyses [1, 2, 3] have demonstrated that in the limit of large Q?
exclusive production of vector mesons in the process YL+ P = V + pis controlled by the
calculable interplay of hard-perturbative QCD and nonperturbative QCD. Recent experimental
data [4] seem to indicate that the hard mechanism starts to dominate already at Q2 > 5 GeV?2,

In the small z region the vector meson production is essentially three stage process in the
target rest frame. F irst, at the distance lo~ 2ml~ < before the target 57 transforms into a small
transverse size g pair: byg =1t — 1 = 3/Q bya(Q* ~ 10GeV?) ~ 0.4fm; then the small ¢7
pair interacts with the target with amplitude [5]:

Q27|-2 2 2 X T d 2
AT) o= S ﬂs(Q)'(V—gm)l‘GT(LQ)} 0

where Gr(z,Q?) is the gluon density of the target. The third stage - transformation qq —
V' occurs long after the target at distances ~ 2go/m3.. The use of the completeness over
diffractively produced states allows to express the result in terms of bare parton distributions
within a target and within the vector meson similar to the DIS processes[1] as: ATT-VT —
VY @ A(qqT) ® Y9V where Y7 is the wave function of 7" = qq transition, Y%=V i
the ¢g component of the 1/ wave function. A(¢qT) describes the 4q scattering off target 7" with
cross section given by eq.(1).

The use of the nuclei allows to check QCD prediction that cross section of interaction of
small ¢¢ with a nucleon is indeed small - Color Transparency, and whether it can reach (due to
increase of the gluon density at small z) values comparable to those for the interaction of light
hadrons (pions) - perturbative Color Opacity. One possible strategy is to study coherent vector
meson production of heavy enough nuclei at ¢ ~ (. Another possibility which we consider
here is to use the process v* + A — V + 4 with the lightest nuclei (A=24), V = p, piw,¢...
at z < 1072 and focus on the region of comp@dstively large |t| where interaction with two
nucleons dominate. We restrict by the coherent channel because this case can be singled out
experimentally in an unambiguous way. There is clear experimental evidence for the dominance
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of the rescattering diagrams in the coherent production off the deuteron at t| > 0.6GeV*(see
Ref.[6] and references therein). Due to the quadrupole contribution the diffractive minimum is
filled up. This is the reason why our next choice is the 1He target, which is a spherical nucleus
without quadrupole form factors for which diffractive minimum occurs at —t ~ 0.2GeV? and
where, as a result, one is sensitive to rescatterings at considerably smaller [t].

2 Cross Section

At small , and large Q* where average by is small. nuclear effects are generated through
the double rescattering of the qg pair off the target nucleons. As a result of QCD evolution
parton wave function of a compact configuration can evolve to normal hadron transverse size.
Such a configuration will lead to shadowing effects in the leading power of @Q*. This effect is not
too small at t = 0 at sufficiently small z [2]. Thus in QCD there is no direct relation between 10
<mallness of cross section and smallness of secondary interactions. Strict QCD prediction is that
double scattering effects should decrease with ()* increase more fastly than single scattering
amplitudes [1] but actual calculation of double scattering term is model dependent at the
moment. Hence we account for double scattering of qg pair which is numerically large and

neglect leading twist effects due to QCD evolution of the q7 pair to normal hadron size which
decrease with ¢ more rapidly. For the deuteron we obtain (suppressing spin indices): is restricted by unitarity condition[3]. An observation of a slowing down of such an increase at
small = would be a clear signature of the onset of color opacity. For Q? ~ 5GeV? such effect

N T M 8 e el |
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Figure 1: The R(t) as a function of t at different x. Solid curves - QCD calculation erplained
in text, dotted curves are VMD predictions, dased curve is for @* = 0, which for *He include
n > 2 rescattering term.

doitH-VH _ 1 'Zf“)(t)S,,(g) . if('l) (1) / ﬂL_—Sd(k'L)r'"”'z i 2) could occur already at HERA energies.
dt 167 272 2 (2m)? In Fig.1 we present R(t) for fixed % and different z. calculated for coherent scattering off
5 4 and *He. We show also in this figure expectation of the Vector Dominance model (VMD)
where t & —¢} and Sq(k) = Fela) + (3%%1' - 1) Fq(q)/ﬁ and Fo and Fg represents the in which p-meson is produced in the first interaction and scatters off the nucleons with cross
charge and quadrupole deuteron form factors. Similarly for the coherent scattering off *He we section similar to 7N cross section. In the case of *He target one expects a clean minimum
obtain: which is very sensitive to amount of rescattering terms in eq.(4). Investigation of the depth of
vl ' —_ 2 diffraction minima would allow to check another prediction of QCD. namely the large value of
doi eV R ! () i3f0(5) ar the real part of the production am litude ReF/ImF ~ 0.3 —04
——?“’——— = TG? l4f (f)‘b(f) 4= mf“‘ (3) > Teal pa I p ! . A
3 Critical Assessments and Conclusions
where ®(t) is the chargg form factor of 4H€, (2(t) = (»‘Xp(3(}?/3) for .smnll ’_)' We n‘-smct In this discussion we assumed that the only mechanism that generates the nuclear effects are
ogrselves by the calculation of doul.)le §cmtprmg amphtml@ since xnulAtls«;n.ttcrmg amp‘hmd("s double rescatterings and neglected the leading twist mechanism of multiple scattering related to
vmlat.e enf!rgy-momentum conservation in respect t.o pl’ﬂd}l(‘l.lun of mulnpa.r “"hf states. So their the leading twist nuclear shadowing. It may compete with the mechanism we discussed above
m_mn‘bu.tmn s}}ould be 0 (S.Mandelstam cancelat‘}on) \\’ulun. the npp.ruxuuntmn w.hen only a in a certain T, Q range. This question requires further studies and detailed experimental
Qg pair is considered. In Egs.(2) and (3) the multiple scattering amplitudes are defined as: study of t. (Q* dependences at large kinematical range is necessary. However the important
(n) 251 L (b n signature which will be held at the wide kinematical range is that relative contribution of the
JEH /d bus. (b) "(b)aaéN(")”1’(3'/”) (4) secondary rescatterings would be strongly suppressed as compared to the case of the real photon
projectile. If such a suppression will disappear at very small z close to unitarity bound, this
where 74 is given by eq.(1). Because of the small size of ¢q the slope of the elementary would establish the z, Q* range for onset of the Color Opacity phenomenon.
amplitude, B = 2.5 GeV~2[4] is mainly determined by the two-gluon nucleon form factor
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Possible evidence for color transparency from
dijet production with large rapidity gaps in 7p scattering
at HERA and how to test it in yp,vA scattering
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Abstract: We argue that the probability of gap survival in dijet production in P
scattering as measured by ZEUS may be due to the color transparency phenomenon
and suggest ways to test this hypothesis in the future 7P and yA processes.

The interaction of spatially small systems with a hadron has been the subject of discussions
for a long time now (for the long and somewhat contradictory history of the theoretical and
experimental investigations of this phenomenon see ref [1]). One expects that small color sin-
glets interact weakly if energies are not extremely high - color transparency (CT). The current
HERA data are in the kinematic region where the coherent length [, = 1/2myzx significantly
exceeds the nucleon radius. In this kinematic range color coherent effects should reveal them-
selves most clearly. Here we explain a practical idea how to search for CT in high p, dijet
production at HERA both in 7 and ¥4 collisions,

1 Gap survival for 7p case

In order to study soft interactions which accompany a hard scattering, Bjorken (3] suggested to
investigate the ratio of the Cross sections of the high p, dijet production with a large rapidity
gap (LRG) to that of dijets without a rapidity gap:

foo = a(a+c— (jet(p) + X)+ LRG + (Jet(—pe) + 7))

= KPpe 1
ala+c— Jet(py) +Jjet(-pm) + Z) e (1)

Here ¢ can be a proton or a nuclear target. To account for the difference between scales of hard
and soft processes quantify the role of soft physics Bjorken evaluated fac as the product of 2
factors:

fac = KPpgs. (2)

Factor x is the probability of producing a rapidity gap in hard subprocess, while Pj;q character-
izes probability of gap survival due to soft interactions of constituents which do not participate
in the hard collision.

exchange by an extra gluon between the partons involved in a hard collision is canceled out
for the total cross section of dijet production. b-légvever for diffractive processes the presence of
the LRG trigger in the final state destroys the cancelation between different terms, leading to
the factorization theorem breaking(7]. In perturbative QCD &, can be estimated as the ratio

I ——

of cross sections of hard collisions of partons due to a double gluon color singlet exchange to
that due to a single gluon exchange [3, 4, 5], give k ~ 0.15 cf.discussion in [6] which depends
rather weakly on pe of the jets. Account for the leading a, In + corrections may lead to a certain
increase of x with the length of rapidity gap. x is different for the hard collisions of partons
belonging to the different representations of SU(3)cotor- This leads to a certain dependence of
# on the kinematics and to a weak dependence on a projectile,

soft and for hard collisions, Hard collisions are concentrated at small impact parameters which
are characterized by the average slope of the diffractive Cross section: a +b — X, + X, where
X1, X, are diffractive states. On the contrary, soft interactions are predominantly peripheral,
at impact parameters increasing with energy. This has been established experimentally via the
observation of the diffractive cone shrinkage with increase of the energy. Thus a reasonable
approximation is that Py is determined by collisions at zero impact parameters. Within the
eikonal approximation used by Bjorken [3] the eikonal phase at zero Impact parameters is a
function of the dimensionless ratio Otot(ac)/ By, where B, is the slope of the differential Cross
section for the soft ac scattering. We observe that this ratio is practically the same for proton
and photon projectiles, Here for a photon projectile we use as a guide the vector dominance
model where B, .~ B, and Oinet X 0rc. Hence in the eikonal approximation:

Pras(pP) = Pras(yp). (3)

This projectile independence is because a collision at central impact parameters is almost black.

A second possible source of filling the gap between the Jets can be radiation from the two
gluon exchange. This radiation should be a smal] effect since both gluons are located at the
same parameter. In this case radiation of gluons with transverse momenta < p, is cancelled
out because such a gluon can not resolye colorless exchange, cf.[8]. Radiation of hard gluon
is suppressed by the smallness of the coupling constant. Besides, this radiation is projectile
independent since it is determined by the properties of the 2 gluon exchange.

Very recently photoproduction events which have two or more Jets have been observed in
the W., range 135 < Wap < 280GeV with the ZEUS detector at HERA [2]. A class of the
events is observed with little hadronic activity between the jets, The value of fop = 0.0740.03
is reported based on the last bin: Ap > 3. This value is rather close to the estimates in
perturbative QCD [3, 4, 5] neglecting absorptive effects due to interactions of spectator partons
in colliding particles, Le.assuming Prgg ~ 1. It is significantly larger that the values reported
by DO [9] and CDF [10] at \/s=1.8 TeV: fos = 0.0107 £ 0.0010(stat.)2000% (sys.) [9]. and
0.0086 + 0.0012 [10]. The difference in the gap survival probability is another manifestation of
the lack of factorization in the hard processes when extra constraints are imposed on the event
selection, see review in [11].

We thus conclude that the probability of gap survival seems to be an effective probe of soft
interactions which accompany hard interactions, Specifics of the photon projectile is that its
wave function contains a significant ¢ component with large transverse momenta where color
is screened. For such configurations, CT would lead to significant enhancement of Pres. In
the ZEUS experiment the requirement of obse ing two high p, jets in the acceptance of the
detector have led to an effective selection of _](?éﬁ carrying a fraction of more than 0.7 of the
photon momentum. This component of the wave function is dominated by the small size qq
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Figure 1: A dependence of the rapidity gap survival probability on gesy.

component of the photon wave function since the soft component is suppressed at least by a
factor 1 —z. Hence the larger value of f,; observed in this experiments as compared to fy, maybe
a manifestation of CT. In other words, kinematics of of the ZEUS experiment may effectively
suppress the soft component in the parton wave function of photon. One of the
ways to check this interpretation is to investigate the dependence of Prgs as a function of the
fraction of the photon momentum carried by the jet. The prediction is a significant depletion
of f.p when this fraction decreases to values below 0.5. One should also try to introduce a cut
for the jet fraction larger that 0.7. but to avoid kinematics when the jet from accompanying
quark would fill the gap. This may increase the color transparency effect.

2 A-dependence of gap survival

Another way to check the color transparency interpretation of the ZEUS data would be to
study the A-dependence of Prgs- One can address here in a quantitative way the key
question of how large is the effective cross section for the interaction of the photon in the
configuration which leads to the production of events with rapidity gaps between jets? Is it close
to the average value of o.p; ~20 mb or maybe much smaller. as the CT interpretation of the
ZEUS data suggests.

Let us define FoalAn)
Y
Rl = L8t

f~p(A"])

for A > 3 where f,(A7n) flattens out. It is easy to calculate the A-dependence of R(A) using
the eikonal approximation [12]:

(4)

R(A) = [ BT(B)exp(~0eyT(B)). (5)

) 951 )
Here T(B) is the standard nuclear thickness function: T(B) = [7% dzpa(V/B?+ z%). where
the nuclear density pa(r) is normalized according to [ palr)d®r = 1. aeyyp is the cross section

of inelastic soft interaction of the hadronic component of the photon wave function, excluding
diffractive cross section. The results of the calculation of R(A) are presented in Fig.l as a
function A for several values of o.p;. One can see that measurements with nuclear targets
could provide a quantitative measurement of 0,7 and hence shed a new light on the dynamics
of strongly interacting color singlet object responsible for the jet events with rapidity gaps. If
one would observe a.py < 10mb this would provide a clear evidence for CT in the production
of dijets with LRG. It seems that the optimal range of the targets is A < 40 since for larger A,
R(A) depends rather weakly on A.
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The investigation of nuclei with deep inelastic lepton scattering has produced very accurate
data on nuclear structure functions F3(z). Especially the measurement of the ratio of tin to
carbon structure functions has been carried out recently with very high statistics [1]. It shows
shadowiug for z < 0.05. Antishadowing (< 2%) is visible around r = 0.1. In the interval
0.25 < r < 0.8 the nuclear valence quark density is reduced. By measuring three different
p-beam energies (120, 200 and 280 GeV) NMC has also been able to determine the weak In Q*
dependence of the structure function ratio. Using perturbative QCD evolution equations one
can extract from this dependence the little known underlying gluon densities [2]. Measurements
of the gluon distribution in nuclej give experimental windows viewing the partonic structure of
nuclear binding. Currently there is a discussion to use nuclear beams in HERA. The study of
the gluon distribution in nuclej a small z would be one of the outstanding new opportunities
to investigate nuclei on the parton level. Also the forthcoming heavy ion experiments at RHIC
and LHC need a good understanding of the nuclear parton distributions to calculate the cross
sections for hard processes initiated by nuclear collisions.

At Leading-Log (LL), the structure function per nucleon is the sum over active flavors
of quark and antiquark densities weighted by the corresponding charge squared Fy(z,Q%) =
Y eqi(z, Q). As usual, we define the Bjorken variable relative to nucleon kinematics z =
Q*/2Myv, with My the nucleon mass, v the virtual photon energy in the rest-frame of the

nucleon or nucleus, and Q? = —q* its virtuality. The LI Q% evolution of F, reads
aF; as F
ng—;’(zéfﬂc*c+1’vv*f)~ (1)

where G is the gluon density in the nucleon or in the nucleus. The splitting functions are
denoted by P,, and Pyg. It is understood that distributions, structure functions, as well as as
are (? dependent.

For z sufficiently small, the second term in the evolution equation of Fy is small in compar-
ison with the first. Furthermore, the first term can be approximated in a simple way to easily
extract the gluon distribution from the evolution of F,. One has

ar, _as (23 €?
dnQ? =~ 27 372

22G(2z,Q%) + A(:.Q’ﬂ) : (2)

'Supported by the Federal Ministry of Education, Science, Research and Technology (BMBF) under grant
no. 06 HD 742

953

___—

The second term, A(z,Q%). is a certain integral over F, [2] which can be computed from F,
data. Due to the steep rise of G, A becomes a small correction as soon as z < (.1, so that only
an approximate knowledge of F; is needed to estimate A. In the following, we shall take into
account both contributions to the evolution equation.

We can now turn to the study of the new NMC data on tin to carbon ratio of structure
functions. Namely, measurements of

B Ii‘zs“ - i FZS" .
filz) = od flz) = I (3)

have been performed [1]. Using Eq. (2), it is easy to relate the tin to carbon ratio of gluon
distributions )
2) Gbn

r(.z:. Q = aTel

G .02

to fi and f,, and one finds

= : (4)

=.(Q?)

where = .
_dlnFf  9nFf 7} Ff

= =S+ ——In—=.

fa dlnQ? ~ dlnQ? - dlnQ? " Fd

In this analysis, we use the fact that the ratio of carbon to deuteron structure functions shows

practically no Q* dependence, so that we can drop the second term in the right hand side of
Eq. (5), and use for f; the deuteron data.

(5)

We plot the ratio r(z) in Fig. 1 together with fi(x). One observes a signal for a stronger
antishadowing in the gluon case (~8%) than in the quark case (~1% ). In the shadowing region,
there is no evidence for a difference between quarks and gluons. It is, however, presently
impossible to draw a firm conclusion in this region,

There are theoretical approximations. Neglect of NLL corrections together with the use
of Eq. (2) lead to an approximation presumably better than 20% for an absolute extraction
of gluon density. Because the ratio r(z) remains close to 1 in the whole range of r being
considered, they are hopefully even far better for the ratio we are evaluating.

For the discussion of the accuracy reachable with HERA using nuclear beams there are two
scenarios. If the present H1 systematic errors are added independently for each nucleus. the
ratios fi = F;" /" of nuclear structure functions would have prohibitively large errors (10% )
of the same size as the EMC-effect. Drastically reduced errors, however, can be obtained if two
nuclei can be stored and/or measured simultaneously. Then the leading error on the ratio of
nuclear gluon densities would be the error in fr=d(FM [ F§?) /dIn Q2. The situation would
be similar to the NMC measurements, but with a much extended range in % and z. Note in
Fig. 1 only the statistical errors have been included, a consideration of systematic errors ( at
small z mostly from radiative corrections) would increase our uncertainty by 50%.

The LL approximation becomes insufficient at very small z. An extension to NLL has
been proposed for the proton case and can be carried out for the nuclear case as well. In the

954




L Az + |
T ee) o |
1.1 F % \ e

0.01 0.1 T

Figure 1: The ratio r(z) = G5"(z)/GC(z) of tin to carbon gluon density as a function of = together
with the ratio of structure function, fi(z) = F$*(z)/ F5(z). The statistical error on f; is less than 1%
in the whole range of z. We also show the extraction of r, (r) = 1.13+0.08, from J /¥ electroproduction
data as a rectangle the sides of which are the r-range of the data and the errorbar in (r).

nuclear case, additionnal merging terms are expected to play an important role in the evolution
equation with the increase of the gluon density. These non-linear effects are expected to appear
at very small r (< 10-2). With such possible contributions. it is necessary to carry out the
measure of the gluon density in other channels. In this respect. the ratio of longitudinal to
transverse virtual photon cross sections at small z provides a direct information on Glr). It
is also important to extend the inclusive measurements of I, and Fy to jet. open charm and
charmonium productions.

Apart from its own interest, the gluon density is a basic input in heavy ion collision ob-
servables. The range of x values accessible via the NMC Fy-measurements 0.01 < r < 0.2 is
sufficient to estimate the importance of shadowing for the minijet production rate at RHIC.
One needs, however, much smaller & information, down to z = 107, for heavy ion collision at
LHC. To cover this range. HERA with nuclear beams would be very helpful.
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Abstract: The effects of nuclear binding on nuclear structure functions have so
far been studied mainly at fixed target experiments, and there is currently much
interest in obtaining a clearer understanding of this phenomenon. We use an existing
dynamical model of nuclear structure functions, that gives good agreement with
current data, to study this effect in a kinematical regime (low z, high Q?) that can
possibly be probed by an upgrade of HERA at DESY into a nuclear accelerator.

The ratio of the structure functions of bound and free nucleons is smaller than one at r < 0.1;
this has been observed previously and is called nuclear shadowing [1]. Nuclear shadowing
and its scaling proporties are generally regarded as the shadowing effect arising from gluon
recombinations in the partonic model. A surprising fact of the HERA data is the rapid rise
of the structure function F, of the proton as decreases. The expected shadowing effect of
gluon recombinations is not visible at least down to x ~ 1073 [2]. On the other hand, one of us
(WZ) [3] has pointed out that {he effect of shadowing due to gluon recombinations on a steep
gluon distribution will be weakened by momentum conservation; in particular, gluon fusion
can be neglected in the QCD nonlinear evolution equation in the small-z region where the
gluon density rises like the Lipatov 2-1/2 behavior. Obviously. reconsideration of the partonic
shadowing model is necessary. We have thus evolved a new approach to nuclear shadowing,
which explains available data without needing Glauber rescattering [4]. On the other hand,
there is a strong likelihood of HERA being upgraded to a nuclear accelerating machine [5]. We
therefore apply our model and obtain predictions for the nuclear structure functions in the
kinematical regime of the HERA machine.

The Model : We quickly review the model. We consider the DIS process in the Breit frame,
where the exchanged virtual boson is point-like and the target consists of partons. The z-
component of the momentum of the struck quark is flipped in the interaction. Hence, due to
the uncertainty principle, a struck quark carrying a fraction = of the nucleon’s momentum,
Py. during the interaction time Tiy = 1/v. will be off-shell and localized longitudinally to
within a potentially large distance Az ~ 1/(22 Py ), which may exceed the average two-nucleon
separation D4 for a small enough & < zo = 1/my Da.

The struck sea quark with its parent will return to its initial position within 7, if the target
is a free nucleon. However. in a bound nucleon target, it can interact with other nucleons in
the nucleus and so loses its energy-momentum. Since it can be randomly distributed outside
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the target nucleon, and interacts incoherently with the rest of the nucleus, we regard this effect
as an additive (second) binding effect rather than as a Glauber rescattering.

A simple way of estimating the second binding effect is to connect this new effect with the
traditional binding effect, which influences the parton input distributions at the starting point,
Q* = p?, of the QCD evolution. At such low scales, we picture the nucleon as being composed
of valence quarks, gluons, and mesonic sea quarks. For example, we identify the GRV (LO)
parametrisations [6] as the input parton distributions of the free nucleon at u? = 0.23 GeV2.

We consider that the attractive potential describing the nuclear force arises from the ex-
change of scalar mesons. Hence the energy required for binding is taken away solely from the
mesonic component of the nucleon, and not from its other components. We identify this with
the sea quarks (and antiquarks) in the nucleon. Therefore, we assume that the nuclear binding
effect only reduces the sea distributions of the nucleon at Q? = 2.

For a binding energy, b, per nucleon, this corresponds to the reduction of the bound nucleon
sea densities from the free-nucleon value, Sy(z, u?), given by GRV at Q%= p1? to

Sa(z.pu?) = K(A)Sy(z, 1)
2b e
L MG ) )b‘\(l'“z)'

N 2

(1)

Here (Sy); is the momentum fraction (second moment) of the sea quarks and we assume that
the decrease in number of sea quarks due to the binding effect is proportional to their density.

We assume that the energy loss of sea quarks. U,(Q?), due to the second binding effect is
also proportional to the density,

UN@) = BMy [ 254(2.Q%) = BMu(S4(@2)s | (2)

and the strength of this interaction is similar to eq. (1), viz.,

__U@) U
C O OMN{Sa(@D): ~ My(Sy ()

U(p?) = ayq/6 being the binding energy between each pair of nucleons. In consequence, we
have, due to the second binding effect, a depletion of the sea quarks, given by

Sa(z,Q) = S(2,Q%) = BS4(,Q?) . (4)

Combining the above mentioned two kinds of binding effects and the swelling effect on a bound
nucleon, which was discussed in ref, [7], we are able to explain recent data on the EMC effect
in a broad kinematical region using only a few fundamental nuclear parameters [4].

(3)

Predictions for HERA : Our model predicts correctly the A-, Q2 and z-dependences of the
nuclear structure functions (and not only the ratio of cross sections) measured by the NMC in
the ranges of « < 0.8. Q* > 0.5 GeV2. However. being a fixed target experiment, the available
Q* range is limited. It would therefore be interesting, as well as instructive, to obtain more
results and predictions in the small-» region, and in a larger Q? range.

We have done this for the case of a few typical nuclei, the results for which are shown in
Fig. 1. We see that the small-z shadowing is weakly dependent on @* and is dominated by the
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second binding effect. Due to this, there is hardly any z-dependence, as saturation has already
set in by = ~ 1072, However, the magnitude of the shadowing is large for heavier nuclei.
We therefore conclude that it would be definitely worthwhile to make the effort to study

such processes at HERA in an attempt to understand better the nature of the binding of nucleons
in nuclei.
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Figure 1: The structure function ratios as functions of x and Q* for He/D, C/D, Ca/D,
and Sn/D. The full, broken, and long-dashed curves correspond to Q% = 4,30, and 100 GeV?
respectively.
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Abstract: Nuclear shadowing corrections are dominated by soft interaction and
grow as function of 1/x more slowly than the single scattering term, which has an
essential contribution from hard interaction. Therefore we predict vanishing nuclear
shadowing at very low r provided that (% is high and fixed. At the same time, at
medium and low Q2. nuclear shadowing grows with 1/x as is well known for soft
hadronic interactions.

Experimental observation [1, 2] of nuclear shadowing in deep-inelastic scattering at low = was
probably the first signal that this process is substantially contaminated by soft physics even at
high Q2. Since nuclear shadowing is closely related to diffraction [3], it is not surprising that
recent measurements at HERA found diffraction to be a large fraction of the total cross section.

The structure function Fy(z,Q?) is proportional to the total cross section of interaction of
a virtual photon with the target. This invites one to consider deep-inelastic lepton scattering
in the rest frame of the target, where the virtual photon demonstrates its hadronic properties.
Namely, the hadronic fluctuations of the photon interact strongly with the target [4]. Such a
process looks quite different from the partonic interpretation of deep-inelastic scattering. The
observables are Lorentz-invariant. but the space-time interpretation depends on the reference
frame.

The observed virtual photoabsorption cross section on a nucleon is an average of total
interaction cross sections o/ of hadronic fluctuations weighted by probabilities W} .

o (2,Q) = L Wi (2.Q%) opy = (oia)) - (1)
k
In the case of a nuclear target the same procedure leads to [5].
o (2,Q%) 1 (ot )% ; .
ot 170K 1 _ ] - = L (T) Filqr) + - (2)
J?o,‘N(I.Qz) 1 (U("r}) (T) Filqe

Here T(b) = [, dz pa(b,z) is the nuclear thickness at impact parameter b and (T') =
(1/A) Jd*b T*(b) is its mean value. pa(b.z) is the nuclear density dependent on b and longi-
tudinal coordinate z. The longitudinal nuclear formfactor

2

o0

1 ’
Filw) = gy [ U dz palb.2) expligi?) 3)
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takes into account the effects of the finite lifetime ¢, & 1/, (the coherence time) of hadronic
fluctuations of the photon. where. g = (m3+Q?)/2myv is the longitudinal momentum transfer
in 9°N — hN. At large g2 > 1/R4, the nuclear formfactor (3) vanishes and suppresses the
shadowing term (2). This is easily interpreted: for large gz the fluctuation lifetime and its path
in nuclear medium are shorter, and shadowing is reduced. For further estimations we assume
that the mean mass squared of a photon fluctuation is Q% leading to ¢, = 2myuz.

Thus, all the factors in the first-order shadowing term (2) are known, except ((ah¥)?). First,
let us analyse the Q*-behaviour of this factor. It is known that (oY) x 1/Q* according to
Bjorken scaling. In QCD this is usually interpreted as a consequence of color screening: the
higher the value of Q*, the smaller the mean transverse size squared (p?) ~ 1/Q* of its hadronic
fluctuation. Due to color screening the cross section of interaction of such a fluctuation with
external gluonic fields vanishes as ~ 1/Q*. However, the situation is more complicated, as a
finite admixture of soft fluctuations having large size is unavoidable [6. 7. 8]. We classify in a
simplified way the hard and soft mechanisms of deep-inelastic scattering in Table 1.

Table 1. Contributions of soft and hard fluctuations of a virtual photon
to the DIS cross section and to nuclear shadowing

Fluctuation | W7~ ol Wrmohy | Wy (ofi)?

Hard ~1 ~1/Q%* | ~1/Q* | ~ 1/Q*
Soft ~ 3 QY | ~ 1/t | ~ Q| ~ 1/ uPQ?

As previously stated. the mean fluctuation of a highly virtual photon is hard and has a small
transverse size ~ 1/Q2. This is why we assign to it a weight close to 1 and a small ~ 1/Q* cross
section in Table 1. On the contrary, a soft fluctuation having a large size ~ 1/p*, where pis a
soft parameter of the order of Agep, is expected to be quite rare in the photon, suppressed by
factor ~ u?/Q2! On the other hand, such a soft fluctuation has a large ~ 1/4* cross section.
Therefore. the soft contribution to (oY) has the same leading twist behaviour ~ 1/Q? as the
hard one. Thus, according to Table 1 one cannot say that Bjorken scaling results from the
smallness of the interaction cross section of hard photon fluctuations, that also arises from the
rareness of the soft components of a virtual photon.

The last column of Table 1 summarizes the Q*-dependence of hard and soft contributions to
((af‘o‘f %), which sets the size of nuclear shadowing and diffraction effects. In this case the hard
component turns out to be a higher twist effect, and the leading contribution comes from soft
interaction. This is why the applicability of pure perturbative calculations to nuclear shadowing

or diffraction is questionable.

Since ((o/Y)?) is dominated by soft interactions. we can parameterize it as [5],

((oh)?) -~ N (l)'l-'lp(u’) i

hN T )
(oder ) F(x,Q%)
"This is shown to be true for a transverse photon by perturbative calculations [8], but in a longitudinal
photon soft fluctuations have an extra suppression ~ 1/Q* [8]. Therefore shadowing is a higher twist effect.

T
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We are interested in the behaviour of this factor at very low r and assume for the numerator
dominance of the soft Pomeron with intercept ap(0) = 14 A(u?), where A(p?) 2 0.1 is known
from Regge phenomenology of soft hadronic interactions. This explains particularly why a
soft Pomeron intercept was found in diffraction at high @? [9], while the intercept describing
z-dependence of F}(z,Q?) at high Q2 is much larger, Ap(Q*) ~ 0.3 + 0.4 [5).

The proton structure function was fixed in [5] by fitting available data. The only unknown
parameter \V is universal for all nuclei and is fixed by the fit at N = 3 Gel/~2 [5].

Now we are in a position to predict nuclear shadowing down to low z. The fact that
2Ap(p*) < Ap(Q?) at high Q2 leads to the unusual prediction of vanishing nuclear shadowing
at very low z, That is, the first shadowing correction in (2) decreases with 1/x provided that
the nuclear formfactor saturates, Fi(z) — 1. This is demonstrated in Figs. 1-2, where we
have plotted our predictions for carbon and tin versus x at fixed values of Q2. Note that
formula (2) does not include the small (a few percent) effect of nuclear antishadowing. We have
renormalized all curves by factor 1.03 in order to incorporate this effect, which we assume to
be A-independent for simplicity.

1.05

Q’=20 GeV?
1.00 f=——=——

0.95 |
0.90 1

R(A/D)

0.85 1
0.80 1

C/D

0.75 . - : . . .

107 10 10% 107 f0'10* 10+ 167 107 70 -
z T

Figure 1: Normalized ratio F(2,Q*)/FP(2,Q?) calculated for carbon
using (2). The data points are from [1].

Figure 2: The same as in Fig. 1 but for tin. The data points are from [10].

Note that comparison with data (1] in Fig. 1 is marginal, since @Q? substantially varies from
point to point. To make the comparison with data more sensible it was suggested in [5] to plot
the data against a new variable,

L) =1 ey Reen (L)
n(z, Q% A) = Iw( (6)) Fa(qe) (;) . (5)
One may expect according to (2) - (4) that nuclear shadowing is A-, 2~ and Q*independent at
fixed n(z.Q*, A). Data from the NMC experiment plotted against n(z, Q% A) in Fig. 3 nicely
confirm such a scaling. Note that the data points for different nuclei may differ within a few
percent due to the antishadowing effect, if it is A-dependent.
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Figure 3: Nuclear shadowing versus scaling variable n(z,Q* A) (see
text). The data for Li, C and Ca are from [1, 2], other data points
are from [10].

Figure 4: Logarithmic Q*-derivative of the ratio of structure functions
for tin to carbon. The data are from [11].

The results depicted in Figs. 1-2 demonstrate a substantial variation of nuclear shadowing
with @2, especially at low z. Q*-dependence of shadowing was observed recently by the NMC
experiment [11]. Their data are plotted in Fig. 3 together with our predictions, which reproduce
well the order of magnitude of the effect. We cannot claim a precise description, since the data
represent the results of averaging over large interval of Q* down to quite low values, where our
approximation may not work. It is important that all Q*-dependence of shadowing originates
in formula (2) only from the proton structure function in the denominator. Consequently, this
effect in (2) has no relation to shadowing of gluons in nuclei.

To conclude, we would like to comment on the approximations used.

First of all, in saying that (oY) is dominated by soft interaction we neglected the higher
twist corrections ~ 1/Q? presented in Table 1. Thus, one should be cautious using this approx-
imation at low Q2.

Although we use a double-leading-log type parameterization for Fi(x,Q%). which provides
a vanishing effective Ap at x — 0, it is almost a constant in the range of o under discussion,
i.e. is compatible with the BFKL solution [12].

It is easy to show that the higher-order shadowing corrections omitted in (2) are soft as well.
However, the 2-dependence of the n-fold correction is governed by the power nAp(u?)—Ap(Q?)
which may be positive for n = 3 or 4 and so on. A question arises, whether the growth of higher-
order shadowing corrections can change our conclusion about the shadowing decreasing with
I/z. We think it cannot. Indeed, let us consider an eikonal shadowing where the first term
correspond to the hard Pomeron with a large Ap(Q?), but all other terms correspond to the
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soft Ap(p?). Eikonalization of formula (2) leads to the full shadowing correction, which reads

A iw{««amv>—%/d%[l—wp(—gvudﬁmrwﬁ]}. (6)

A ol N (2.Q?) (0w

where we assume z small and fix F} = 1. The first term in curly brackets is bigger than the
second one and both grow with 1/z. For this reason, the right hand side of (6) decreases with
1/x more steeply than (I/I]A"(“Q)’A"w?). Thus. addition of higher order shadowing corrections
makes vanishing of the shadowing for z — 0 even stronger.

In order to estimate ¢z in (2)-(3) we assumed (m?) = @Q*. This may not be a good approx-
imation for so called triple-Pomeron term in shadowing, which provides a mass distribution
in diffractive dissociation o 1/m}, not steep enough to neglect the high-mass tail. The nu-
clear formfactor in Gaussian form, convoluted with this mass distribution, results in a modified
formfactor ' ,

Ei (—¢2.R4/3) — Ei (—g5nR4/3)
21n(Gmasr/Gmin)

where Ei is the integral exponential function, gmum = mu(z+m?,, [2myv) and guar = my(T+

m2 .. /2mNv). The limit of integration over my are Mmin and Mypae. In contrast to formfactor

(3), the modified one (7) grows logarithmically with 1/z. However, with a reasonable choice of

{he mass interval, this growth does not stop the power decrease (4) of the shadowing correction,

even if the triple Pomeron contribution (i.e. gluon fusion) dominates nuclear shadowing.

Fi(z) = (7)

Summarising, we predict the unusual phenomenon of vanishing nuclear shadowing for x — 0
at fixed large Q*.
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Comments on Electron-Deuteron Scattering at HERA.

M.W. Krasny
L.P.N.ILE IN2P3-CNRS, 4, pl. Jussieu, T33 RdC 75252 Paris Cedex 05, France

Abstract: While storing of deuterons in the HERA ring is relatively easy, designing
precision measurements for electron-deuteron scattering turns out, as discussed in
this note. to be difficult.

1 Electron-Deuteron scattering at low and high z

The deuteron structure function F§f can be expressed (following the notation of [1]) in terms of
the proton structure function F} and the neutron structure function F}' as follows:

9Fd = FT + F} — 24, (1)

where §; represents a correction, which includes the square of the double scattering amplitude
as well as all interference terms of single and double scattering amplitudes. The structure
functions [ and F¥ can be determined from the measured differential cross sections in ed and
ep scattering. Their difference provides an important constraint on the nonsinglet structure
function Fiys which describes the valence quark momentum distribution:

Fns = FP — Fp =2(F} — F5) - 28 (2)
The NMC collaboration has measured [2] the F} — Fjf asymmetry in the z > 10~ region with
a precision, which will be difficult to match at HERA, where, due to to the difference of the
magnetic rigidities, protons and deuterons can not collide simultaneously with the same beam
of electrons. In the region of z < 107% and Q% > 2 GeV? such a measurement can be done
only at HERA. Can we reach satisfactory precision in this "exclusively HERA™ z-region?

The expected F} — F{ difference, if extrapolated to low z using the NMC data, is below 0.01
[2] i.e. below 2 % of the FP(F§) values. This difference is thus of the size of 8, as calculated
in [1]. The estimation of &y is however model dependent and to a large extent uncertain.
Similarly, as has been pointed out in [3], there exists significant theoretical uncertainty of the
low-z behavior of the Fys. By measuring the F} — F{ difference at HERA one may hope
to provide only weak constraint on the (84. Fys) plane. We are afraid, that by repeating the
NMC "fully inclusive measurement”, we shall be able neither to constrain the size of nuclear
effects nor to provide a constraint on the Fys sufficiently strong to improve the precision of
determination of the gluon density at low . Can we do better and try to pin down the size of
84 by measuring the spectator nucleon?
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2 Tagging of the spectator nucleon in the low-z electron-
deuteron scattering

The effective longitudinal momentum distribution of nucleons bound in the deuteron stored at
HERA at the energy of 820 GeV is shown in Fig. 1.

08 |-
N
07 deuteron momentum 820 GeV/c

0.6

05

p nucleon (GeV/c)

Figure 1: Distribution of the effective longitudinal momentum of nucleons in the deuteron.

We have used in the calculation the » Bonn wave function” of the deuteron. If an electron
scatters off the proton the above distribution represents the longitudinal momentum distribu-
tion of the spectator neutron and vice versa. Can we tell, on the event by event basis. which
nucleon has interacted by measuring the longitudinal momenta of the nucleons? The relative
change of the longitudinal momentum of the nucleon which has interacted with an electron can
be expressed by the following formula:

2
26 ~e(l 4 '“'5

P: Q*

where z is the Bjorken variable, Q* is the 4-momentum transfer from the electron to the
deuteron and My stands for the mass of the hadronic system, excluding the scattered nucleon
and the spectator nucleon. In this formula we neglected the transverse momentum of the
interacting nucleon. For the large r values the change of the nucleon longitudinal momentum
is large and the spectator can be tagged unambigously. This is no longer the case in the low

) (3)
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= region (e.g. the nucleon of the effective initial momentum of 420 GeV /c gets its momentum
reduced by 10 GeV in the interaction in which r = 103 and M3 /Q* = 30). Such a change of
the longitudinal momentum is significantly smaller than the momentum spread of the spectator
and the interacting nucleon can not be identified unambigously in such a case.

Can we improve the efficiency of the spectator tagging by measuring not only the longitudi-
nal momentum but, as well, the transverse momentum of the nucleons? In Fig. 2 we show the

Zero divergence of deutron beom f

1.75

1.25 |- ,

0.75

0.25 |- spectator

0 0.05 G 0.15 0.2 0.25 0.3

pt(Gev/c)

Figure 2: The p, spectra of the spectator and the diffractively scattered nucleon for a “pencil-like
beam ™",

distribution dN/dp? of the spectator nucleon ploted as a function of its transverse momentum.
Pt for a fraction of events. in which its longintudinal momentum is contained within +10% of
the peak value of Fig. 1. By doing this selection we choose a specific configuration of nucleons
in the deuteron in which nucleons move perpendicularly to the incoming electron direction. We
show, as well, for comparison, the corresponding distribution for diffractively scattered nucleon.
The distributions are significantly diferent allowing for a clean identification of the spectators
in the p; < 50 MeV domain and diffractively scattered nucleons in the pe = 150 MeV do-
main. If however, we include in the calculation the effect of intrinsic divergence of the deuteron
beam, than the identification efficiency deteriorates significantly (both diffractive and spectator
nucleons contribute to the whole p, domain shown in Fig. 3). The plot presented in Fig. 3
corresponds to the mini 3 optics with the pe spread at the interaction point of V602 + 1702
MeV/c. 1t is clear that it will be difficult to achieve, in the "shape fit", 1 % precision of sub-
traction of the diffractive contribution. We thus conclude that within the presently considered
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Figure 3: The p, spectra of the spectator and the diffractively scattered nucleon for the mini 3
optics.

collision optics it will be difficult to resolve the the nuclear effects with respect to the effects of
low = behavior of the nonsinglet structure function at the satisfactory level of precision.

Acknowledgements

I would like to thank to Mark Strikman and Gary Levman for their comments.

References

[1] B. Badelek, J. Kwiecinski, Phys.Rev D30 (1994) R4
[2] M. Arneodo et al., Phys.Rev. D50 (1994) R1.
(3] B. I. Ermolaev, S. I. Manayenkov, M.G. Ryskin, DESY 95-017, February 1995.

967

Q? evolution studies of
nuclear structure function F, at HERA

S. Kumano, M. Miyama
Department of Physics, Saga University, Saga 840, Japan

Abstract: @? dependence of nuclear structure functions is important for under-
standing perturbative QCD in nuclear environment. However, current experimental
data are not sufficient for studying nuclear dependence in the @Q? evolution because
the data are limited in the small 2 region at small x. The future HERA program
can study the evolution in the large @ region, and it provides us crucial informa-
tion on recombination effects and on higher-order a, effects in the nuclear structure
functions.

Nuclear modification of the structure function F, has been an interesting topic since the
discovery of the EMC effect in 1983. Although most studies discuss z dependence of the modi-
fication, Q? dependence becomes increasingly interesting. It is because the NMC measured Q?
variations of the ratio F*/FP [1]. Furthermore, it is found recently that there exist significant
differences between tin and carbon ? variations, 9[F5"/F{]/d[ln Q? # 0 [1]. However, the
NMC data are taken in the limited small Q? range at small z, so that they are not sufficient
to test nuclear Q? evolution. The @Q* dependence is important for understanding perturba-
tive QCD in nuclear environment, and the future HERA nuclear program can make important
contributions to this interesting topic.

The Q? dependence of structure functions can be calculated by using the DGLAP equations.
They have been successful in describing many experimental data. However, as it becomes
possible to reach the small z region by high-energy accelerators, it is necessary to investigate
the details of small z physics. The longitudinal localization size of a parton exceeds the average
nucleon separation in a nucleus in the small r region (z < 0.1). It means that partons in different
nucleons could interact in the nucleus, and the interaction is called parton recombination (PR).
This mechanism is used for explaining nuclear shadowing. There are a number of studies on
the recombinations. Among them, we employ the evélution equations proposed by Mueller and
Qiu. They investigated gluon-gluon recombination effects on the evolution. The DGLAP and
PR evolution equations are given by (see Ref. [2] for the details)

a 1d
E'li(l»f) = /z ?y [Zj:Pq-q, (3) g (y:1) + Py (5) g(y,t)]

. a,AY3
+ | recombination terms (1la)
Q? '
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a 14
ag(rv” = /‘ 7‘” ,:szgq, (s) 9 (y,t) + Py, (g) 9(%”}

Q‘Ax/a)

+ | recombination terms o 02

(1b)

where the variable ¢ is defined by ¢ = ~(2/By) In[a,(Q?)/a,(Q3)). In the PR evolution case,
there is an extra evolution equation for a higher-dimensional gluon distribution. The first two
terms in Egs. (1a) and (1b) describe the process that a parton p; with the nucleon’s momentum
fraction y splits into a parton p; with the momentum fraction z and another parton. The
splitting function Py,p,(2) determines the probability that such a splitting process occurs and
the pj-parton momentum is reduced by the fraction .

Although the DGLAP equations are well tested by various experimental data, the PR
equations are not well established yet. An interesting problem is possible nuclear dependence
in the Q* evolution. There are two possible sources for the nuclear dependence in the evolution
equations. One is the input parton distributions, and another is the recombination effects. The
modification of the input gz-distributions in a nucleus affects the Q2 evolution through splitting
functions. The recombination contributions enter into the evolution equations as additional
higher-twist effects.

In studying the Q? evolution, it is very important to have correct input distributions. Fortu-
nately, there are many data on the ¢ dependence of F3'/FP, so that we could have reasonable
nuclear input distributions. We employ a hybrid parton model with recombination and Q2
rescaling mechanisms in Ref. [3]. However, it does not matter in the Q? evolution studies
what kind of model is used if it can explain the experimental z dependence of F#/FP. In the
hybrid model, we first calculate Q? rescaled valence-quark distributions at QZ. Sea-quark and
gluon distributions are simply modified by a constant mount so as to satisfy the momentum
conservation. Then, obtained distributions are used as input distributions for calculating the
recombination effects. In this way, nuclear parton distribution with the rescaling and recom-
bination effects are obtained at Q3. Because the recombinations are higher-twist effects, final
distributions are very sensitive to the choice of Q2. Tt is fixed so that obtained shadowing agrees
with the NMC ratios F.{:“/F,D at small z. In the following, we discuss two topics on the Q2
evolution. The first is Q2 variation of F#/FP (2, 3] and the second is O[S /Ff)/0[ln Q) [4].

We compare calculated evolution results with the NMC
data in Fig. 1 at z=0.0085 [2]. The initial distributions
at Q§=0.8 GeV? in the nucleon and the calcium nucleus are
taken from Ref. [3]. In Fig. 1, the dotted, solid, and dashed
curves are obtained in the leading-order (LO) DGLAP, next-
to-leading-order (NLO) DGLAP, and NLO evolution equa-
tions with parton-recombination contributions respectively (A
o o%;vn T =0.2 GeV and N;=3). As shown in the figure, NLO and re-

combination contributions to the ratio are conspicuous at such
a small z. If we evolve F, from Q;=0.8 GeV?, the recombi-
nation effects are larger than the NLO ones. It is interesting to find such large recombination
contributions in Fig. 1. However, the recombination cannot be tested at this stage because we
do not have the data in the wide Q? region gggmall z. The future HERA nuclear program

F25(Q7)/F0(Q?)

Figure 1: ? variation of Ffe/FP.

L —

should be able to study the large Q? region, so that the parton recombination mechanism could
be tested.

Next, Q? evolution differences in various nuclei could also be investigated at HERA. There
are significant differences between tin and carbon Q? variations according to recent NMC anal-
ysis. It is the first indication of nuclear effects on the Q? evolution of F,. The phenomena are
worth investigating theoretically.

The Q? evolution of the structure functions F, in tin
and carbon nuclei is investigated in Ref. [4]. As the input

distributions, we employ those in Ref, [3]. F, is evolved e ¥ e
by using LO DGLAP, NLO DGLAP, and PR equations with g . Ghes0 eVt
the help of a computer program in Ref. [2]. Calculated re- "

sults for 9[F5"/F{]/0(ln Q% at Q?=5 GeV? are compared E’N |
with the NMC data. The DGLAP evolution curves agree ¥ = =gt
roughly with the experimental tendency, but the PR results e -

are significantly different from the data. However, it does not &

mean that the recombination mechanism should be ruled out
because there exists an unknown parameter K a7 associated
with the higher-dimensional gluon distribution in the recombination. In order to discuss the
validity of the PR evolution, the constant K gr must be evaluated theoretically.

In this way, the NMC experimental result B[Fzs"/Ff]/a[ln @] # 0 could be essentially
understood by the difference of parton distributions in the tin and carbon nuclei together with
the ordinary DGLAP evolution equations. However, we find an interesting indication that
“large” higher-twist effects on the Q? evolution could be ruled out. As shown in Fig. 2, there
are large differences among three evolution results at small 2 (= 107*). The future HERA
program can study nuclear dependence of the Q? evolution (8[Fs*/FP)/oIn Q7)) in this small
z region, and it provides us crucial information on recombination effects and on higher-order
a, effects.

Figure 2: Nuclear dependence in
Q? evolution of F.
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Diffraction and Shadowing in Deep-Inelastic Scattering
from Nuclei'

G. Niesler. G. Piller and W. Weise

Physik Department. Technische Universitit Miinchen, D-85747 Garching, Germany

Abstract: Shadowing effects in deep-inelastic photon and lepton scattering from
deuterium probe the mass spectrum of diffractive photo- and leptoproduction from
nucleons. For heavier nuclear targets diffractive hadron-nucleon transition ampli-
tudes can be studied in addition. At small Q* < 1 GeV2, as in the recent data from
the NMC and E665 collaboration, shadowing is due to the coherent interaction of
low mass vector mesons. Nuclei at HERA would yield the opportunity to investigate
shadowing effects at large Q* where the diffractive excitation and coherent multiple
interaction of heavy hadronic states is important.

Diffractive photo- and leptoproduction of hadrons from nucleons and shadowing effects in
high energy (virtual) photon-nucleus scattering processes are closely related [1]. Their con-
nection is displayed most clearly if one considers the scattering of high energy (virtual) pho-
tons from deuterium. The total photon-deuteron cross section can be split into two parts.
First, it receives contributions from incoherent photon scattering off single nucleons inside the
deuteron. This yields twice the photon-nucleon cross section. Secondly, at high photon energies
v > 3GeV, or for lepton scattering at small values of the Bjorken variable z < 0.1, the photon
can interact coherently with both nucleons inside the target. This double scattering process
reduces the total photon-deuteron cross section, i.e. causes shadowing. Tt is driven by the
diffractive excitation of the photon on the first nucleon into a hadronic state X, which subse-
quently interacts with the second nucleon and converts into the outgoing photon. Neglecting
the real part of the diffractive photon-nucleon amplitude one obtains the double scattering
correction to the total photon-deuteron cross section (1]:

Falke). (1)

t=0

w d* g n—xN
o M3 ZZrN=XN
401 ”/m;‘ I —rga

Here £2et=xx) s the forward differential cross section for diffractive photoproduction of
dMZdr  It=0

hadrons with invariant mass My. The latter requires a minimal momentum transfer k. = (Q*+
M3 )/2v parallel to the momentum of the incident photon. Contributions with a momentum
transfer &y, larger than the inverse of the typical target size are suppressed by the longitudinal
deuteron form factor Fy(kr). As a consequence, shadowing from diffractive excitation of large
mass intermediate states will only be seen at sufficiently high photon energies v.

'Work supported in part by grants from BMBEF.
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High precision data on shadowing in deep-inelastic lepton-nucleus scattering have recently
become available from experiments at CERN (NMC) and Fermilab (E665) [2]. To investigate
which diffractively excited hadronic states dominate the observed shadowing, one has to know
the diffractive leptoproduction cross section (see Eq.(1)). However. in the kinematic regime
of the NMC and E665 experiments such data are available only for the resonance region,
M2 < 3GeV?. Nevertheless, since in these fixed target experiments the average momentum
transfer is small (Q? < 1 GeV?) for small values of z < 0.005. we may, for a qualitative analysis,
study shadowing effects for real photon beams at corresponding photon energies 50 GeV <
v < 300GeV. Here the diffractive photoproduction cross section is measured in the region
4m? < M} < 18GeV? [3]. At M} < 3GeV? it receives large contributions from vector
mesons, while for M} > 4 GeV? it drops like ~ M52, This is consistent with the expected Regge
behaviour ﬁ:delt‘cu ~ M;’ ~ 1;20”(0), where ap(0) is the intercept of the pomeron trajectory,
ap(t = 0) = 1.08. In Fig.l we show the shadowing correction for deuterium, 6.4, caused by
the diffractive excitation of all kinematically allowed hadronic states and compare it with the
contribution from low mass vector mesons. We observe that vector mesons are dominant
for photon energies v < 300GeV. This is in agreement with results from the generalized
vector meson dominance model [4], where it is found that the shadowing observed by NMC
and E665 is mainly due to the coherent multiple scattering of low mass vector mesons. Also
note that according to Regge phenomenology. the diffractive photoproduction cross section

rises as WAEA0=1) which leads to an increase of the shadowing correction proportional to
S2ap(0)-1) 5 016,

Qi { 0.00 F
= -0.02F ]
S 1 2 -0.04F ]
S P £ _0.06F ]
& >
S =4t . . S -0.081/ o :
Q°=0 / Q*=25GeV?
-0.104/ ]
-6 -0.12 o
1000 100 10 1 X 0.0001 0.0010 0.0100 0.1000
v in GeV v/GeV 125000 12500 1250 125
Figure 1: Shadowing correction 80,4 n high Figure 2. Shadowing correction 6a,-4 for

energy photon-deuterium  scattering.  The deep-inelastic scattering form deuterium at
dashed line shows the contribution from low QF = 25GeV?. For the full (dashed) line the
mass veclor mesons. diffractive leptoproduction cross section from

H1 (ZEUS) was used.

At large momentum transfers, Q* 2 10 GeV?, the situation is different. Here shadowing is
caused by the coherent interaction of heavy hadronic states. This can be shown by using
recent data on diffractive leptoproduction from nucleons measured at the HERA collider [5].
They cover the kinematic region of large Q* > 10GeV? and very small x (107! < z < 0.02).
However. the dependence of the production cross section on £, the momentum transfer to the
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nucleon target, is not yet available. We construct the forward diffractive production cross
section by assuming a t-dependence similar to diffractive hadron-hadron collisions. Vector
meson contributions to the diffractive cross section are strongly suppressed, e.g. ("N —
PN) = 1/Q** [6]. At large masses one finds F‘*j}g—,hw ~ (Q*+ M%)~ where a ~ 1.3 (H1) or
a ~ 1.3-1.5 (ZEUS) respectively. In Fig.2 we show the shadowing correction a4 calculated for
Q7 =25GeV? and a = 1.3(L.5). We observe that the vector meson contribution to shadowing
is negligible in this kinematic regime. The main effect is caused by large mass hadronic states:
M3 ~ Q. The energy dependence of the calculated shadowing effect is proportional to »*~!,

To conclude: We have investigated the relation between shadowing effects in deep-inelastic
scattering from nuclei and diffractive photo- and leptoproduction from free nucleons. We find
that the momentum transfer Q* selects the diffractive states which dominate the observed
shadowing effect. As a consequence shadowing as observed in recent measurements of the
NMC and E665 collaboration is controlled by the coherent multiple scattering of low mass
vector mesons. If nuclei would become available at the HERA collider, shadowing effects could
be explored at large Q* 2 10 GeV'?, where the high mass tail of the diffractive production cross
section is relevant. Therefore the investigation of shadowing effects in deep-inelastic scattering
from deuterium over a large range of Q? probes the M3- and Q*dependence of the diffractive
leptoproduction cross section. For heavier nuclear targets shadowing is sensitive not only to
double scattering but also to the multiple interaction of diffractively excited hadronic states.
This offers the possibility to study both diagonal and off-diagonal diffractive hadron-nucleon
amplitudes.
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Abstract: We discuss the implications of a strong enhancement of diffraction for
multiproduction in DIS off nuclear targets. The predicted effects are large and
observable at HERA. We present the prediction of a large tensor structure functjon
ba(z) of the deuteron which does not vanish at small .

Diffractive DIS on nuclei is a huge effect

At the DESY Mini School in May 1994 one of the present authors (NNN) presented a predic-
tion of a strong nuclear enhancement of diffractive DIS (DDIS), which on a strongly absorptive
nuclei must reach fp ~ 50% of the total DIS rate [1]! The participants may remember how it
has been ridiculed by fellow experimentalists as an utterly useless prediction and at the Round
Table discussion some of the fellow theorists stated it must be wrong. It took slightly more
than a year for a serious discussion on the electron-nucleus option at HERA to be on the floor.

The detailed evaluation of nuclear enhancement of DDIS is published in [2]. The argument
for the enhancement goes as follows: The microscopic QCD mechanism of DDIS is a grazing,
quasielastic scattering of multiparton Fock states of the photon on the target proton, which is
best described viewing these Fock states as systems of color dipoles spanned between quarks,
antiquarks and gluons [3]. The crucial finding is that for transverse photons DDIS is dominated
by the contribution from soft dipoles r ~ 1/my, still the 1/Q? leading twist behavior of o2 is a
rigorous QCD result [3]. The rest of the story is simple: DDIS on nuclei essentially amounts to
an elastic (coherent DDIS) and small admixture of quasielastic (incoherent DDIS) scattering
of soft dipoles off a target nucleus. For soft dipoles and strongly absorbing targets

aD~a"VD~ lo,mrv (1)

Here ND stand for the non-diffractive and/or non-LRG DIS. In the conventional A® paramet er-
ization of nuclear cross sections, we find a 2 0.9 for the total DIS at moderately small » ~ 102
(or a & —0.1 for the structure function per bound nucleon) and very large a?, ~0.25-0.3 for
the coherent DDIS per bound nucleon. Finally, for the incoherent DDIS per bound nucleon we

~

. ) DI IR
predict af_ & —0.4. For the reference, for the carbon target 02, : 0P ~22:1.

Coherent DDIS €A — ¢’ X A4 is at work for ,zpp < 0.1 - A='/3 which is precisely the kine-
matical range of the eA collisions at HERA. What are the consequences of this striking nuclear
enhancement of DDIS? Are they observable at HERA?
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DDIS and A® physics in multiproduction off nuclei

The multiproduction off nuclei is usually discussed in terms of the normalized Feynman =
and/or (pseudo)rapidity n distributions R(z) = [dn/dz)a/[dn/dz]n and R(n) = [dn/dn)a/(dn/n]N
In the hadron-nucleus collisions, the more hadronlike is a hadron. i.e., larger is ol the stronger
is the shadowing in ol the higher is the average multiplicity. the larger is R(n) > 1 at mid-
rapidity, the stronger is nuclear attenuation of the projectile fragments R(z ~ 1) < 1. the
stronger is the hadronic activity in the target nucleus region (for the review see [4]. We pre-
dicted a striking reversal of this trend when going from pointlike photons in the nonshadowing
(NS) region of z 2 0.1 to the hadronlike photons in the shadowing (SH) region of small
z <0.03—0.01 [2].

Indeed, in coherent DDIS the target nucleus remains in the ground state, there is vanishing
hadronic activity in the nucleus region and coherent DDIS falls into the LRG category. Incoher-
ent DDIS also contributes to LRG events but the fraction of incoherent DDIS rapidly decreases
with A [2]. Because the DDIS rate increases at small , hadronic activity in the nucleus region
must decrease with the decreasing . i.e., for more hadronlike photons. The predicted [2] effect
is large, ~ 30%. and has been fully confirmed by the E665 p.Xe scattering data [3]. The very
sharp ¢ distribution permits an unambiguous selection coherent DDIS. HERA experiments can
extend these measurements to a much smaller z and higher (* on a broad range of nuclei.

T n(A)/n(N), Z>0.5

0.950

0.900

0.850+
0,800+

0.7504

0.700 — — —
0.001

Figure 1: Our predictions for attenuation of forward hadrons in ND DIS off nuclei as a function
of Tp;.

Now consider R(z) for the generic, DDIS/ND unseparated, DIS off a nucleus. The very
forward hadrons with z ~ 1 are predominantly the diffraction dissociation products [6]. It is
precisely the part of the phase space usually discussed in terms of the fragmentation of the
isolated struck quark and the Landau-Pomeranchuck-Migdal effect (for the quantum theory of
the LPM effect see [7]). Our point is that DDIS completely invalidates this interpretation in
the SH region of small . Indeed, because of (1) for heavy, strongly absorbing nuclei we predict
a universality of the z-distributions, R(z) = 1, which derives from the nuclear enhancement
of DDIS, the Landau-Pomeranchuck effect is irrelevant for this prediction. The corrections to
R(z) = 1 for slight nuclear distortions of the mass spectrum in DDIS must be marginal with
one subtle exception: because of the M* dependent factorization scale [8] and related effects of
color transparency [9] DDIS into small masses M? < Q? the vector mesons included will have
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a much steeper A% dependence with the exponent a x1.35-1.4. Therefore, in the narrow region
of = — 1 to which only the small mass excitations can contribute, we predict R(z) > 1!

The ND DIS is the counterpart of inelastic hadron-nucleus scattering and our principal
prediction is that nuclear effects in ND events must be similar to those seen in 7 A, pA collisions:
Rnp(z) < 1 at = ~ 1 and R(y) > 1 in the mid-rapidity region. In particular, hadronic
final states will be a superposition of subprocesses with the v-fold average multiplicity (v cut
pomerons along the lines reviewed in [4]. Only the v = 1 subprocesses contribute to production
of large-z particles. In Fig. 1 we show the expected = dependence of nuclear attenuation of
forward hadrons with z > 0.5, in the parameterization R(z) = A23) for the very forward
hadrons and for a sufficiently small x ~ 107 — 10~ we predict a(z) ~ —0.15. For the
central, mid-rapidity region we predict R(n) ~ A%15 The mean multiplicities in the ND DIS
are dominated by central production and must exhibit similar A dependence. Such a strong
nuclear effects can easily be observed at HERA.

Nuclear enhancement of coherent DDIS implies enhancement of low multiplicities, whereas
the enhancement of central production implies the enhancement of high multiplicities. Con-
sequently, we predict a substantial broadening of the multiplicity distributions, although the
overall nuclear increase of the average multiplicities can be relatively weak.

DDIS and the tensor spin structure functions of the deuteron

For DIS of unpolarized leptons off the spin-1 deuterons one can define the tensor spin
structure function [10]

9 1 "
bo(2.Q%) = 3 [FH(2,@") + Fy (2.Q) — 2F(z. Q%) .

where +. —, 0 refer to the deuteron spin projection on for instance the +* D collision axis. One
can similarly define the longitudinal tensor structure function br(z. Q).

In the usually discussed impulse approximation the tensor parton densities vanish for the
G_wave bound state. The S — D interference makes the nucleon momentum distributions and
folding corrections to structure functions different for 4.0 polarizations, but at moderately
small z the corresponding tensor asymmetry is a per mill and even smaller effect and vanishes
at x — 0 [11].

An interesting finding is that an order in magnitude larger tensor spin structure function
is generated by DDIS via shadowing corrections [12]. Our point is that nuclear shadowing
depends on the alignment of nucleons in the deuteron, which because of the S — D interference
is different for & and 0 polarization states. The striking finding is that unlike all other spin
asymmetries which are well known to vanish in the limit = — 0, the tensor spin asymmetry
is finite and even rises at small z. Besides the spin-alignment dependent shadowing for DDIS,
another source of the tensor asymmetry is DIS off pions in the deuteron. The number of
pions in the deuteron also depends on the deuteron spin state. Our predictions for the tensor
asymmetry are shown in Fig. 2. The pion effects have a sign opposite to that of the diffractive
NS effects and dominate at x 2 1072, diffractive NS takes over at & < 1072,

We predict a nonvanishing by(z.Q?). Typically, the ratio Rpr = by/by ~ 0.2 and is very
similar to the familiar ratio o /o7 for the nucleon target.

Acknowledgment. NNN thanks Prof. U.Meifiner for the hospitality at the Inst. Theor.
Kernphysik of the Univ. of Bonn. The work of NNN is supported by the DFG grant ME864/13-
L,
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Figure 2: Our predictions for the tensor asymmetry in DIS of unpolarized leptons off tensor
polarized deuterons (Q? = 10 Gel?).
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in eA Collisions at HERA
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Abstract: We present prospects for the study of a light neutral Higgs boson, SUSY-
particle, hadrons and leptons production in the two-photon coherent ¢ A collisions.

1 Introduction

Particle production in the two-photon processes in lepton-lepton, hadron-hadron and nucleus-
nucleus collisions has been already discussed in the literature [1]-[5]. One of the goals of the
present analysis is to study the discovery potential of electron-nucleus collisions at HERA in the
case of coherent electromagnetic particle production. Preliminary results were presented in [6].

Requirement of coherency implies that the collision is quasi-elastic, the impact parameter b
is larger than the nuclear radius and the nuclear charge acts as a whole. For such collisions the
hadronic background from v*q and 7"g (direct and resolved) subprocesses will be absent offering
a better experimental environment for studying new particle production.

Due to the large charge Z of heavy ion and the strong contraction of the electromagnetic
fields in a high-energy collision we expect in such an electron-nucleus interaction a large particle
production rate by the two-photon fusion mechanism. It turns out that the cross sections, which
is scaled with Z2, are comparable or even large than the total cross sections expected in ete™ |
ep and pp collisions of the same incident energy per particle.

An important characteristic of eA collider s its discovery range: how heavy produced particles
can be and how large will be production cross sections for them. In the equivalent photon
approximation the invariant mass squared of the two-photon system, denoted by W2, is fixed
by the photon energies w, and wy. As it well known [4]. [5] that the time duration of the
electromagnetic pulse, produced by a charge moving with a relativistic 4 factor. corresponds
to field frequencies of w < v/b. In the case of a heavy-ion beam the largest photon energy is
wa =~ 94/ R4 although for photons emerged from an electron beam the photon energy can be
close to the electron energy w, < E.. Thus the discovery range of the eA HERA collider for
coherent processes extends to masses:

4E:Ep)'“ (1)

F o 4y \M2
W= (dwews)™ < (m,,lf,\
This means the invariant mass values accessible at HERA energies are up to 86 GeV. 71 GeV
and 54 GeV for e(’, eC'a and ePb collisions, respectively.

The paper is organized as follows: In the next section we compare the discovery ranges of
eA (HERA), ete™ (LEP2) and ep (HERA) colliders using the two-photon luminosity function .
In Sect.3, we evaluate cross sections for coherent production of lepton and slepton pairs (¢te™.
whu=, vt H-), charged pion pair, pseudoscalar (JS = 0*) resonances and 2HDM light Higgs
boson. Conclusion is given in the last section.
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2  Two-photon luminosity function

The equivalent photon approximation [1], (2], [7] allows to express the cross section for the
production of a final state with the effective mass W in two photon collision as a product:

dL.,
where the cross section o, describes the 44 — f transition for real non-polarized photon and
a differential two-photon luminesity function (TPL) dL.,/dW is introduced'. Results presented
here were obtained with use a particular form of dL.,,/dW [6] derived for untagged scattered
electron and nucleus

dUEA = Oy

aw, (2)

Ly, _ 2Z%a® f(t*) , ( Sea . e VB e a2 ;
= -W—_ln m). f(t7) = (Int +T) +(t"=4)*=3 (3)

with t* = fi;——'% Eq. (3) is valid in the leading logarithm approximation.

In Fig. 1 shown the dependence of TPL on
the two-photon invariant mass for different
colliding beams. The TPL function for eTe”
(LEP2 ) was calculated with using Eq.(6) of
ref. [7], as for the ep collision (HERA) the
elastic part of the photon spectra from the
proton was taken from [8]. Because of the
used approximation the range of allowed W
values in (3) is narrow (see Fig.1) as com-
pared to (1) and defined by the condition
f(t7) 2 0.
The advantage of eA collisions over e™e™ and
ep collisions lies in the Z? factor, which en-
= | ; chances the photon flux up to a factor 10%.
[ R T This allow, in the range of W below 40 GeV,
- the study of new phenomena’ at HERA with
large statistics.

dl/aw

Figure 1: Spectra of the two-photon lumi-
nosity function for ete= (LEP, 200 GeV),
ep(HERA, 300 GeV), and eA (HERA,
300A GeV) colliders.

3 Particle production processes

In this section we present a few examples of particle production in A collisions through the two-
photon mechanism. Processes with production of the “old’ particles (light hadrons and leptons)
will create a background at search of ‘new’ particles (like Higgs bosons and sleptons). Cross
sections presented here were calculated at E. = 27GeV and E4 = E,A with E, = 820 GeV.

L.~ is a dimensionless quantity. To get the production rate Eq. (2 have to be multiplied by the machine
Ly y 2 F )
luminosity £, em—2sec™!)]. For ion beams L. ~ AL .

A r
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Figure 2: Differential cross section for production of C-event pseudoscalar hadrons (a) and a
7+7= pair (b) as a function of W and a nucleus size.

Resonances and pions

A region of the low mass in the two-photon system is the resonance region. (C-even pseu-
doscalar hadrons - 7% 7, 1. 7. Xeo - will be produced copiously at W < 4 GeV. Their production
cross section @, is well known [1]. Therefore, Eqs. (2) and (3) allows easily to evaluate depen-
dence of the production rate on W. Fig. 2a shows a resonance structure of the differential cross
section (2) in that region. As another example the cross section (2) for pair production of charged
pions is plotted in Fig. 2b. What can be measured in the ahove processes and how is discussed in
details in [1]. We note here only, that the study of the angular and energy correlations between
pions allows, in principle, to extract components of the amplitude M, (a. b = +, —, 0) for the
~~ — [ transition.

Lepton pairs

The Bethe-Heitler process is a source of lepton pairs with extremely high yield (Fig. 3). Copi-
ous production of 7-leptons provide an opportunity to study QCD in 7 decay [9]. However it will
also to complicate the Higgs boson search in lepton decay modes because the main background
above the 7 threshold is due to 779" — 777~ (see below and Fig. 4c¢). How to suppress the
Bethe-Heitler background is discussed in [10] (see also [14]).

SUSY particles

Non-strongly interacting sypersymmetric particles'- sleptons and charginos- can be detected
at the eA collider discussed here if their masses lies in the range M, < 30 GeV. Chargino couple
to photons in the standard way of spin 1/2 fermions and sleptons are spin-zero particles. The
two-photon cross section for production a pair of them can be found in [11], [1]. o(yy = i) is
not logarithmically enhanced thus the production rate for sleptons is significantly lower than the
chargino rate. As an example , the tot al cross section for slepton production versus the mass of
the produced particle is shown Fig. 4a. At an integrated luminosity of 10*/A pb™" only sleptons
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Figure 3: Same as Fig. 2 for production of BH leptons in coherent eA collisions.

with masses not heavier 29 GeV, 25 GeV and 20 GeV can be detected in eC, eC'a, € Pb collisions
respectively.

Light neutral Higgs boson

The current mass limits on the Higgs particles from LEP data [12] restrict a class of models
of spontaneous symmetry breaking available for analysis at HERA. The SM Higgs scalar and the
MSSM scalar and pseudoscalar Higgs particles should be heavier than 66 GeV and 45 GeV, re-
spectively. Minimal extension of the standard model like the general two doublet model (2HDM)
[13] may yet have a very light (< 40 GeV) scalar h or pseudoscalar A[12, 14, 15]. The model
parameters tan/3 and a regulate coupling of Higgs particle to the “up” and "down” components
of fermion doublets. We further restrict ourselves to the scenario with a large tang ~ ﬁ: > 1

Figure 4: C'ross sections for slepton (a) and 2HDM light Higgs boson (b) production through
two-photon fusion. The cross sections are plotted versus the mass of the produced particle. Also
shown (c) the partial decay widths for h for tan 3 = 30 (a = 4).
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and a = f. This leads to the enhancement of the coupling to down-type fermions by factor tan3*
for both h and A. We focus here on the resonant production of very light Higgs scalar & in the
two-photon eA collisions?.

The cross sections for the production of the A decaying into leptons versus the Higgs hoson
mass are presented in Fig. 4b. A specific structure of the curves is due to the variation of the
h branchings (Fig.4c) with increasing the mass. Fig. 4b shows that at an integrated luminosity
of 10/Apb~" there is a chance to observe the Higgs boson at HERA for M, <5 GeV, 8 GeV,
10 GeV in eC, eCa and ePb collisions respectively. However, at £, 4 ~ 1/A pb~! only ions with
A ~ 200 produce sufficient photon flux for production with mass ~ 2M., .

4 Conclusion

Analysis of the last section shows that in the two-photon coherent eA collisions a number of the
traditional processes (with hadron and lepton production) can be studied at HERA with high
statistics. However, at £.4 ~ 1/4 pb~! only the restricted mass range M; < 13 GeV can be
explored in processes with SUSY particle production [6].

The general two Higgs doublet model provide a chance to study the Higgs production at
HERA, since in framework of 2HDM light neutral Higgs particle is not rule out by present
data. Therefore the search for the Higgs in the two-photon coherent eA interactions should be
performed. Taking into account all results presented above it seems at an intergated luminosity
~ 10/A pb~! and higher beams of light-to-medium size ions (A ~ 40) will produce photon flux

sufficient for study new phenomena in eA collisions at HERA .
Acknowledgment. We are grateful to W. Krasny for stimulating discussions and help.
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Leading Baryon Production
in ed Interactions at HERA

G. Levman
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Abstract: With a Forward Neutron Calorimeter and a Leading Proton Spec-
trometer, experiments at HERA have the possibility of detecting both the scat-
tered and spectator baryons in ed collisions. The deuteron stripping channels
ed — eX(p)(n), eX(n)(n), eX(p)(p) have been studied by modifying the HER-
WIG Monte Carlo program. For double tagged events most ambiguities are broken;
however, an essential ambiguity remains between diffractive proton scattering with
a neutron spectator, and diffractive neutron scattering with a proton spectator.

1 Introduction

Both the ZEUS and the H1 collaborations possess a Leading Proton Spectrometer (LPS)[1]
and a Forward Neutron Calorimeter (FNC)[2] for the detection of energetic, low transverse
momentum baryons produced in ep collisions. This note contains some remarks on the use of
these detectors, especially the FNC, in the study of ed stripping channels, where one or both
of the spectator/produced baryons can be detected.

The FNCs for both experiments are similar. They are compensating, transversely seg-
mented, lead-scintillator calorimeters with excellent energy and position resolution, located
approximately 100 m downstream of the main detector at a scattering angle of § = 0. The
scattering angle covered, from 0 to 7 pr, is determined by the aperture of the proton machine
beam line elements. The acceptance covers only a portion of the azimuth and is a complicated
function of #[3]. The transverse momentum measurement is limited by the intrinsic pr of the
beam.

2 Double Tagged Stripping Reactions

In this note it is assumed that the HERA machine will be essentially unchanged for ed running
and that the beam energy will be 820 GeV for deuterons. The HERWIG[4] Monte Carlo
program was modified to allow the generation of ed stripping reactions. In addition, diffractive
baryon production was introduced[5][6]; non-diffractive baryon production through mechanisms
such as reggeon or meson exchange, or excited baryon production and decay. was represented
by one pion exchange[7|(8]. The reaction typed8Be shown in Table L.

Target nucleon | ed — Process Signature
1 enXp, | IP exchange | fast n/fast p
2 n enXp, | 0 exchange | slow n/fast p
3 epXp, | - exchange |slow p/fast p
4 epXn, | IP exchange | fast p/fast n
5 p epXn, | 0 exchange |slow p/fast n
6 enXn, | + exchange | superfast n

Table 1: Double tagged leading baryon reactions in ed collisions. Generic diffractive scattering
is represented by IP exchange; non-diffractive scattering, + /0/- charge exchange, by 7 exchange.

The distribution of momentum p of the spectator baryons was modeled with the Hulthen
distribution[9]: in the rest frame of the deuteron,

J 1 1 )
H(p) xp [p2+a.,_ o] (1)

where @ = 46 MeV and b = 260 MeV. In the HERA frame the energy distribution is strongly
peaked at E=413 Ge\ with an RMS width of 23 GeV (Fig. 1). Because the average py of the
spectator is only 63 MeV, 87% of the spectators are detected in the FNC.

Figure 1 shows that the energy spectrum of spectator neutrons is not separated from that
of diffractively produced neutrons whose distribution peaks at 395 GeV with a width of 26
GeV: however because the py distribution is much broader only 22% of diffractive neutrons are
detected. In contrast, the energy distribution for non-diffractive neutrons is clearly separated
although the acceptance for these is only about 10%. Note that reactions 3 and 6 in Table 1
produce either two protons or two neutrons. In the LPS the protons will appear as two separate
tracks: in the FNC the energies will add and reaction 6 will have an energy distribution like 7
exchange of Fig. 1, but on a ‘pedestal’ of 410 GeV.

3 Conclusions

The FNC and the LPS will be essential for sorting out the stripping channels in ed collisions at
HERA; however. an important ambiguity will remain between diffractive proton and neutron
production when the struck nucleon cannot be distinguished from the spectator, although the
difference in their pr spectra might be helpful.
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Figure 1: The energy spectrum of FNC neutrons detected in the FNC in ed reactions. Reso-
lution effects have not been folded in (10k events of each type are plotted). The spectra for
leading protons will be similar. The inset shows the pr distribution for tagged spectator and
diffractive neutrons.
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Use of the LPS in eA events at HERA
A new stripping channel.

T.Massam
INFN Bologna. Via Irnerio 46, 40126 Bologna, Italy.

1 Introduction

To see the utility of a modified LPS in ¢ — d experiments, consider first the limitations without
the LPS. The aim is to make measurements on (en) interactions or compare (ep) and (en)
or sum them in (ed) or look at coherent (ed) interactions. Q? depends only on the electron
variables but
Q* Q*

Aam) " 3ap) i
so here the 4-momentum of the incident proton or neutron must be known. But, inside the
deuteron, the neutron, for example, has some momentum distribution determined by the neu-
trons wave function[1] (Figl).

g, =

o
=

I I I T

NOT SO WELL KNOWN AND GETS
ENHANCED BX 1/x CROSS SECTION RISE

AMPLITUDE

o
'S

0.2 =
D-WAVE CONTRIBUTION

2 4 6 8 RADIUS /fm
04 02 0.1 0.05 "AVERAGE MOMENTUM" /GEV
Figure 1: The deuteron wave function.

The Fermi-momentum extends up to about 30% of the nucleon mass, which implies that
the incident neutron momentum has a laboratory energy ranging over 400GelV + 130GeV . [2].
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1

The observed cross section is averaged over the values of zg; given approximately by

2
g, = (1 +p.../mn) X — 2
B, ( ppnr/ 'l) ((]ll) ( )
where p;,, is the longitudianal momentum of the neutron in the deuteron system, m, the
neutron mass and the last term is the value of zg; if the neutron carries just half the deuteron’s
momentum. For constant (2, the relative importance of the momentum distribution is increased
at the high momentum end through 2 and the i term in the ep inelastic cross section.

The deuteron wave function is well determined at low momentum, but the high momentum
part which depends on the repulsive core part of the nucleon-nucleon interaction is not so well

known[1]
HORIZONTAL (L, PifGeV) %
(0420.15)
. . (15018 -(042.00) 1o
2 Strlpplng 0S00 é""‘l‘" 15 —VL
T~ - \@ .
Half a century ago the interactions of neutrons with nuclei was being studied, using known- z E—— 7
energy deuteron beams, measuring the spectator protons and making various corrections for W] 3
nuclear effects[3]. The aim now would be to build an efficient stripping channel to measure the sos] B 5
spectrum of protons around 410GeV, aiming at a fractional momentum resolution Ap/p ~ 107° a 05800 __\/JWL‘:
compared to the value Ap/p ~ 10~ for the deuteron beam. Tagging the spectator proton would / e 10im
be equivalent to making a neutron beam with momentum resolution 0.1% — apart from "nuclear @ % o2 (2 < P
effects”, i.e. rescattering, shadowing and so on. q E

This however defines only the kinematics. To obtain a cross section measurment requires
knowing the neutron luminosity as a function of momentum which in turn requires a good o B

knowledge of the deutron’s momentum wave function. Supplementary information on the
&% I R

high momentum tails of the fermi distribution might be obtained by studying the transverse
VACUUM VESSEL — .Y

momentum distribution of the spectator, but this would require high-3 operation of HERA
to keep the transverse momentum spread of the deuteron beam low enough. (The transverse
momentum spread of the present beam is 25MeV’ horizontally and 90MeV vertically.)

10mm

&

— 4
= |

-

VERTICAL

3 A first design trial

Figure 2: The present beamline showing the vacuum chamber limits and some spectator proton

Designing a stripping channel is essentially an accelerator design problem, with specifications orbits which span the expected transverse and longitudinal momentum ranges.

requiring high acceptance for 0.35 < 21 < 0.65 and pr < 0.3GeV. These ranges would allow
the measurement of background outside the range containing the majority of the spectator
protons. The present beam optics has been used to gain some insight into the problem. The
impact of the proposed HERA low-3 optics is not discussed|4].

Fig.2 shows a section of the present beam line with the vacuum chamber limitations and
trajectories which span most of the spectator proton phase space. After the station S3 particles
with @ ~ 0.5 diverge strongly from the beam line so that the acceptance of a typical silicon
detector area becomes small. To understand the possibilities, assume that there is a detector
station at S3 to measure position and that another station ST is added some drift-distance
after S3 to measure the track direction. This information together with the position of the
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interaction vertex allows the momentum of the particle to be reconstructed using the two-
station reconstruction method which was developed for the LPS.

Limitations arise because of the finite size of the beam because detectors cannot be placed
closer than the 100 profile of the beam. There are also limitations because of blind-spots on
the detectors where there is no momentum dispersion in both horizontal and vertical planes.
Consider the vertical projection of the beam before S3. There are no vertical bending magnets
so a particle on the horizontal plane through the quadrupole axes sees no deflecting field and
so no momentum dispersion. In the horizontal projection there are bending magnets and then
the combined affect is to displace the blind-spot off axis by an amount which depends on the
beam energy.

1.0 Py /GeV
e
EXTREME NO DETECTION WITHIN
FERMI MOMENTUM 1(-SIGMA BEAM PROFILE
RANGE
XL ERROR WORSE THAN 0,001 —-\#

IN VERTICAL PLANE \\ | | \

! I { AN | | !

1 Z1 ] T

-1.0 Px /Gev 1.0
1| XL ERROR WORSE THAN 0.0/
XL ERROR WIRSE THAN 001 =" INHORIZONTAL PLANE
IN HORIZONTAL PLANE
TOO SMALL TO SEE) T XLERROR WOHSE THAN 0001

IN HORIZONTAL PLANE

J

-1.0 L

Figure 3: The transverse phase space plane at the interaction point showing the various limi-
taions to the acceptance.

S

Fig.3 gives a summary of the different factors influencing the acceptance. Everything has
been mapped back onto the transverse momentum plane at the interaction point using a particle
momentum of 410GeV to perform the tracking. The features to note are:

1. The circle containing the wanted events defined by the fermi-momentum spread. Note
that the population of this area is sharply peaked at p, = p, = 0.0 so the picture gives
an optimistic impression.

2. The part lost because the detector at S3 cannot be put in the beam.

3. The limits of 1% and 0.1% resolution for independent momentum measurements in the
horizontal plane and in the vertical plane, calculated assuming 15um position resolution
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and 2uradian angular resolution. (The latter would require a much longer drift space
after S3 than is at present available.) Where the resolution is good in both planes there
are two independent momentum measurements. Only when the measurement is poor in
both planes must the track be rejected with cuts which must be included in efficiency
calculations. If accuracy of 1% is adequate, the loss from this cause is negligible.

4. The region with poor z;, resolution in both planes is inside the cut which is imposed by
the 100 size of the beam at S3.

o

. Limitations by the beam’s vacuum vessel. This has not been included.

4 Conclusions

It looks encouraging to study further a HERA stripping channel, but serious design problems are
evident. Though the beam and the spectator protons from the deuterons are widely separated
in longitudinal phase space there is not enough deflection to separate the two "beams” and at
the S3 station position so the detectors cannot be placed at the position of maximum intensity
of the spectator protons. Further station positions must be investigated to reach an optimum
solution.

Ideally, to fully understand ed events, there should be high acceptance for both forward pro-
tons and forward neutrons. A comparison of the proton and neutron spectators and ambiguities
which can arise is given in [2).
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of the question of primordial importance, which could be addressed within the nuclear program
of HERA is: how universal is the concept of the Pomeron? In particular: is the structure of the
Pomeron which originates from the nucleon the same as of the Pomeron which originates from
the nucleus? Within the present HERA optics it will be difficult, if not impossible, to detect

i b . 1 £ ¥ 3 coherently recoiled nucleus in diffractive deep inelastic electron-nucleus scattering. It may turn
What can we gain by etecting nuclear Iragments m out however, that incoherent processes give rise to large multiplicities of neutrons which are

electron-nucleus collisions at HERA? evaporated from the nucleus. If a large fraction of evaporation neutrons is detected we could
use their signal as an anti-tag to select coherent processes with respect to incoherent ones.

J.Chwa.stowski“", M.W. Krasny*® In this note we present Monte Carlo studies which illustrate the ideas sketched above. In
section 2 we describe a model of nuclear evaporation which we use in our studies. Section 3
is devoted to the discussion of merits of wounded nucleons tagging while in section 4 we show

a [pstitute of Nuclear Physics, ul. Kawiory 26A, 30-055 Krakow, Poland
nstitute ot Nuclear hysic £ that with help of the Forward Neutron Counter [2], [3]. we may be able to filter out coherent

b Deutsches Elektronen-Synchrotron DESY, Notkestrasse 85, D-22603 Hamburg, Germany ' diffracti
¢ L.P.N.H.E IN2P3-CNRS, 4, pl. Jussicu, T33 RdC 75252 Paris Cedex 05, France from incoherent diffractive processes.

Abstract: Detecting nuclear debris in deep inelastic electron-nucleus scattering is a 2 A model of nucleus evaporatlon and its lmplementa-

challenge at HERA collider, where the energies of ions could reach 400 GeV /nucleon. tion in the VENUS Monte Carlo

If realized, it may provide a very useful tool to tag the number of nucleons which

interacted with the virtual photon. In this note we point out that such a tag could We use, in our analysis, the Venus Monte Carlo [4] to simulate the eA interactions. We
be of primordial importance in searches for nonlinear QCD effects and in measuring incorporated into this Monte Carlo the PDF library [5] and chose the GRV 94 HO structure
the structure of the Pomeron in coherent electron-nucleus collisions. function set for our studies [6]. In order to investigate the nucleus fragmentation processes we

have developed a toy model of nuclear evaporation. This model is based on parametrisations
of the proton-nucleus [7] and muon-nucleus [8] scattering data and includes the production of
1 Introduction {he following fragments: p.n.t.a.Li, Be, B.C. The fragment multiplicities are fixed using the
data of [9]. Their spectra are described by:
The nuclear option for HERA., if realized in the future, could provide new and unique possibility P T, — 195MeV
of studying electron-nucleus interactions in the new. so far unexplored, energy domain of /5= EEL &« trp(__/_f"_j‘t_)
3 TeV. To reach such an energy in interactions with electrons of 30 GeV the nuclei have to dp Toy
be accelerated to a very large energy. exceeding the binding energy of nucleons in the nucleus
by 5 orders of magnitude. The muclear debris will thus emerge at very small angles, which
will be typically of the fraction of miliradians. The detection of these debris is a difficult task.
especially for charged fragments with Z/A equal to that of the beam nucleus. In this paper we
leave out the discussion how this can be done but rather try to point out why designing such
a detection system could be of importance.

were Tys is the fragment dependent characteristic temperature, given in Table 1, and Ty is
the fragment kinetic energy. The neutron spectra are described by a combination of three
exponentials as suggested in [8]. The evaporation spectra are, in this simpleminded model,
uncorrelated with the type and kinematics of the primary interaction.

. a8 v i i Table 1: Characteristic temperatures of evaporations.
One of the challenges of the nuclear option at HERA is to discover nonlinear QCD effects

which are responsible for taming the growth of the partonic distributions at low x [1]. These [Tragment | p 5 dt. o 1iBe B.C
effects are expected to be amplified in the electron-nucleus collisions by the factor A'/* with [Tos(MeV) || 45 | 0.7, 5, 45 T

respect to electron-nucleon collisions. provided that z is sufficiently small and the collisions are
central. In the central collisions the virtual photon can interact with partons originating from
several nucleons ejecting these nucleons from the nucleus. The number of these "wounded”
nucleons may thus be a measure of an effective density of the partonic system which interacted
with the virtual photon. By analyzing events in which large number of wounded nucleons is
detected we expect o increase the discovery potential of the nonlinear QCD effects.

In Figure 1 we show the pseudorapidity distribution of all particles emerging from in-
teractions of 30 GeV electrons with lead nuclei of 410 GeV/nucleon. We requested that:
Q* > 1GeV?, 0.05 < yp, < 0.5, 0.05 < x5, < 0.01 and the angle between the momenta
of the incident and scattered electron greater than 3. We observe an abundant production of
evaporation fragments in the nucleus hemisphere. These fragments are emitted at small angles.
The wounded nucleons (represented on this plot as a difference of the spectra of nucleons and

The unexpectedly large cross section for deep inelastic diffractive scattering measured at
HERA allows for a precise measurement of the Pomeron structure at modest luminosities. One
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Figure 1: Pseudorapidity distribution of all particles in e Pb interactions in the HERA reference
frame.

antinucleons) are emitted at larger angles (larger 7). In Figure 2 we show the correlation be-
tween the particle (fragment) energy and its pseudorapidity. This plot shows a clear separation
of various nuclear fragments in the (E,7n) plane. It is worth pointong out that the fragments
can be identified unambigously, owing to an apparent quantization of their energies in units of

410 GeV.

3 Wounded nucleon tagging of multiparton processes

The experiments at HERA [10], [11] discovered strong rise of partonic density in the low x
domain. The challenge for HERA is to find a mechanism responsible for dumping the growth
of partonic distributions such that the unitarity constraint is preserved. As it has been shown in
[12], the HERA electron-proton scattering data will likely be insufficient to establish a presence
of such mechanism because the effective partonic densities are still relatively low down to the
z values of 1074,

In electron-nucleus scattering the effective partonic densities are. for the central collisions
and = < 1/(2R4m,), amplified by a factor A4!/3. Therefore, already in the z-domain accessible
at HERA we reach the limit of saturation of partonic densities and may observe a break-down
of the applicability of linear QCD evolution equations [13], [14] to the dense partonic system.

It is clear, from the above arguments that, the heaviest nuclei are the best for searches
of non-linear QCD phenomena (provided that the luminosity achievable at HERA is inverse-
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Figure 2: Correlation between particle energy and rapidity.

proportional to the atomic number and that the measurement errors of partonic densities are
independent of the accelerated ion type). It may however turn out that the two above conditions
can not be fulfilled and high statistical and systematic precision can be achieved only for the
isoscalar nuclei. Can we produce a high partonic density fluctuations in interactions of the
electrons with the heaviest of isoscalar nuclei - Calcium. In Fig. 3a we show the correlation
between the “thickness of the nucleus” (A'/3) and the number of wounded nucleons which have
been ejected from the nucleus, as predicted by the VENUS model. The apparent high degree of
correlation, if confirmed experimentally, would allow to use the collision dependent number of
wounded nucleons as a measure of an effective density of partons in the nucleus. The multiplicity
spectrum of wounded nucleons is shown in Fig. 3b for ePb and eCa scattering. It is apparent
that the large multiplicity tail for eCa scattering is extended towards multiplicities which
are significantly larger than the average multiplicity of wounded nucleons for e Pb scattering.
There are two reasons for fluctuations of wounded nucleon multiplicities. The first is related to
the dispersion of the impact parameter of the virtual photon (central collisions lead to larger
multiplicities). The second is related to the fluctuations in the final state rescattering processes.
We propose a way to disantangle these two sources of fluctuations by looking at the multiplicities
of hadrons produced in the central region. We are aware that the efficiency of relating a large
multiplicity fluctuation to the a large partonic density fluctuation will remain most likely to
some extent uncertain. Nevertheless, we expect to increase significantly the sensitivity to high
partonic density effects already for light nuclei by using the wounded nucleon tag. We consider
this approach as a back-up solution if it turns out that only light nuclei can be accelerated at

HERA.
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Figure 3: a) Average multiplicity of wounded nucleons vs. AY3. Solid line corresponds to
<n>= AY3. b) Wounded nucleon multiplicity distribution for Lead and Calcium.

4 Evaporation of neutrons from wounded nucleus and
selection of coherent diffractive processes

Testing universality of the Pomeron structure by using “Pomeron sources” of different partonic
compositions is one of the challenges of the nuclear program for HERA. We propose a test in
which the Pomeron structure function 2P [15] measured in the electron-nucleus scattering is
compared with the one measured in electron-proton scattering. The electron-nucleus diffractive
scattering can be coherent (e A — eA+Xyjg) or incoherent (eA — e(A—N)+N+ Xyyy, where
N is the number of ejected nucleons from the initial nucleus) providing two distinct “classes
of Pomeron sources” for universality test. Is it feasible to tag coherent diffraction events in
electron-nucleus scattering at HERA? The most natural way would be to tag coherently recoiled
nucleus. Unfortunately, in particular for heavy nuclei, if one uses the low 3 beam optics, an
identification of low transverse momentum recoil is difficult to realize. The idea we present here
is to tag instead the incoherent processes by detecting neutrons evaporated from the nucleus. In
Fig. 4a we present the integrated number of neutrons emitted in the ¢ Ph incoherent scattering
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within a circle of the radius R at the distance of 100 m from the ePb interaction point, as
predicted by the evaporation model described in section 2. The distance of 100 m corresponds
to the position at which both Hl and ZEUS experiments installed their Forward Neutron
Counters (FNC). Owing to the Lorenz boost almost all neutrons can be detected within the
acceptance region of the FNC of 10 em. As it is shown in Fig.4b the probability of zero neutron
multiplicity events in incoherent deep inelastic eCla events is below 2 % while for the ePb
scattering this probability in negligible. If these probabilities turn out not to be significantly
larger for a subsample of incoherent deep inelastic events with rapidity gap, we may be able to
select incoherent with respect to coherent events using the neutron tag.

Venus + Evaporation neutrons
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Figure 4: a) The integrated multiplicity of wounded and evaporated neutrons within a circle of
R (m) at the distance of 100 m from the € Pb interaction point. b) The multiplicity distribution
of evaporated and wounded neutrons for ePb and eCa scattering.

5 Conclusions

The two examples of processes shown above illustrate what we may gain by detecting nuclear
debris, in particular wounded and evaporated nucleons, in €A interactions. While detection of
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evaporated neutrons can be realized using the existing H1 and ZEUS setup, the detection system
of charged fragments require designing a new detection scheme and, most likely, a new beam
optics for the interaction point. We hope that the qualitative preliminary studies presented in
this contribution will trigger further studies on both the physics and detector issues related to
detection of nuclear fragments in deep inelastic electron nucleus collisions at HERA.
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Hadron Distributions in Deep Inelastic Electron-Nucleus
Scattering at Collider Energies

Nikolaj A. Pavel
Imperial College, Blackett Laboratory, Prince Consort Road. London SW72BZ

Abstract: Electron nucleus scattering at very high energies reached in collider
machines allows to search for new nuclear effects in the deep inelastic scattering
process. Here some physics topics which could be investigated with future eA col-
lider machines running at high luminosities are discussed.

Introduction

Electron-nucleus scattering experiments offer some strong advantages over other high energy
physics experiments when studying nuclear effects in the hadronic final state produced. The
electron is a pointlike particle and its coupling through the electro-weak forces is well described
in the Standard Model. No deconvolution of projectile and target fragments is necessary. Thus,
by comparing the results of scattering on nuclei with different size the influence of nuclear matter
on the DIS process can be studied most directly.

In order to do high precision electron-nucleus (¢A) scattering experiments, not only high
luminosities are needed, but also an excellent control of all systematic errors which do not cancel
when taking the ratio of distributions from scattering on different nuclei. Therefore effects of
multiple scattering and external bremsstrahlung in a target, difference in the acceptance and
detector efficiciency between data sets with different targets have to minimised.

At low energies this can be most easily achieved by using an intensive electron beam and
an internal gas jet target, as planned by the HERMES Collaboration. In this experiment the
upper limit of the energy transfer v ! is about v = 25 GeV since the electron ring at HERA

variable description
Q*=—(k-k) square of the four momentum transfer
v= (P q)/(P k) energy of the boson exchanged
zp; = Q*/(2Pq) = Q*/(2Muucteon v) Bjorken scaling variable
W=Q*xp; +(1 — rp;) inv. mass of the hadronic final state
My inv. mass of the had. final state in LRG events

Table 1: Kinematic variables in DIS used in this text: the four momenta are defined in Fig.1

'the kinematic variables are defined in Tab.1 and Fig.1
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Figure 1: Schematic diagram of the particle production in DIS events without (a) and with a
large rapidity gap (b) (called in text NRG and LRG events respectively). With k. k" and P
the four momenta of the incoming and scattered electron and the proton beam are denoted
respectively; g = (k — k') is the four momentum of the virtual photon exchanged. W is the
invariant mass of the y=p system, M denotes the invariant mass of the hadronic final state
observed in LRG events and My represents the scattered proton or a low mass nuclear state.

operates at 27.5GeV;a cut on y (y < 0.9) to reduce the systematic uncertainty from coherent
radiactive correction on nuclei, is here already considered.

In order to access the higher energy range one has to work with an eA collider where one
also meets conditions which allow to minimise the systematic errors for measurement of ratios
of cross sections as much as by using an internal gas jet targets. At the present time two options
for the realisation of such an experiment are discussed: The first option is to inject light and
heavy nuclei into the proton ring of HERA and to use the existing detector of the ep collision
experiments for the measurements. The second option is to build two storage rings for electrons
and heavy ions at the GSI, where a lower center of mass energy of the collisions is envisaged.
In this article the first experiment will be labelled by "HERA-N" and the second by "GSI-N".

The kinematic range covered in Q*, rp; and v for both options in the current phase of plan-
ning is shown in Fig.2. where cuts on the scattered electron energy and angle are imposed which
are necessary to ensure a reliable identification of the neutral current DIS events and a precise
determination of the event kinematic. Also the kinematic region which will be investigated
by the HERMES experiment is indicated by the hatched area. One can see that the three
experiments together cover a vast range in v,Q* and rg,, where the GSI-N experiment fills
in the gap between the HERMES and HERA-N experiment. By small variations of the beam
energies of the collider experiments a partial overlap of the kinematic ranges can be achieved.

Physics Aims

The physics questions which are primarily addressed in the €A collider experiments will be
somewhat different from those in past analyses of hadron distributions in eA scattering, where
intranuclear hadron- and quark-reinteraction effects were studied from which one can infer
information about the space-time structure of the hadronisation process. The arguments going
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Figure 2: The comparison of the kinematic range covered by electron-nucleus collider experi-
ments under study (HERA-N and GSI-N experiment). A cut on the scattered electron angle
(V! < 175°(170°) for HERA-N and GSI-N resp.) is considered to ensure a reliable identification
of a DIS neutral current event and the precise determination of its kinematics. The region
covered in the fixed target experiment HERMES is also shown.

along with these ideas are briefly sketched elsewhere in these proceedings [1] Measurements
with electron [2]. muon [3. 4. 5] and neutrino [6] beams had been performed in the range of v
from 10— 200 GeV. While at very low v (v£25 GeV') sizeable nuclear effects have been observed,
at higher v (¥270GeV) the effects were found to be very small. But the errors on the ratio
of distributions were of the arder of several percent and the distributions had to be integrated
over large intervals in z, as well as in Q? and zp; (for a more detailed review see (7, 6]).

Much more precise data are required not only in the low v range which will be covered by
HERMES but also in the higher energy range to complete the investigation of the space-time
structure. This could be done best in the eA collision experiment GSI-N. where one aims for
luminosities as high as 10%em=2s7".

At sufficiently high values of v, where hadronic int ranuclear rescattering effects should
vanish. one can search for effects of a possible interaction of the struck quark with the nuclear
matter. The energy loss or broadening of transverse momentum of a quark during its passage
through nuclear matter has been estimated in many publications e.g. [8]. This question is
closely related to the phenomena observed in heavy ion collisions. Experimental information
on this topic is very important for a better understanding of the hadron production in such
complex reactions and for the identification of the quark gluon plasma, which one wants to
create in high energy heavy ion collisons. Also the investigation of more subtle relationships
between the hadron distributions in €A scattering and the EMC effect. which has been initiated
in [3], should be pursued. In earlier studies of this problem only weak conclusions could be
drawn since the statistics were not sufficient to study the effects as a function of zp;.

With the HERA-N collider €A scattering can be investigated at even higher values of v,
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where the above questions can be futher studjed, The major part of the events populate the
very low-zg; region (z5,<107°). It is evident that the experimental analysis will be focussed
on the parton dynamics at very low 7g, and high parton densities. Here, however, another
topic will be briefly discussed for which the measurement of the hadronic final state is essential
and where again the nucleus is used as a kind of "tool’ for the investigation.

Recently a class of DIS events has been observed at HERA which is characterised by a large
rapidity gap between the observed hadronic final state and the proton beam direction [9, 10],
which will be called here ‘large rapidity gap (LRG)" events. The fraction of these LRG events
in the total DIS event sample has been found to be independent of Q?, which shows that the
production mechanism for LRG events is a leading twist effect. The qualitative difference in
the event topology for non-rapidity-gap (NRG) and LRG events is sketched in Fig.1.

One possible interpretation of these events is that there js a colourless particle, with which
the photon interacts, while the proton remains unaffected like in a diffractive ep interaction.
This particle could be identified with the pomeron, since diffractive scattering processes amongst
hadrons have been successfully described by the pomeron exchange picture. One could further
assume that the pomeron is a short lived quantum state with some partonic substructure, which
is probed by the virtual photon such that the photon couples to a pointlike constituent in the
pomeron [11].

On the other hand the leading twist behaviour of the cross section for the LRG events
can also be explained in the model of Buchmiiller [12], which is not based on the pomeron
exchange model. In that model the LRG events are interpreted as being produced by the
boson-gluon-fusion (BGF) process (i.e. a leading twist, non-diffractive DIS process), where the
qq cluster evolves with a certain probability into a colour singlet parton cluster, which fragments
independently from the rest of the nucleon into hadrons.

Since the latter model involves soft colour interaction it is to be expected that the amount
of nuclear matter surrounding the vertex of the primary BGF process strongly influences the
probability of the production of a LRG event and thus the fraction of LRG events observed.
The relevant scale for this nuclear effect would be the size of the nucleus, i.e. the atomic
number A. All other kinematic dependencies should be same as those found in €p scattering,
In the Pomeron based models, nuclear effects may be induced by multi-pomeron exchange or
by additional higher twist contributions due to coherent scattering on more than one nucleon
in the nucleus. In this case a different rg; and Q? dependence of the LRG event in scattering
on different nuclei is expected.

Besides the measurement of the LRG event rate, the hadron distributions themselves should
be studied. Experimentally it was found that the transverse momentum spectra in LRG events
in ep scattering resemble those of DIS at the an invariant mass of the hadronic final state I of
W = My [13]. This observation supports the hypothesis that the scale of the the phase space
available for the particle production is given by My rather than by W. In that case it should be
possible to investigate the space-time structure of the hadronisation in diffractive dissociation
processes in a similar way to that done for DIS events without a large rapidity gap at lower
energies [7]. The important question to be answered in this context would be, whether the
hadrons are formed at a larger distance from the the primary hard scattering vertex or whether
this process is universal as far as the space-time structure and the nature of the preconfined
states are concerned. This aspect of the diffractive multiparticle production has been only
poorly if at all studied in the past.
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Conclusions

Electron-nucleus collider machines offer the unique possibility to measure with high precision
hadron distributions in electron-nucleus scattering at energies, at which the effects of intranu-
clear hadron rescattering are expected to be neglibly small. In that kinematic regime one can
search for the effect of quark interaction in dense nuclear matter. This information would be
most valuable for the undestanding of the hadron production in high energy heavy ion collisions.
Also the relationship between the hadron production in eA scattering and the EMC effect can
be investigated in order scrutinize the origin of the EMC effect. Moreover it will be possible
to study the mechanism of diffractive scattering at high scattering in detail using the nucleus
as a kind of test medium. The information from these analysis is expected to contribute to
discriminate between the various models for this kind of process.
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Abstract: We shortly summarize results which we have recently obtained on the
radiative energy loss of high energy quarks and gluons suffering multiple collisions
in a QCD medium of finite length. These results are also generalized to the case of
nuclear matter.

1 Introduction

Gluon radiation induced by multiple scatterings of a very energetic incident quark or gluon
propagating through QCD matter becomes coherently suppressed compared to independent
emission [1. 2, 3. 4]. In the case of QED the analogous suppression of photon radiation is
known as the Landau-Pomeranchuk-Migdal (LPM) effect [5, 6].

In order to calculate the soft gluon radiation intensity static and screened scattering centres
are assumed [7]. This leads to a probability distribution in terms of the transverse scattering
momentum §j,

Vg = = 1)
(4 Jd*qL = 7(({_1:, n “_1)‘.‘ qL- (
It is reasonable to assume that successive scatterings are independent. As a consequence the
mean [ree path A of the parton has to be large compared to the characteristic range p~" of the
“Coulomb potential™ (1), i.e. A > u~'.

We may actually generalize this treatment to the case of cold nuclear matter and define a
probability distribution V/(§?) related to the gluon distribution function [4].
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2 Gluon radiation spectrum

For a fast quark of energy E. which e.g. is produced through deep inelastic scattering and
which propagates through a hot medium of length L, the induced gluon intensity (per unit
length of propagation) reads in leading order of the strong coupling a,,

wdl _ 3a N, |
dwdz ~ #L "

sin (ﬂ\“[)

w
2L

where w denotes the energy of the soft gluon, w < E, and ) is the mean free path of the quark.
Here the number of colours N. is assumed to be large (for a more detailed discussion see [1, 3]).

The quantity wy charcterizes the spectrum, wy = \/ik©(1/\/x). The value of the dimensionless

< . . . . . -~ .
parameter £ = IL_\ determines the shape of the radiation intensity. ©, related to the Fourier
transform of the potential V(¢ ?) in the impact parameter space B, is given by

(3)

5B = .11 - ;Egl) N { In1/B? for the Coulomb case (1)

(7.%)/n* otherwise
for B — 0. The parameter » may be viewed as the typical phase difference between neighbour-
ing scattering centres. The interesting coherent phenomena for which the medium properties

are important show up for x <« 1, because then a group of N.;, ~ 1/\/k centres radiate
coherently.

For large L the spectrum (2) approaches [1, 2, 3]

wdl Ja N, | u? .
dedz — 27 V.\_u.']"(l/\/h)' (4)

when putting 0(1//x) =~ In1/\/x for K < 1. Modulo logarithms (4) is valid for

OM?)<w<wpa =0 (% ’) B (5)

aslongas L< L, = ()[\/L',\/;ﬁ) for ' — oc. For w > wya the radiation is totally suppressed.
It is important o state that the spectra (2) and (4), respectively, do not depend on the parton’s
energy E.

We note that the matter properties enter in the spectra (2) and (4) via the ratio q= /A
Effectively ¢ plays the role of the transport coefficient [6],

(‘L.z)

] B gy 2 .o do
q=pv/A= r ,f;/(l‘rh_qf

d*qy’ (6)

with p the density of the scattering centres and do/d*q, the “parton-centre” cross-section,
where A = 1/po. Within logarithmic accuracy the jet broadening is therefore given by

2
(GHL=dlL ~ “\ 5(A/L)L, (7)

/

after the parton’s passage through matter of length L, i.e. (7) is effectively a random walk
result.
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3 Energy loss in finite length media

In [3] the radiative energy loss in a hot medium of finite extent L, L < L., is derived. For a
quark jet the result is
agN, .

—dE/dz >~ TqL. (8)
which amounts to the total loss of —AE(L) ~ %dl_z. i.e. it is increasing quadratically with
the length L [8] and independent of £ for E — oo. This remarkable dependence on the length
L can also be heuristically obtained by integrating the spectrum given by (4) over w and =,
with 0 € w <€ wpe and 0 < z < L. This result may actually be generalized to cold nuclear
matter [4]: the relation (8) between the energy loss and the jet broadening (7) is shown to be
valid in general and indeed does not depend on the parameters of the model.

The energy loss per unit distance (8) may be compared to the one for an infinite medium
L — oo, with £ large but fixed, which is obtained in [1] by

—dE/dz ~ a,N\/4E, (9)

i.e. depending on the incident quark energy.

4 Phenomenology

In order to estimate the energy loss e.g. of a very energetic quark in cold matter of finite extent
[9] one has to know the coefficient ¢ in (3). One possibility [+, 11] is to use jet broadening
(7), which e.g. is measured by the momentum imbalance of jets in deep inelastic production of
dijets [10]. The analysis by Luo ct al. [10] determines § > j7%a,(AY?/L)A] 5. with L~ Tk
expressed in terms of the nuclear radius R >~ 1.24'3 fm. With {5 ~ 0.05 — 0.1GeV* [10],
this gives the estimate [11]

G~ (3.7=T4) a,GeV/fm*. (10)
According to (8) this gives —dE/dz ~ (1.2 —2.5) GeV/fm for L ~ 10fm and a, ~ 0.3, which
is a rather large loss per unit distance.

An independent estimate may be obtained by relating § to the proton’s gluon structure
function »G/(x.Q*) [4. 11, 12]. This uses (6) in terms of the (transport) quark-proton cross
section

/u"/BZ . s (gi—proton "s("rﬁ.'
~
{

d*quq’ 2G| B ~ 12 /%), (11)

d*q, 2
where r is small and estimated to be & =~ O(1/(Amyrpon)) = O(0.1).
Depending on xG(x) =~ 1 — 5 in the region of interest of small z, and with the nuclear
density p >~ 0.17fm™". one finds [4, 11]
¢~ (0.2-1.0) a,GeV/fm?, (12)
which gives an energy loss —dE'/dz < 0.35 GeV/[m, i.e. a significantly smaller value than the
one quoted above!

In case of hot matter a corresponding estimate yvields —dE /dz ~ 3 GeV/ fm [1].
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Not only because of these uncertainties careful measurements of the energy loss of partons
at HERA's future experiments using different nuclei are indeed an important challenge. It is
especially crucial to look for possible differences of the parton propagation in cold versus hot
matter, which are expected on the basis of the above (still crude, because asymptotic) estimates
1,3, 4,11].
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Abstract: Radiative corrections to deep inelastic scattering on heavy nuclei at
a possible future HERA experiment are calculated. We discuss the contributions
from the elastic, quasielastic and inelastic radiative tails and their sensitivity to
experimental cuts.

1 Introduction

The physical interpretation of the data of experiments on deep inelastic scattering requires
the separation of the Born cross section from background contributions known as radiative
corrections. Radiative corrections receive contributions from loop diagrams and from processes
with the emission of additional photons. Some of the radiative events can be identified and
removed from the event sample by experimental methods. However, a substantial contribution
with soft or collinear photons can not be separated from non-radiative events. Thus, radiative
effects have to be calculated theoretically and subtracted from measured cross sections. In this
paper the FORTRAN codes HERACLES [1] and POLRAD (2] are applied for the calculation of
radiative corrections to the scattering of leptons off heavy nuclei at a possible future modified
HERA collider.

2 Physics of radiative corrections

There are three basic channels for the scattering of electrons on nuclei: elastic, quasielastic
and inelastic processes. Their contribution depends on the kinematic region which we describe
with the help of the four momentum transfer Q2, the Bjorken scaling variable x4 and the
invariant mass of the hadronic final state W} = Q%1 —z4)/x4 + M3 (where My is the mass
of the nucleus)?. For W4 = My, only elastic scattering is allowed. Quasielastic scattering,

lnow at NC PHEP, Bogdanovich str.153, 220040 Minsk, Belarus

2We use kinematical variables defined in terms of both nuclear and nucleon masses and momenta. The former
set (M4, z4, W) is used for elastic scattering; the latter set (M, z, W) is better suited for the description of
the kinematics of quasielastic and inelastic processes.

1007

—

corresponding to direct collisions with individual nucleons inside the nucleus, occurs at fixed
z4 ~ M/M, where M is the mass of the hit nucleon. Inelastic scattering sets in when the pion
threshold is reached (W4 > My + my, My is the pion mass).

At the Born level, both z4 and Q*, and consequently Wy, are fixed completely by the
measured momentum of the scattered lepton. Therefore it is also fixed which of the three basic
processes contributes to the cross section. Including radiative corrections, however, a radiated
photon may remain unobserved and the true values of z and Q* depend on the unknown
momentum transported away by the photon. Then all processes contribute to the measured
cross section. The total radiative corrections of order O(a) are obtained as the sum of these
radiative contributions and, in addition, loop corrections. The latter are, first of all, due to
the vacuum polarization, but also vertex and box graphs contribute, in particular at large
Q*. The former can conveniently be separated into initial state and final state radiation and
the so-called Compton peak. Initial (final) state radiation is dominated by events which have
a photon collinear to the incoming (scattered) lepton. The Compton peak is characterized
by events with small true momentum transfer reached due to the emission of a hard photon
although the scattered lepton mimics large Q.

The radiative corrections can be large and even exceed the Born cross section in the inter-
esting region of small z. In a realistic experimental situation, part of the events with a radiated
photon can be tagged in the calorimeter or be rejected by applying cuts on kinematic variables
of the hadronic final state. Animportant example is the hadronic transverse momentum, pr had-
Since prjaq is a measure of the true momentum transfer, @ cut prpad > PTmin Will Temove the
Compton peak almost completely. In particular, such a cut has a large influence on the tails
from the elastic and quasielastic processes since these are dominated by the Compton peak.
The effect of cuts on the inelastic radiative tail is more complicated and can, most easily, be
analyzed with the help of Monte Carlo methods.

The FORTRAN codes HERACLES and POLRAD are used to obtain radiative corrections
for HERA kinematics with lepton and nuclear beam momenta equal to 27.6 GeV and 410 GeV,
resp. We will present results for beams composed of nuclei with A =2Z ( D, *He, 120, 328 and
208ph) which can be stored in the HERA ring with the same energy per nucleon at the same
machine setup.

POLRAD is a program for radiative correction calculations in deep inelastic scattering of
polarized leptons on polarized and unpolarized nuclei of spin 0, 1/2 and 1. The explicit formu-
lae were introduced and discussed in [2]. The contributions to the total radiative corrections at
lowest order were obtained on the basis of the covariant method for radiative correction calcu-
lations, offered by Bardin and Shumeiko in 3] and developed in [4]. Soft photonic higher-order
effects are taken into account by the exponentiation prescription described in [5]. POLRAD
includes routines for the calculation of the elastic and quasielastic radiative tails. Since the
code is based on an analytic integration of bremsstrahlung contributions, it is restricted to the
evaluation of inclusive cross sections.

In contrast to this, HERACLES [1] is a Monte Carlo event generator and can therefore be
used to obtain cross sections in almost arbitrary phase space regions. It includes the complete
QED corrections of O(a) and, in addition, the complete standard model one-loop electroweak
corrections. Some higher-order effects are included, but soft photon exponentiation is not
performed. The program allows the use of either parton distribution functions or, for the purely
leptonic QED corrections, of arbitrary structure functions. It therefore allows the inclusion of
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the longitudinal structure function, which is in our calculation obtained from the standard
QCD expression.

3 Numerical results

The results of HERACLES and POLRAD are shown in Figs. 1 and 2. The investigated quan-
tities are defined as

do? [dy 1+ bpc(A)
5110(-4)=M—1a §(A) = m- )

where do* /dy and do /dy are the observed and the Born cross sections of deep inelastic scat-
tering on the nucleus A, resp. The first quantity Spc describes the correction of the cross
section itself, whereas the second one, 8(A), describes the correction of the ratio of cross sec-
tions do#/do” which is expected to be accessible with better accuracy by the experiments.
These correction factors are obtained from the cross sections after integrating z in the region
107" < z < 107°. Results for larger values of z are discussed in the text below. For the
explicit calculation, fits or models of inelastic and quasielastic structure functions and elastic
formfactors for each nucleus are needed. A traditional model for parton distributions, MRS(A)
[6], modified by shadowing effects as described in [7] is used for the deep inelastic structure
functions. Quasielastic suppression factors and elastic nuclear formfactors were calculated in
accordance with the models of Refs. [8]* and [9), respectively.

f

brc(A) [ 8(A)

os

os

02 |

Figure 1: Radiative corrections Spc(A) and 8(A4) for 107* < 2 < 1072, as a function of y, with
full lines showing the inelastic contribution, dashed lines showing the total incluswe radiative
correction. The curves from bottom to top correspond to the nucler D, He, C, S, Pb.

The results for §pc(A) and §(A4) obtained from POLRAD are presented in Fig. 1. These
quantities are shown with and without the contributions from the elastic and quasielastic tails.
The radiative correction §gc(A) due to the inelastic tail grows rapidly with increasing y and
reaches values of 100% for y ~ 0.8. Both the elastic and quasielastic tails give large additional
contributions. The A-dependence of the inelastic cross section is contained only in the shadow-
ing correction factor and is therefore weak. In contrast to this, the elastic tail depends much

3Stein's and Bernabeu's approaches for D and “He, and the Fermi-gas model for heavier nuclei.
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stronger on the type of the nucleus since the correpsonding squared form factor is proportional
to Z?/A. At larger values of « the corrections are slightly smaller, reaching 100 % only at values
of y above 0.9 for 1073 < » < 1072, Moreover, the cross section both at the Born level and
including radiative corrections has a smaller A dependence at large z because the shadowing
correction factor tends to 1 for large z and becomes larger than 1 for z ~ 0.07.

/

186 |- W <z< é

. , 3 -

L W r < gt

il
0‘

(a) (b)

Figure 2: Inelastic contribution to the radiative corrections Spc(A) for 1074 < z < 1073, 45 a
function of y, for the nuclei D, He, C, and S (corresponding to the lines from bottom to top)
obtained from HERACLES. The full hnes show the corrections without cuts, dashed lines are
the results after cuts as ezplained in the tezt.

Fig. 2 shows the results for the inelastic contribution as obtained from HERACLES. The
full lines in this figure do not fully agree with the full lines of Fig. 1, since here we included
the contribution from the longitudinal structure function Fp, according to the standard QCD
formula. The dashed lines exemplify the influence of experimental cuts on the radiative cor-
rections. We did not attempt to apply the full set of cuts as are presently being used in the
experimental analyses of H1 or ZEUS for structure function measurements since this would re-
quire a simulation and analysis of the full hadronic final state. Rather we simply rejected events
which have a radiative photon of energy E, > 10GeV emitted in the cone of half-opening angle
fmaz = 3° around the direction of the incoming electron beam. Most of these photons can not
be observed directly. However, they reduce the amount of the total energy minus longitudinal
momentum, F — p., which can be reconstructed from the observed final state. In addition, a
cut on the transverse momentum PT +pr 2 0.5 GeV was applied which has little effect on the
inelastic tail, but would remove most of the constributions from the elastic and quasielastic
tails. The results in Fig. 2 demonstrate that a cut of this type reduces the corrections due
to the inelastic radiative tail to the level of 15 to 30 %. In particular, the strong increase of
corrections towards increasing y does not appear anymore. We also remark that the same cut
eliminates the contribution from the elastic and quasielastic tails practically completely. Fig.
2b shows that the corrections of the cross section ratios are reduced as well.

In obtaining our results for the contributions of radiative tails to the measured cross section
we used specific model assumptions for structure functions and form factors. In particular, we
used the extrapolation of the fit from [7] for the shadowing corrections into the region of very
small values of z. It is just this quantity (and parton densities, of course) whose measurement
is aimed at with possible future experiments at HERA and an iterative procedure specifying
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fit parameters for shadowing corrections will be used to improve the precision of predictions
for radiative corrections. However, not the complete required input for radiative correction
calculations can be verified by the experiment and there will remain a residual uncertainty
from tails extending into kinematical regions outside of what is experimentally accessible. The
elastic and quasielastic tails are basically dominated by the values of form factors in the region
of very small Q? (the Compton peak). Different models or fits of experimental data practically
coincide in this region. Also, no marked effect coming from the resonance region fit of structure
functions and the Fermi-motion term in the shadowing corrections was found. It was also
checked that a modification of the low-Q? behaviour of the inelastic structure functions as
proposed in [10] changes the results for the radiative corrections by a few per mille only.

In conclusion, our calculations have shown that radiative corrections to the cross section for
scattering of leptons off heavy nuclei may be large and should be properly taken into account.
Simple experimental cuts will, however, allow to reduce them considerably.
Acknowledgement. LA.is very grateful to N.Shumeiko for useful discussions and sup-
port.
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QED RADIATIVE PROCESSES IN
ELECTRON-HEAVY ION COLLISIONS AT HERA

¢ Krzysztof Kurek

* Institute of Physics, Warsaw University Branch, Lipowa 41, 15-424 Bialystok, Poland

Abstract: Elastic radiative tail corrections and beamstrahlung process are dis-
cussed in the context of heavy ions mode at HERA collider. The contribution of
the radiative elastic tail are calculated without the use of the Born approximation
and the multiphotons interactions with heavy nuclei/ions are taken into account.
The numerical results for the cross sections are presented for the scattering on lead
and tin for the lowest x-bins, where these contributions are important. A comment
on beamstrahlung process is given. The effect is strongly machine design dependent
and is found to be negligible for planned heavy ions mode at HERA.

1 Introduction.

The heavy ions mode at HERA collider which is actually considered as a one of the future
possibilities will allow to study deep inelastic electron scattering on heavy targets with very high
energy, The determination of the one photon cross section from the data demands excluding
of a contribution from the other electroweek processes. These other contributions must be
calculated theoretically and subtracted from the measured cross section. The set of theoretical
calculations needed to experimental analysis is called radiative corrections scheme. There are
many radiative corrections schemes on the market ready to use in the DIS on heavy ions at
HERA (see e.g. [1. 2] and references therein).

In this paper | discuss these radiative processes which are not included (or included in
Born approximation which is not correct in the case of heavy targets) in the standard radiative
corrections schemes. There are two types of such procesess:

o The radiative elastic tail, the bremsstrahlung process from electron current in the elastic
channel.

o The beamstrahlung process . originally considered for e*e~ linear collider with TeV range
of energy, where electron crossing a very high density positron bunch thus suffer strong
acceleration and radiate a sizeable fraction of incident energy. In the case of heavy ions
the electron is affected by heavy ions bunch. The heavy ions bunches (due to high electric
charge ) as well as dense positron bunches are a source of strong field in which electron
can radiate.
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The paper is organized as follows. In Section 2 the cross sections of the elastic tail for planned
HERA heavy nuclei/ions mode are calculated for lead, tin and calcium in the Born one photon
approximation as well as using the method in which the multiphotons interactions with heavy
nuclei are taken into account. Section 3 contains a comment about beamstrahlung process.
Finally, the summary is given in Section 4.

2 The contribution of the elastic radiative tail.

It is well known that the one of the more important contribution to the cross section measured in
the DIS experiments in the small x bins proceeds from elastic tail. In the standard approach the
only Born cross section is taken into account what means that the only one photons processes are
considered (one photon emitted from lepton and one photon transmitted to target particle).
To find the corresponding formulae the reader is reffered to the original papers (1, 2]. For
the scattering on the heavy target the Born approximation is not correct because the effective
coupling between virtual photon and heavy target particle is very strong due to the high electric
charge Ze of the heavy nuclei/ions. Therefore the one photon exchange approximation is not
valid and multiphotons exchange processes should be taken into account. The calculations
presented in this paper are based on the method described in detail in [3] where the elastic
radiative tail was calculated for NMC fixed target experiment for the muon scattering on heavy
targets [4].

The basic concept of the method is to calculate the electron wave function in the presence
of the "external” field generated by the heavy ion (Furry wave function). It can be done in
the high energy approximation (Bethe et al., [5]). The cross section of the elastic radiative tail
calculated using Furry electron wave function is given by the famous Bethe-Heitler formula [6]
modified by extra factor R and multiplied by the formfactor of heavy ion [5, 3]. The calculations
were done in the rest frame of the heavy ion’s bunch using the potential approximation (the
recoil effect of nucleus was neglected). Both used approximations (high energy and potential)
are exellent approximations in the case of heavy nuclei at HERA . The one photon Born cross
section in potential approximation is given exatly by Bethe-Heitler formula (R = 1) with heavy
ion’s formfactor.

The formulae for the elastic radiative tail cross section for the heavy targets are given in [3]. The

numerical calculations were done for scattering electrons with energy 27.6 GeV on the heavy
nuclei/ions beam with energy 410 GeV per nucleon. The corresponding “fixed target” energy
(energy in the heavy ion rest frame) is about 22 TeV. The cross sections for the elastic radiative
tail for different x and y bins for lead and tin are presented in Fig. 1 and 2, respectively. For
comparison the Born cross sections are also presented. The numbers in the brackets in Fig. |
and 2 show how important the effect of multiphotons interactions is. The calculations were also
done for the lighter nuclei (calcium) and the cross sections are very close to the cross sections
calculated with Born approximation. The effect of multiphotons processes is really important
only for the heaviest nuclei. The cross sections were calculated for the smallest x bins (0.0001
to 0.01) planned to reach at HERA, where the elastic tail is the important correction.

To calculate R factor which modified Bethe-Heitler formula in the case of heavy targets the
pure Coulomb potential was assumed [5]. For the case of nuclei the pure Coulomb potential
is modified by the nuclear charge density (which is not point-like) and therefore the square of
formfactor F(q)?%. the Fourrier transform of charge density, appeared in front of the formula
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Figure 1: The differential cross sections for the clastic radiative tail for lead nuclei/ions in
Born approximation (open points) and with the multiphotons interactions taken into account
according with the method proposed in [3]. Numbers in brackets show how large the differences
between Born and multiphotons cross sections are.

(12) in [3]. To take into account the nuclear charge density the Furry wave function should be
calculated in the presence of modified Coulomb field. Unfortunately for real nucleus density it
is not possible to solve the Dirac equation for the Furry wave function. The presence of F? in
formula (12) in [3] is justified only for Born one photon cross section. When the multiphotons
processes are taken into account (R factor) it is not clear how the formfactors should be put into
the cross section formula. ! However the formfactor is not taken into account correctly there

are some arguments that the obtained results for the cross sections are correct [3]. To check how
important for the cross section’s calculations the shape of formfactor is. the different shapes of
formfactor was probed in the cross section’s multiphotons part (the difference hetween Born
and the multiphotons cross section; such difference of cross sections contains also interference

le.g. if it is formally considered double photons exchange Feynmann diagrams instead of % the combination
of three F's (interference terms) and four F's should be integrated. In the presented method all diagrams
(processes) are summed up and such procedure is not possible.
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Figure 2: The differential cross sections for the elastic radiative tail for tin nuclei/ions .

terms) while the Born part become unchanged with true. physical formfactor. F'.

Comparison of the results allowed to estimate how crucial the shape of formfactor is in the
cross section calculations. The numerical results were obtained for lead and are presented in
Fig. 3. The formfactor’s formula used in calculations was taken from [7].

To varying shape of the formfactor the 5 parameter was changed (see [7]). For two cases

the shape was assumed to be only exponential factor: the sum of the oscillations were neglected
(modified in Fig. 3).
From Fig. 3 it is clear that the differences (numbers in brackets) are smaller than 1% except
two unphysical situations where the formfactor is nearly constant (point like charge density)
and very "narrow” (flat charge density in the nucleus). In these cases the differences are a little
larger for higher x bins where the contribution from elastic tail is smaller as it is seen from
Fig. 1 and 2. The obtained results justify the multiphotons formula for the tail cross section
with the formfactor treatment as in the Born approximation.
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of the uncertainties of the proposed method of calculations. The two curves with label modified
are only the exponential term (see [7]). The numbers in brackets show the differences between
the cross sections with different formfactor’s shape taken into account in the multiphotons in-
teractions.

3 Comment on beamstrahlung process in the heavy
ions mode at HERA.

The beamstrahlung process is a radiation of photons due to interactions between electron cross-
ing target particles bunch. The whole bunch is a source of strong electromagnetic field which
affects the electron. The effect was estimated to be quite large in the case of very dense electrons
and positrons bunches which were considered in the context of the future electron-positron lin-
car collider in TeV range of energy (see [8. 9] and references therein).

The question is if the beamstrahlung effect can be important in the case of the electron scatter-
ing on heavy ions bunch. The bunches of ions at HERA will not so dense as in planned ete~
linear colliders but - due to the high electric charge the heavy ions bunch maybe significant
source of classical electromagnetic field.
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The effect depends strongly on the machine designe: the shapes of the bunches, density and
energy. The machine’s parameters determin also if the classical or quantum beamstrahlung
should be considered. In both cases the set of neaded formulae is known. In the quantum case
the calculations were done in one photon approximation (one real photon emission) as well as
the real multiphotons emissions were taken into account [9].

To distinguish which case (classical or quantum) should be considered in the case of heavy ions
at HERA the parameter T was defined:

e 2Er. A,

sata Tl I
3p VBmo.(o.+0,) &

where p, E,r.. A. and m are momentum, energy, classical radius, Compton wave length and
mass of electron; 0., o, and o, are the parameters of the heavy jon’s bunch (elliptical) and N is
a number of ions inside the bunch. The w, is a classical so-called critical frequency up to which
the spectrum of radiated photons is important. The meaning od the T is the classical average

ratio of the radiated energy and electron incident energy. The T parameter should be much
smaller than one in the classical case. If the Y is greater than one the quantum calculations
are needed. It is exactly the case in planned future ¢te~ machines.

The assumed parameters of HERA heavy ions beam for calculating Y were the following:

energy of ions - 410 GeV /nucleon ,
bunch spacing - 160 bunches/ 96 ns ,
typical current - 50 mA .

02y 02,0, -0.11 m, 70 pm , 300 pm

These parameters give N ~ 10" jons and T ~ 107". It is now clear that the HERA is operating
in classical regime. The energy loss due to beamstrahlung process can be calculated using the
following classical formula

i By

3V3mo.(o, + a,)?

This result shows that the beamstrahlung process at HERA with heavy ions beams is not
important in contrast to the collisions of very dense electrons-positrons beams considered in
the new generation of the linear electrons-positrons colliders.

(2)

4 Summary

In this paper the elastic radiative tail correction and the beamstrahlung process were calculated
for the future DIS process with electrons and heavy ions at HERA collider. The multiphotons
interactions, which are important in the heaviest nuclei, were taken into account and compared
with Born standard approach. The method originally proposed by Bethe et al. [5] was modified
and applied to improve the standard radiative corrections schemes in the case of heavy targets
[3]. The effect is quite large in the HERA kinematics (up to 19%). The uncertainties connected
with the formfactor treatment were discussed and estimated to be less than 1% .

The beamstrahlung process was also discussed. The HERA machine parameters and kine-
matics allow to consider this process classically. The numerical results show that the electron
interactions with the whole heavy ions bunch (beamstrahlung) is negligible.
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V NI3.1is 2 Monte Carlo implementation of a quantum kinetic approach to the descrip-
tion of high energy particle collisions, including e*e”, deep-inelastic ep and eA, hadron-
hadron, hadron-nucleus and nucleus-nucleus collsions. In the case of deep-inelastic electron
scattering off a proton or nuclens at HERA, the basic concept is the following [1]: The
history of the triggering photon-proton (nucleus) hard scattering is traced back to the ini-
tial hadronic (nuclear) state and forward to the formation of colour-singlet pre-hadronic
clusters and their decays into hadrons. The time evolution of the space-like initial-state
shower and the time-like secondary partons are treated similarly, and cluster formation is
treated using a spatial criterion motivated by confinement and a non-perturbative model
for hadronization.

The central element in this approach is the use of QCD transport theory [2] and quan-
tum field kinetics [3] to follow the evolution of a generally mixed multiparticle system of
partons and hadrons in 7-dimensional phase-space d3rd®kdkP. Included are both the pertur-
bative QCD parton-cascade development [4, 5], and the phenomenological parton-hadron
conversion model which has been proposed previously in Refs. [6, 7], in which a dynam-
ical parton-cluster formation is considered as a local, statistical process that depends on
the spatial separation and colour of nearest-neighbour partons, followed by the decay of
clusters into hadrons. In contrast to the commonly-used momentum-space description, in
the present approach the microscopic history of the dynamically-evolving particle system
is traced in space-time and momentum space, so that the correlations of partons in space,
time, and colour can be taken into account for both the perturbative cascade evolution and
the non-perturbative hadronization. One strength of this approach lies in the possible ex-
tension of its applicability to the collision dynamics of complicated multi-particle systems,
as in eAd, pA and AA collisions, for which a causal time evolution in position space and
momentum space is essential.

The model contains three main building blocks which generically embody high-energy
collisions involving leptons, hadrons, or nuclei in colliders (for DIS ep collisions, the model

components are illustrated in Fig. 1) 1019

a. the initial state associated with the incoming collision partners (the beam particles),
in particular the phenomenological construction of the hadron (nucleus) in terms of

quark and gluon phase-space distributions;

b. the parton cascade development with mutual- and self-interactions of the system of
quarks and gluons consisting of both the materialized partons from parton showers,
and the spectator partons belonging to the remnants of the collided beam particles;

c. the hadronization of the evolving system in terms of parton coalescence to colour-neutral
clusters as a local, statistical process that depends on the spatial separation and colour
of nearest-neighbour partons, followed by the decay of clusters into hadrons according
to the density of final hadron states.

cluster cluster-hadron

YS formation  28¢3Y
final state = .
S radiation —s .
—
initial state . — . *jet
radiation ,,/ “ ' hadrons
vy =
4 LY =
T_ﬂ" ér; srre? e .

proton
at rest Qg Q?

oton
proton
remnant .

t - =ty t=0 P+ =

Such a pragmatical division, which assumes complex interference between the different
physics regimes to be negligible, is possible if the respective dynamical scales are such that
the short-range hard interaction, with its associated perturbative parton evolution, and
the non-perturbative mechanism of hadron formation occur on well-separated space-time
scales. For DIS, this condition of validity requires min(W?,Q?) > L;? > AzCDr meaning
that the characteristic mass scale for the yp hard scattering and parton shower development
(W2, Q?, or a combination of the two) is larger than the inverse ‘confinement length scale’
L. = O(1 fm) separating perturbative and non-perturbative domains. Specifically, for DIS,
in the small-z regime probed at HERA (107* <z £1072), one has 60 < W £ 300 GeV for
10 < Q? < 300 GeV?, so that the above requirement is well satisfied. It is important to
realize however, that in this model the interplay between perturbative and non-perturbative
regimes is controlled locally by the space-time evolution of the mixed parton-hadron system
itself, rather than by an arbitrary global division between parton and hadron degrees of
freedom. 1020




Recently the approach discussed above has been applied [1] in detail to deep-inelastic
ep scattering at HERA, and will be applied in the future to more complicated situations,
in particular the extension to e4 collsions at HERA energy. It allows to map the history
of the particle densities and associated spectra, including the rapidity, longitudinal and
transverse distributions of particles, so that these may be compared with intuitive pictures
of the space-time development of hadronic final states in DIS. They will also form the basis
for investigating the effects of multiple parton scattering, energy-loss phenomena, parton
shadowing, and other interesting effects in eA scattering which are not present in ep.

The aforementioned application to ep shows encouraging results for, e.g., inclusive
hadron spectra in zp and pr, and the transverse energy flow, or, distributions of the
mass My of the observed hadronic final state in events without a large rapidity gap, which
can be used to estimate the background to the cross-section for LRG events.

As already mentioned, the new features of this approach open the way to future appli-
cations of the model to eA, pp, pA and AA collisions, where the novel features associated
with high parton densities will become more marked. In this respect the possible eA ex-
periments at HERA can play a key role since these collisions provide the ‘cleanest’ way of

probing parton- and hadron- evolution in a nuclear medium, rather than in vacuum.
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Experiments with Light and Heavy Nuclei at HERMES
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Abstract: The physics prospects for using light and heavy nuclear targets in fixed-
target experiments at HERMES are discussed. The kinematics of such experiments
imply that the measurements can be used as a sensitive probe of the space-time
dynamics of deep-inelastic scattering (DIS), enabling investigations of quark prop-
agation and colour transparency. Moreover, the dilute internal gas targets used at
HERMES make it possible to detect low-energy recoil products, that can be used
to tag certain classes of DIS events. In this way neutron structure function data
can be measured that do not suffer from ambiguities related to the structure of
the deuteron. Moreover, new information on the origin of the EMC effect and the
breaking of the Gottfried Sum Rule can be obtained.

1 Introduction

The HERMES experiment makes use of the HERA polarized electron (or positron) beam,
which is interacting with a (fixed) polarized internal gas target flowing through a thin-walled
storage cell. The deep-inelastic scattering events are observed with the HERMES (forward-
angle) spectrometer, which also enables a fairly good identification of the hadronic final state.
HERMES has started to produce first data on the neutron spin-structure function in 1995.

By injecting (polarized) nuclear targets into the storage cell, the HERMES set-up can be
used for two new classes of experiments: (i) measurements in which the nucleus acts as a
‘femtometer” detector; and (ii) measurements in which the deep-inelastic structure functions
are tagged by detecting an additional hadron in the final state. The first class of experiments
enables the study of quark propagation in the medium and the possible observation of colour
transparency. The second type of experiments makes it possible to measure neutron structure
functions without uncertainties related to nuclear corrections. Moreover, information can be
obtained on the origin of the EMC effect. and the break down of the Gottfried Sum Rule. These
experiments are discussed in more detail in sections 2 and 3. respectively.

The conditions for electro-nuclear fixed target experiments at HERMES are unique. The
kinematics are well-matched to the length scales involved in hadron formation (see section
I.1). and the use of internal gas targets makes it possible to detect low-energy recoil products.
which is impossible at other deep-inelastic scattering facilities (see section 1.2). Together these
conditions are well fit for measurements that address the unknown transition from the region
where perturbative QCD applies (at high Q?) to the non-perturbative domain at lower-Q*
values.

1022



In this report the prospects for using nuclear targets at HERMES are summarized. The
discussions are brief when dedicated contributions exist that provide all necessary detail (section
2). In other cases the summaries are longer, in particular when the specific contributions do
not include any count-rate estimates (section 3). Some practical considerations concerning the
realisation of such experiments at HERMES are presented in the last section of this report.

1.1 Kinematics

Three length scales enter the description of the semi-inclusive processes in deep-inelastic scat-
tering that are at the basis of most of the physics issues addressed in this report:

e The coherence length describes the hadronic gg fluctuation of a virtual photon

2hev he he
l( = 2 — = - = -—— (l)
Q*+mi; my(l + Z48) My

where v represents the energy transfer, ? the four-momentum transfer, m,, the mass of
the hadronic fluctuation and « is the usual Bjorken-scaling parameter (3%) Note that
the last equality sign only holds in the high-Q? limit. A typical value of l¢- for HERMES
kinematics is 3 fm. whereas l¢ is much larger (10 - 30 fm) for the deep-inelastic lepton
scattering experiments at CERN (NMC) and Fermilab (E665).

o The formation length describes the distance between the initial lepton interaction vertex
and the hadron formation point:
2her :
FR—— (2)
dmi
with §m# the characteristic squared-mass difference between low-lying vector-meson states
(6m? ~ | GeV?). A typical value of [r for HERMES kinematics is 5 fm. whereas [f is
much larger (50 fm) at NMC and E665.

The transverse size of the hadronic fluctuation is mainly relevant for colour-transparency

studies: .
She (3)
ry = ——. .
Q
Depending on the Q*range selected the values for 7. range from about 0.3 fm to 0.7 fm.
but usually considerably smaller than the radius of a nucleon.

It is seen that the sizes of [ and [¢ are commensurate with nuclear dimensions for deep-inelastic
scattering at HERMES energies. Hence, experiments that want to exploit the nuclear medium,
and thus want to maximize its influence, are best carried out at HERMES (as compared to

E665, SMC, NMC, etc.)
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1.2 Internal nuclear targets at HERMES

The advantages of using an internal target in semi-inclusive deep inelastic scattering are twofold:
(i) a high level of undiluted target polarization can be obtained; and (ii) the use of a dilute gas
allows the detection of low-energy recoil products.

In order to study the feasibility of electro-nuclear experiments at HERMES, the type of
nuclei that can be used and the maximum luminosity that can be obtained must be determined.

The HERMES set-up has already been operated with polarized and unpolarized "I, *H. and
“He targets. For heavier targets the exact species is not important as the experiments discussed
only require a certain (varying) amount of nuclear matter. Hence, the only requirement is that
a fairly large A-range is covered.

To avoid heating the target, considerations are restricted to the gaseous elements ‘He, N,
0. F. Ne. Cl. Ar. Kr. Xe, and Rn. These have boiling points at atmospheric pressure of 4.2,
77,00, 85, 27, 239. 87, 121, 166. and 211 K. respectively. The elements F and Cl have to be
excluded, as they are highly reactive with steel and human lung tissue. Moreover. the elements
oxygen (0) and radon (Rn) are not considered either. Compared to oxygen the nearby element
nitrogen (N) is much easier to handle, while Rn is radioactive and difficult to provide.

It is worth noting that the DESY machine group will resist efforts to use a Ile target
because they use *He for leak checking and any *He contamination will reduce their sensitivity.
The remaining elements (*He, N, **Ne, **Ar. 'Kr, and *'Xe) cover a large enough A-range,
and their use is not expected to be opposed by the DESY machine group. provided that the
beam life time is not affected.

Atomic bremsstrahlung of beam positrons in the HERMES target reduces the beam lifetime.
In the absence of other beam-loss mechanisms. the lifetime would be:

Targ = To | 202 4 1) (10 7 B B 1
= 7 | ; .
targ o | 41 '\ 76) \RT < 105 atoms/cm? (4)

where n is the target thickness and T, = 21 s is the revolution time of ITERA [1]. In order to
prevent a significant reduction in the ~ 10h beam lifetime. HERMES is required to run with
Tiarg > 45h. Thus the maximum thickness for unpolarized targets is [1]:

1.05 x 10'® atoms/cm?*
NMmax = 7 =
Z(Z +1)In(183Z-1/%)

(5)

Figure | exhibits the corresponding luminosity L4 for a beam current of 35 mA (taken
from ref. [4]). It is concluded that the nucleon luminosity is not decreasing steeply with A.
Therefore. the luminosity that is available for nuclear targets at HERMES is not expected to
be a strong limiting factor.

2 A femtometer detector in deep-inelastic scattering

The space-time evolution of hadron-formation in deep-inelastic scattering cannot be described
from first principles in QCD. Hence, several models have been developed to describe this non-
perturbative process. In order to calibrate and select among these models it is desirable to
perform experiments in which hadron formation is actually modified by embedding it in a
medium of varying density. i.e. using nuclear targets.
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nucleons/cm*s for 'H. *H. *He, *He, N, Ne, Ar, Kr, and Xe [4]. For 'H
and *H the open symbols are the beam lifetime limits for unpolarized
running and the closed circles are the ABS limits for polarized running.

2.1 Quark Propagation

By comparing the production of leading hadrons (such as pions, kaons. lambda’s and protons)
in deep-inelastic scattering off nuclei to the production off nucleons, one can determine the
attenuation of those hadrons in the nuclear medium. In the kinematic domain accessed by
HERMES these attentuation ratios R4 can be measured for various nuclei and hadrons in such
a way that lp ~ R, ieus. Consequently, the results are expected to be extremely sensitive
to the model assumed for the formation process of the hadron. In fact. such data can be
used to determine the hadron formation time Tform- Moreover, the good particle identification
capabilities offered by the HERMES spectrometer (especially if it is also equiped with a ring-
imaging cherenkov (RICI)). allows a separate determination of attenuation ratios for different
hadrons. As the formation time models strongly depend on the hadron mass, the results for
different hadrons provide additional constraints on such models.

Few measurements of R exist. At high v some data have been reported by EMC [2], which
are all very close to unity. In the low energy domain (2 < v <20 GeV), a significant hadronic
attenuation has been observed in a single poor-statistics measurement taken at SLAC [3] (with
hardly any particle idenfication). Hence, HERMES can make a unique contribution to this
field by performing precise measurements of R4 in the energy domain which is expected to be
most sensitive to the hadron formation process, and by measuring the hadron formation time.
Detailed count-rate estimates for such experiments are presented in ref. [4], while Kopeliovich
et al. [5] and Pavel [6] discuss various models for hadronization processes in nuclei.

Further information on the hadron formation process can be obtained by searching for slow
protons and/or neutrons (< 2 GeV) that are produced in semi-inclusive deep-inelastic scattering
events. If these nucleons are normal hadronization products the vield should be proportional
to A, but if they result from secondary interactions of leading hadrons the rate will increase
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faster. Hence, the measurement of slow protons and neutrons can be used to determine the
number of secondary interactions in deep inelastic scattering [§].

To date only one result has been reported on the observation of slow neutrons in deep
inelastic scattering. At Fermilab [7] a surprisingly low number of slow neutrons was observed,
suggesting that only few reinteractions occur at high energy. At [IERMES we expect a larger
number of neutrons per DIS-event, because of the increased influence of the nuclear medium on
the quark propagation process. A simple count rate estimate shows that one can expect about
1000 slow neutron events in 3 months of running time using a Xenon target at a luminosity of
310*" N/em?/s and a 100 msr time-of-flight scintillator array.

2.2 Colour Transparency

Colour transparancy (CT) represents one of the few QCD-based predictions that have not been
verified experimentally (the other well-known one being the quark-gluon plasma). In the case
of CT it is predicted that a hadron propagating through a medium will experience hardly any
(final-state) interactions if the hadrons are produced in configurations with small transverse size
1 and have a long enough expansion time. The kinematics at HERMES imply that r; ~ 0.3
fm, while the coherence length is still small such that the interactions occur inside the nuclear
medium. Moreover, the (missing) energy resolution (£ 0.5 GeV) offered by the HERMES
spectrometer enables the observation of (almost) exclusive reaction channels. which makes
the interpretation of the data considerably less ambiguous. These unique properties of the
HERMES set-up are exploited in several proposals for CT-measurements that are summarized
in this section.

Traditionally, exclusive (high =) production of protons has been used for CT studies. How-
ever, Hiifner and Kopeliovich [9] have argued that it may be very difficuly to obtain unam-
biguous evidence for CT from such measurements. Instead they advocate the use of p” or ¢
production. It turns out that exclusive coherent or incoherent (low-f) production of vector
mesons is highly sensitive to the occurrence of CT. In ref. [4] it is shown that a modest 30
fills per target could already provide significant data on colour transparency in the exclusive
p° channel. Moreover, these data can be used to determine the time it takes for an initial
point-like configuration to expand to its full physical size (expansion time).

Apart from the aforementioned unpolarized measurements. Frankfurt et al. [10] have argued
in favour of using a tensor polarized deuterium target for CT studies. They have demonstrated
large effects on the tensor analyzing power in proton production on deuterium. This effect can
be attributed to the fact that at high ¢ the relative importance of C'T is larger for the d-state
as compared {o the s-state in deuterium.

Finally. it would be desirable to isolate the coherent p° production channel, whicl is theo-
retically easier to approach. Experimentally, one could isolate the (exclusive) coherent channel
from the dominant incoherent channel by detecting a recoiling light target nucleus [11]. which
can only be achieved with an internal target such as is available at HERMES.
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Figure 2: Deuteron wave function, p(p)p* = [¢(p)|*p*. as a function

of the nucleon momentum. The hatched area indicates the relevant
momentum range for a neutron tagging experiment.

3 Tagged Structure Functions

3.1 Neutron Structure Functions

The (spin) structure functions of the neutron are usually measured by subtracting 2D and 'l

data. The evaluation of the neutron structure functions from such a subtracted data requires

the application of nuclear corrections that account for the dynamics of the neutron inside

the deuteron. These corrections are reasonably well under control for unpolarized structure

functions provided that r < 0.5, but are less well known for the spin structure functions.

Hence, there is interest in an unambiguous determination of the unpolarized structure function
3 (x) for  — 1 and g}'(z) in the entire r—domain.

Alternatively, the neutron structure functions can be measured in deep inelastic scattering
(DIS) off a deuteron target with simultaneous detection of a recoiling proton, i.e the proton
acts as a spectator which tags a DIS-events off a neutron [16]. The method assumes the
dominance of the spectator mechanism. Simula [17] has investigated the relative merits of
various scaling variables that can be used to identify the spectator mechanism for deep-inelastic
electron scattering off a deuteron target.

The cross section for the observation of a spectator proton in deep-inelastic scattering off a

deuteron target reads: e

)IL"(n.le". 6)

n
Trecoil ™~ F‘.’ (.)
&= Q

where the neutron structure function F} is evaluated at a rescaled momentum fraction with a
the lightcone momentum fraction carried by the spectator:

V”'§ +pt—p-q

my,

(7)

a =

1027

B e ————————

The second term in the cross-section expression, ¥(a,py), essentially represents the nucleon
wave function of the deuteron, which is illustrated in figure 2.

The yield of a neutron-tagging experiment is determined by the lower and upper limits of the
integral [ [v(p)|*p*dp. The lower limit is set by the detection threshold of the low-momentum
recoil detectors that will be placed close to the storage cells in the HERMES vacuum chamber.
The exact value of the lower limit will depend on the wall thickness of the storage cell. In a
100 pm aluminum wall, as is presently used at HERMES. a proton (passing under 45 degrees)
of 4.2 MeV, i.e. 88 MeV/c momentum, will be stopped. Hence, it is not unrealistic to use a
lower limit of 100 MeV /c. The upper limit is determined by the uncertainty in the knowledge
of the deuteron wave function, for which usually 300 MeV/c is taken, i.e. the domain where
the d-state starts to dominate.

Under the assumption that recoil detection equipment covers 400 msr of the non-forward
acceptance of the HERMES storage cell, the count-rate of a neutron tagging experiment has
been estimated. The proton kinetic-energy acceptance is assumed to range from 2 to 30 MeV.
A target thickness of 1- 10" atoms/cm? has been taken, and an average positron current of 30
mA. With a typical target polarization of 0% and a beam polarization of 50%, we arrive at the
error bars for F}' and the asymmetry A listed in table 1. The uncertainties shown correspond
to 400 hours (or 50 fills) of data taking for each spin direction.

z=bin | < Q> | 8F [0A7]wy | 0AY|Dm
0.02-003| 1.2 [1.9%] 0.055 0.018
0.04-0.06 | 1.9 |13%]| 0.046 0.016
11010-015 | 33 [1L1% | 0.050 0.026

0.20 - 0.30 4.3 1L.2% | 0.092 0.051
0.10 - 0.50 5.5 22% | 0.253 0.167
0.60 - 0.70 9.1 75% | 0.772 00.520

Table 1: Estimated statistical uncertainties in Fy and A} for some selected x—bins in a neutron-
tagging experiment off a polarized *If target. The statistical uncertaintics associated with the
traditional *D - *H subtraction method (also for 800 hours of beam time) are displayed in the
last column.

From table 1 it is seen that the recoil method leads to small error bars for /7', which is of
particular interest at high values of z. A measurement in this domain is of particular interest in
view of the existing predictions for the ratio I3/ F]. which in the limit of 2 — 1 should approach
the value 3/7 according to pQCD. while models based on the dominance of a scalar valence
di-quark component in the nucleon predict this ratio to approach the value 1/4 [18]. Because of
the relatively large nuclear corrections at large values of ., the existing data cannot distinguish
between these conflicting predictions. The recoil method will enable a precise measurement of
F3/FY at high x, as it does not suffer from such uncertainties [19].

The statistical errors anticipated for Al Jtay are significantly larger than those obtained in
the D — H-subtraction method (taken from [12]). This is to be expected from the fact that
the recoil proton cannot be detected over its full 47 phase space. However, the systematic
uncertainty is expected to be considerably less. This can best he seen from ref. [13], where
it is shown that the difference between the asymmietry for a free neutron and one bound in
deuterium can be as large as a factor of 2 (depending on ). Moreover, if a laser-driven source
comes available for HERMES the (polarized) target thickness can be improved by a factor
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of 4, yielding error bars for Aj that are similar to the ones quoted in [12] for the (*D - ')
subtraction method.

It is concluded that neutron tagging, which is virtually absent of nuclear-physics complica-
tions, can provide important neutron structure function data in the nearby future.

3.2 The origin of the EMC Effect

The neutron-tagging technique can be extended to study the possible origin of the EMC ef-
fect, i.e. the unexplained observation of an A-dependence of the unpolarized structure function
Fy(z). The concept is based on the known importance of nucleon-nucleon correlations in nu-
clei. As a consequence the momentum of a recoiling backward-going proton in deep-inelastic
scattering is a direct measure of the momentum of the struck neutron. The dominance of this
mechanism for backward-going protons has been demonstrated in ref. [14] for deep-inelastic
neutrino scattering off 2H (also see ref. [16]). Using the neutron-tagging technique it is thus
possible to measure the dependence of F'(x) on the momentum of the parent neutron in which
the struck quark resided.

The nucleon-momentum dependence of Fy(x) can be instrumental in discriminating among
models that have been developed to explain the EMC effect in the r—range between 0.1 and 0.8.
While models assuming an intrinsic modification of /() in general predict a strong increase
of the EMC-effect with nucleon momentum (or effectively the nucleon density), models based
on nuclear dynamics do not predict such effects.

There are essentially two proposals for studying the origin of the EMC effect in this way.
Melnitchouk. Sargsian and Strikman [19] have suggested to use a *H target. As the high-
momentum tail of the nucleon wave function is expected to be roughly the same for all nuclei,
it is advantageous to use a “H target for which the wave function is well known (see figure
2). Alternatively, the tagged structure functions are measured on various target nuclei, which
enables the variation of the nuclear density involved. However. a word of caution is appropriate
in the latter case as part of the slow protons may be due to hadronization or rescattering
of fragmentation products [20]. Simula has considered some of these complications in his
contribution to the workshop [21].

In order to assess the feasibilitv of such tagged-structure function measurements, we have
evaluated the error bars to be expected for 800 hours of data taking, i.e. about 100 fills,
at a luminosity of 1.25 - 10** nucleons/cm?/s on a "N unpolarized gas target. Assuming the
availability of 800 msr of recoil-detection equipment one arrives at the results displayed in figure
3 for the ratio of the semi-inclusive over the inclusive deep-inelastic cross section [23].

It is seen that precise data can be obtained in about half a year worth of data taking.
Measurements of this type do not exists nor are foreseen at any other laboratory.

3.3 The break-down of the Gottfried Sum Rule

In the quark-parton model one can relate the difference between the structure functions of the
proton and the neutron to the difference between the u and d sea-quark distributions:

1 2
Se = / %(Ff(r) - Y (2))de = - — §/ (d(x) — ulx))dz. (8)
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Figure 3: Ratio of cross sections for semi-inclusive and inclusive deep
inelastic scattering off a "N target. The solid circles represent the data
tagged by a proton of a momentum between 150 and 350 MeV/c. while
the triangles correspond to events with proton momenta larger than
350 MeV /c [23].

Under the assumption that the sea is u-d flavour symmetric. the Gottfried Sum Rule is obtained
[24],1.e., Sg = L. It came as a surprise when NMC and SLAC [25] found that S¢ = 0.240£0.016,
implying that the sea is flavour asymmetric. i.e. d(z) # u(x).

Meson-cloud models [26] turned out to be able to reproduce the low value of S¢, i.e.
56 | meson—cloud = 0.1 —0.2. This result gives rise to the question whether or not the nucleon has
an explicit mesonic component. In order to study the validity of these meson-cloud models.
several experiments have been proposed that could be carried out at HERMES.

In deep inelastic scattering (DIS) off a 3He target, for instance, the observation of recoiling
3H nuclei identifies a possible DIS-event off a positive pion. As opposed to the nucleon case
there can hardly be any contamination from target fragmentation as the fragmentation function
of a quark leading to a *H nucleus must be vanishingly small. i.e. [.7‘;,5’(:) = 0. The kinematics
and cross section for such an experiment are discussed by Dieperink [22].

It has also been proposed to measure the polarization of a semi- inclusively produced ATY
or a A from the angular distribution of the decay products. In simple models of di-quark
fragmentation processes this polarization is very close to zero, while meson cloud models predict
a very strong polarization signal [27].

For either of these measurements extensions and changes have to be made to the HERMES
set-up, including — once again — the option to detect low-mass recoil products outside the
acceptance of the forward spectrometer.
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4 Outlook

A considerable number of different measurements have been proposed that could make use of
light or heavy nuclear targets at HERMES. More details are given in the contributions to the
Workshop. which are also included in the proceedings. For many of the proposed measurements
count-rate estimates exist, that show the feasibility of most of the proposed experiments.

In order to fully exploit the ideas discussed in this report (with the various contributions
attached to this report), several additions to the HERMES set-up need to be considered:

o Gaseous targets *He, "N, **Ne, *Ar, and ' Xe need to be available and be allowed to
use.

o A ring-imaging cherenkov counter should replace the existing threshold Cherenkov counter
in order to improve the particle identification of the hadronic final state in HERMES. A
RICH will be of particular interest for studies of quark propagation in nuclei. (Alterna-
tively, a second threshold cherenkov counter could be used.)

Large solid-angle recoil detection equipment is needed. As protons with extremely low
proton momenta need to be detected, it would be natural to consider detectors that will
be mounted inside the scattering chamber. A large neutron time-of-flight wall could be
of similar interest in order to tag the proton structure functions.

o For some of the measurements -especially those of the neutron spin structure function
through recoil tagging- a high-intensity polarized deuterium target needs to available, i.e.
a laser-driven source or an upgraded ABS system .

A full-scale programme investigating the non-perturbative domain of QCD by exploiting
light and heavy nuclear targets at HERMES, could start as carly as 1999. Test experiments
can be prepared during the on-going programme of spin-structure functions measurements.
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Abstract: Experiments with unpolarized nuclear targets at HERMES can be used
to obtain data on exclusive p” electroproduction and semi-inclusive hadron produc-
tion. The A(e,e’p’) data have the potential of providing evidence for the color
transparency hypothesis. The semi-inclusive data can provide detailed information
on the effect of the nuclear medium on quark propagation. Estimates are presented
of the data quality that can be obtained for a range of nuclear targets.

1 Introduction

During its first year of operation the HERMES experiment has demonstrated its capability for
measuring nucleon spin-structure functions in deep-inelastic scattering, The same apparatus
can also be used for measurements on unpolarized A > 3 nuclear gas targets, in which the
nuclear medium acts as a probe of non-perturbative QCD effects. In particular, the effect of
the nuclear medium on hadron production in deep-inelastic scattering can be studied. The
prospects for two such experiments at HERMES are discussed in this paper.

In semi-inclusive deep-inelastic scattering the struck quark will propagate over a certain
distance (and time) before interactions with other quarks (and gluons) lead to the production
of the detected hadron. When the quark propagation process is embedded in the nuclear
medium, the number of hadrons produced will depend on the interaction of the propagating
quark with neighboring nucleons. Experiments at SLAC [1] and CERN [2] have yielded first
evidence for a modification of the quark-propagation process in the nuclear medium. Semi-
inclusive measurements at HERMES on various nuclear targets will enable a systematic study
of quark-propagation. thus providing the first quantitative data on the formation time mrom.

Exclusive p” electroproduction on nuclei is expected to be a sensitive means of searching
for color transparency, the proposed reduction of initial and final state interaction effects in
nuclei due to the formation of a hadron of small initial transverse size. Data from the recent
Fermilab deep-inelastic muon scattering experiment E665 contain a hint of color transparency
in the reaction A(yu,p'p°) [3]. Compared to E665, A(e,e’p”) measurements at HERMES have
the advantage of higher statistical precision and considerably better missing energy resolution
(~ 0.5GeV instead of 5 GeV), which should allow improved exclusion of contamination from
other reaction channels. Moreover, at HERMES the data can also be used to determine Texps the
time it takes for an exclusively produced p® meson to expand from an initial color-transparent
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point-like configuration to its usual size. The expansion time is closely related to the hadron
formation time Tform, and is probably similar in magnitude. The proper times 7, and 7
are fundamental properties determined by hadron internal dynamics, and should not vary with
kinematics or target.

2 Color Transparency in Ale.e'p")

The nuclear transparency T4 is defined as the ratio of the measured exclusive cross section to
the cross section in the absence of initial and final state interactions (ISI and FSI). It can be
measured by taking the ratio of nuclear per-nucleon to free nucleon cross sections:

TA

T (1)

T Aon’
Elastic and inelastic ISI and FSI can move flux out of the experimental acceptance or from
exclusive to non-exclusive channels, resulting in 7y < 1. In 1982 Mueller and Brodsky [4]
proposed the color-transparency effect: the ISI and FSI should be suppressed at high Q* and v
because the exclusive reaction selects or produces hadrons in a spatially small. non-interacting
state (the point-like configuration or PLC). Three experiments have searched for the resulting
increase in the nuclear transparency, using the reactions A(p. 2p) [5]. A(e. e'p) [6]. and A(p. p'p”)
[3]. None has yielded a consistent, unambiguous confirmation of the phenomenon.

There are three necessary conditions for color transparency: (i) the exclusive reaction mech-
anism must select or produce hadrons of reduced transverse size (the point-like configuration);
(ii) the small hadrons must experience reduced initial and final-state interactions (color screen-
ing); and (iii) the hadrons must remain small long enough to produce a detectable enhancement
of nuclear transparency. Color screening is fairly well-justified experimentally and theoretically
for all three reactions [4]. Dominance of the point-like configuration in the reaction mecha-
nism at moderate Q7 values is on much stronger theoretical ground for the reaction A(e,e’p")
than for the reactions A(p.2p) and A(e,e'p). Qualitatively this can be understood from the
mechanism that is assumed to dominate the exclusive, incoherent A(e,¢’p®) reaction, i.e. a
p° meson is produced as a fluctuation of a short-wavelength virtual photon into a small-sized
quark-antiquark pair.

Count rates for exclusive, incoherent p° production were estimated on the basis of the
preliminary analysis of the 1995 HERMES data for p° production on *He. The A-dependence
observed in the Fermilab E665 A(p, u'p") [3] experiment were used to extrapolate the rates to
different nuclei. Figure 1 shows the expected precision for nuclear transparency measurements,
assuming that oy is determined from the 'H and *H data only (we expect T3y = 1). A month
of data taking for each target is assumed. where one month is assumed to contain 30 fills of 6.7
hours each, with an average current of 20 mA. For the target thickness the maximum number of
nucleons per er? commensurate with a HERA positron life time of 45 hours is taken. Expected
improvements in the extraction of A(e,e'p") events should lead to significantly better statistical
accuracy than shown in the figure.

If color transparency is observed, the nuclear transparency T4(Q?,v) at high @? will exhibit
a dependence on v. At low v the ISI and FSI correspond to those of the p’-meson, while at
high v, T4 probes the much weaker interaction of the point-like configuration. The midpoint
in the variation in T4 occurs at lab frame expansion time tey, = 77exp =~ [a. For typical
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Figure 1: Nuclear transparency T for the candidate A > 3 targets, with errors expected after
30 fills. The inner error bars show the errors cxpected in the limit of very large statistics on n
(applicable in the case of future 'H data from a laser-driven source).

PLC expansion models, this is approximately where dT4/dy is largest and sensitivity to Texp is
maximal:

Ry _ RaM,

14

Texp = (2)
Therefore. HERMES not only has the potential of observing evidence for color transparency,
but also first measurements of the expansion time 7.z, can be obtained.

3 Quark Propagation

The process of hadron formation in deep inelastic scattering cannot be calculated from first
principles as it occurs at energy-momentum scales where pQCD is not applicable. Consequently
phenomenological models have been developed to describe the process. In these models a
formation time Tropm is introduced representing the time between the primary hard interaction
and the actual formation of the observed hadron. By embedding the hadron-formation process
in the nuclear medium. one obtains an experimental tool to modify the formation process
and thus obtain information on Tirm. In this section the prospects for such measurements at

HERMES are discussed.

Experimental studies of quark-propagation inside the nuclear medium involve (among other
observables) measurements of the cattenuation” ratio R4 of hadrons produced in semi-inclusive
deep inelastic scattering ofl nuclear target A and the same yield measured on deuterium (D):

I?A(:)=ll—dﬂ)/(i'{"—“). (3)

oy dz op dz
where do/d= is the cross section for the production of a hadron with fraction = of the energy
transfer, and o4 is the cross section for production of all hadrons. Note that R4 is the semi-
inclusive analogue of the nuclear transparency in exclusive reactions such as A(e,e'p”). Due
{o reinteractions of the propagating quarks with the surrounding medium the quantity Ra(z)

1035

1OS T T T T T T T L s s m e ek A A A I §
I 1) e——— B e
i 1] /*'.’—.—H
¥ |
g 095 - + /‘L/a/‘f'/ B

4 |
0.90 — ‘He L }L( 51>,

0.85 ittt

et .
% 0.9 - ér/'j ! -+ B '*J‘f‘ <

”""T one | awar |

1 1 1 1 1 1 1 1 i 1 1 e 1 1 i 1 1 i Lol

2 4 6 R1012141618202224 2 4 6 K 1012141618202224
v [GeV] v [GeV]

Figure 2: Attenuation ratios for four different target nuelei. The solid (open) squares represent
the results for detection of leading pions (protons). The error bars correspond to 30 fills at 20
mA average current with target thicknesses correponding to a {5 hr electron-beam lifetime.

will be less than unity. The probability of such reinteractions is determined by the product of
the quark-nucleon cross section o,y and the pathlength lry, traversed. Hence, a systematic
study of Ra(z) for various nuclei should provide quantitative information on o,x and lrem.
or—equivalently —the time Tem.

In the literature quite a few models have been proposed to describe quark propagation in
the medium. Good overviews can be found in refs. [7], [8]. and [9]. For our present purposes
we will only consider the formulation proposed by Low and Gottfried [10]:

trorm = 7 Thorm =~ (ﬂ) Tlorm = —:i“( . (4)
My M,
where ~ is the Lorentz factor, and Ej and M, represent the energy and mass of the detected
hadron. In order to ensure that the detected hadron is a fragmentation product of the struck
quark a leading hadron must be selected, ie. z = Ey/v > 0.5. Using this expression for
ttorm (and assuming o,v = 0) the experimental prospects for measurements of Ra(z) have been
investigated.

Monte-Carlo simulations were performed with a modified version of the PEPSI code for
selected nuclear targets. The acceptance of HERMES was only crudely implemented, omitting
all details incorporated in a full Monte Carlo. On the basis of these simulations we have
evaluated attenuation ratios for all gaseous nuclear targets mentioned in section 2. Selected
results are displayed in figure 2 for leading pions and protons. The error bars displayed are based
on the equivalent of 30 fills of running time at 20 mA beam average current and the maximum
target thicknesses allowed by electron beam lifetime considerations. Hence, the simulated data
correspond to the same running conditions as were used in section 2. The uncertainties also
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include a contribution from the *H data. i.c. it is assumed that the equivalent of 30 fills of
unpolarized *H data at n = 1.0 x 10' atoms/cm? is available.

In doing the simulations the following cuts were imposed: (i) z > 0.5; (i) Q* > 1.0 (GeV/c)?;
and W > 2 GeV. These cuts ensured the selection of semi-inclusive deep inelastic scattering
events with a leading hadron that can be associated with the current quark.

As expected from the chosen expression of tom the results show a strong dependence on the
hadron type. In particular the protons are very sensitive to the medium effects. We conclude
that data of the quality displayed in figure 2 will be a sensitive tool in selecting the appropriate
model for quark-propagation processes.

4 Conclusion

The quality of the data that can be obtained at HERMES under standard beam conditions
for measurements of transparency factors for exclusive incoherent p” production and semi-
inclusive production of leading pions and protons has been evaluated. It has been shown that
the equivalent of one month of data taking will yield data that could provide evidence of color
transparency. At the same time the v-distributions of semi-inclusively produced hadrons will
provide information on the influence of the nuclear medium on quark propagation. Such data
can be used to determine the hadron expansion and formation times.
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Abstract: We present a space-time description of hadronization of highly virtual
quarks originating from a deep-inelastic electron scattering (DIS). Important in-
gredients of our approach are the time- and energy-dependence of the density of
energy loss for gluon radiation, the Sudakov's suppression of no radiation, and the
effect of color transparency, which suppresses final state interaction of the produced
colorless wave packet. The model is in a good agreement with available data on
leading hadron production off nucleons and nuclei. The optimal energy range for
study of the hadronization dynamics with nuclear target is found to be a few tens
of GeV, particularly energies available in the experiment HERMES.

A quark originated from a hard process, converts into colorless hadrons owing to confine-
ment. Lorentz dilation stretches considerably the duration of this process. While hadrons carry
alittle information about the early stage of hadronization, a nuclear target, as a set of scattering
centres. allows us to look inside the process at very short times after it starts. The quark-gluon
system produced in a hard collision, interacts while passing through the nucleus. This can
yield precious information about the structure of this system and the space-time pattern of
hadronization.

The modification of the quark fragmentation function in nuclear matter was considered for
high-pr hadron production in [1, 2], for deep-inelastic lepton scattering in [3. 4. 5). and for
hadroproduction of leading particles on nuclei in [6. 7). The data are usually presented in the
form,

Deys(zh.pr)

. (1)
A D(zy.pr)

Ryn =

where D(z,pr) and D, ;i(x.pr) are the quark fragmentation function in vacuum and in a
nucleus, respectively.

We treat hadronization of a highly virtual quark, perturbatively a gluon bremsstrahlung and
the deceleration of the quark as a result of radiative energy loss. We assume that subsequent
hadronization of the radiated gluons, which includes the nonperturbative stage. does not affect
the energy loss of the quark.

The radiation of a gluon takes the time

2y
12
ki

1038

t, ~

a(l —a). (2)




This expression follows from the form of the energy denominator corresponding to a fluctuation
of a quark of energy » into a quark and a gluon, having transverse momenta kp and relative
shares of the initial light-cone momentum a and 1 — o, respectively. If one calculates radiated
energy taking into account condition (2) one arrives at the density of energy loss per unit of
length, which turns out to be energy and time independent [8] like in the string model.

In the case of inclusive production of leading particles at z; — 1. however, energy con-
servation forbids the radiation of gluons with energy greater than (1 — zj)». Then, the time
dependence of the radiative energy loss can be written as

Q? 1 dn,
- = 1‘2 / e L Ot — ’ :
AE,.4(t) [2 rl-r/u da ar dodk%()“ a—a) Ot —t,) (3)

where dn,/dadk} = ¢/ak} represents the distribution of the number of gluons. The factor
e = 4as(k})/37.

Although soft hadronization is usually described in terms of the string model, we model
it by radiation as well. choosing the bottom limit A* in (3) small. We fix the QCD running
coupling as(k3) = as(k?) at k3 < kZ, in the region which is supposed to be dominated by
nonperturbative effects. the parameter kg = 0.7 el is chosen to reproduce the density of
energy loss for radiation of soft gluons (k- < k§) corresponding to the string tension, dE/dt =
) = 1 GeV/ fm. This value of kg is consistent with the transverse size of a string corresponding
to the gluon-gluon correlation radius, R, ~ 1/ko ~ 0.3 fm suggested by QCD lattice results.

After integrating eq. (3) in the soft radiation approximation. we get
AEaalt) = 5H(QF = )0t — 1) + ev(l — 2)0(t — ) +

t Q?
w(l—:;‘lln('—)(-){!—!1)(-)|I3—I,|+(1/(l—:;‘lln \ Ot —13) (4)
3 )

Here we have set t; = (1 — z;)/xg;my and ty =1, @Q*/\*, where vy, is the Bjorken variable,

Eq. (4) shows that for ¢ < (. the density of energy loss is constant, dE/dt = —eQ?/2,
exactly as in the case with no restriction on the radiated energy [4. 3]. At longer time intervals.
t > t, more energetic gluons can be radiated and the restriction a < 1 — z; becomes important.
As a result, the density of energy loss slows down to dE/dt = —cu(l = z;)/t which is a new
result compared to what was known in the string model. At still longer ¢ > 2. no radiation is
permitted, but obviously a color charge cannot propagate a long time without radiating which
must be suppressed by a Sudakov’s type formfactor. Assuming a Poisson distribution for the
number of emitted gluons we get the formfactor, F(t) = exp [=n,(t)], where 7 () is the number
of non radiated gluons,

t t
n = —= ] = — Pt — 1 .. 3
ng(t)=¢ [’1 1 —In (fx)] O 1) (3)

In order to calculate a time interval for the leading hadron production (or, better. a colorless
ejectile which does not loose energy anymore), one needs a model of hadronization and of color
neutralization. In the large N, limit, each radiated gluon can be replaced by a g pair. and
the whole system can be treated as a system of color dipoles. Tt is natural to assume that
the leading (fastest) hadron originates from a ¢g dipole made of the leading quark and of the
antiquark coming from the last emitted gluon. This dipole is to be projected into the hadron
wave function, (3, Ir). where 3 and 1 — 3 are the relative shares of the light-cone momentum
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carried by the quarks, and /7 is the relative transverse momentum of the quarks. The result of
this projection leads to the fragmentation function of the quark into the hadron, which reads

uun=ﬁwmwmmuy (6)

where W (t, v, z;) is a distribution function of the leading hadrons over the production time ¢.

1

9 1o EIN dk? 1
W(t.v,z '/Lb =3 1 = 22 .J'P_; _]
(tovyzh) x /7 [o ( B0 %3 & (kg ; a(l —a)| x

1
; 5 9 . "
/dﬁépf—IEH]/@M[J—;%—}MMﬂJﬂV. (7)
J 3

(8]

Here the quark energy E,(t) = v — AF.4(t). We have chosen a hadronic wave function in
the light-cone representation which satisfies the Regge end-point behaviour, |W, (/3. 3)*

VAVT=3(1 + I%r,f/(i)‘l, where ry, is the charge radius of the hadron.

Fig.l shows function W (t) for several values of z; and exhibits the approximate (1 — z;)r-
scaling of the mean production time. t,, = [dt t W(t). which depends weakly on Q* and
vanishes at z;, =~ |.

Our predictions for the fragmentation function D(z;) depicted in Fig. 2 nicely agrees with
the EMC data [9)].

3 1.2
2 ib Qt = 8 JeV® Dt (v) = 80 deV
3 0.96 v = 30 deV N
N
2 0.8 S
.g 08|
§ . 0.1
4 }
L
= o2 * EMC
-
® 0.0 0.0t -
0 10 20 06 08 07 08 08 1.0
t (fm) Zh
Figure 1: Distribution of the hadron production time at v = 30 Gel’,

Q% =6 (eV?* and z, = 0.70 = 0.95

Figure 2: Comparison of our prediction for D(z,) with data [13]

The production of the leading colorless wave packet with the desired (detected) momentum
completes the process of hadronization. Any subsequent inelastic interaction is forbidden,
otherwise a new hadronization process begins and the leading hadron energy falls to lower
values. Such a restriction means a nuclear suppression of the production rate.

On the other hand, soft interactions of the leading quark during the hadronization in nuclear
matter cannot stop or absorb the leading quark [10]. Although rescatterings of the quark in
the nucleus result in an additional induced soft radiation, [10, 11], at the same time the quark
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Figure 4: zy-dependence of nuclear suppression.
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Figure 5: Predictions for the Q* dependence of nuclear transparency at
v =30 and 75 GeV. Data [14] at v = T5 GeV are integrated over z,

Figure 6: Predictions for the =, dependence of nuclear transparency at
v =30 GeV vs Q?

looses much more energy due to the hard gluon radiation following the deep-inelastic scattering
just as in vacuum. Thus, the induced soft radiation can be treated as a small correction to the
energy loss and can be neglected, provided Q? is high enough.

The transverse size of the colorless wave packet produced in a hard reaction can be small,
therefore the nuclear suppression is weaker due to color transparency. We take into account the
evolution of the wave packet during its propagation through the nucleus using the path integral
technique developed in [12]. Figs. 3 - 5 show quite a good agreement of our parameter-{ree
calculations with available data [13, 9] on the v-, z;- and @*-dependence of nuclear suppression.
Unfortunately, there is still no data in the region, z; > 0.8.

Note that at high energies many of interesting effects go away or are difficult to observe.
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Nuclear suppression integrated over z; vanishes (see Fig. 3). The region of high z,. where
nuclear suppression is expected to be enhanced (see Fig. 1) squeezes at high v towards =z, = 1,
where the cross section vanishes. There is almost no Q*-dependence at high v and moderate
values of Q? (see Fig. 5).

We present in Figs. 5 and 6 our predictions for the Q* and z; dependence of nuclear sup-
pression for the energy range of the HERMES experiment. We expect the onset of nuclear
effects at moderate values of Q* (Fig. 5) as well as in the region of z; > 0.8 (Fig. 6). which can
be tested by the HERMES experiment.

To conclude, we have developed a phenomenology of electroproduction of leading hadrons
on nuclei which is based on the perturbative QCD. Our parameter-free model is in a good
agreement with available data. We stress that the energy range of the HERMES experiment is
especially sensitive to the underlying dynamics of hadronization.
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Study of Hadronisation in
Deep Inelastic Lepton-Nucleus Scattering
at HERMES
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Abstract: Precise experimental data on hadron distribution from deep inelastic
clectron-nucleus (eA) scattering in the range of relatively low transfered energy
r<25 are needed to investigate the space-time structure of the hadronisation process
and to test models concerning quark interaction in nuclear matter. An answer to
theses question is of fundamental interest and would help to better understand the
hadron production in more complex reactions e.g. heavy ion collisions. Here the
idea and aims of such experiment at HERMES are discussed.

1 Introduction

The production of hadrons from excited quarks. which is observed in high energy collisions, is
a process, which still cannot be calculated by any theory. Although QUD is well established
as the theory to describe the interaction between quarks, the hadron formation process itself
cannot be approached by existing techniques of pertubative QCD. since Q*. the square of the
four-momentum transfer is much smaller than the QCD-scale Agep. Various models have been
developed to circumvent this problem. They reproduce many details of the hadron distribu-
tions measured in deep inelastic scattering (DIS) and e™¢~annihilation. However, for a deeper
understanding of this process it is necessary to answer fundamental questions such as of the
space-time structure of the hadronisation and the nature of the quantum state just before the
final state hadrons exist in the form. in which they are observed them in the detector.

Results from e*e~collision and lepton-proton deep inelastic scattering (DIS) experiments
are well suited to study correlations amongst the final state hadrons and to test fine details
of the models, but not to address the above quesitons. In DIS on nuclei. however. one can
benefit from secondary interaction of the final state particles for the investigation. Hadrons
produced instantaneously at the 4*-parton interaction point would would undergo rescattering
in the nuclear matter and the observed hadron spectra would become softer. If the hadrons
are in parts produced outside the nucleus because of a finite hadron formation time 7. this
softening becomes smaller and eventually vanishes.

The picture becomes more complicated, it one also considers a possible interaction of the
constituent quarks of the hadron with the nuclear matter and a finite time 7. after which these
constituent quarks appear (see Fig.1 for an illustration).
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Figure 1: Tllustration of the different time scales and interaction cross sections involved in
space-time structure of the hadronisation. o is assumed to be the m-nucleon cross section
above the resonances (= 20mb), o and ¢~ are the cross section of constituent quarks and for
a possible interaction before the constituent quarks exist. k. &' are the four momenta of the
incoming and scattered lepton.

variable description
Q= —(k-k)=—¢* square of four momentum transfer
v=(Pq)/(Pk) energy of the boson exchanged

(energy transfer in target rest frame)
= Q% (2Pq) = Q*/(2Mucteuon v) Bjorken scaling variable
z2h = Enaalv fraction of the photon energy carried by a hadron,

where Ej.4 is the hadron energy in the target rest frame

Table 1: Kinematic variables in DIS used in this text; k. A" and P are the four momenta of the
incoming (scattered) electron and the target nucleon respectively.

The target nucleus in DIS can be used is as a kind of passive 'detector’ at the scale of
some fermi to test the varions models of the space-time structure and quark reinteraction. . In
contrast to hadron scattering no deconvolution of the distributions of the projectile and target
fragmentation particles has to be made, so that differences in the hadron distributions in DIS
on different nuclei can most directly reflect nuclear effects in the hadronisation.

2  Experiments on Lepton-Nucleus Scattering in the Past

Hadron distributions in lepton-nucleus scattering have been investigated in several DIS exper-
iments in the range of the energy transfer v between ~ 5 and ~ 400 GeV (for a review sce
[1. 2]). (The kinematic variables used in this paper are explained in Tab.1.) I'ig.2 shows the
v dependence of the ratio of forward charged hadron mulitiplicities (2, > 0.2) on copper and
deuterium. For v < 25GeV a strong reduction of the hadron multiplicity in DIS on copper
is observed which can be explained by inelastic intranuclear reaction of final state hadrons so
that the z; spectra of hadrons for lepton-nucleus scattering hecomes softer as compared to DIS
on free nucleons. This effect vanishes at 2100 GeV.

The data are compared with the several predictions for the space-time structure (see [3.

1044



i =
B 12 - o cu/D, EME
N
N "
2 [ & Cu/D; SLAC .
=z
-U -
. C
= B
\ -
- 08 [
- B
S -
2 o6
Oof E sl A | L1
10 10°
v [GeV]

Figure 2: The ratio of the hadron multiplicity integrated over z; > 0.2 for copper and den-
terium as a function of v. The data are compared with predictions of models for intranuclear
reinteraction. (1): model with 7, « Ejag, 0, = 0mb ; (2-4) model with two scales 7, 7. (string
model [10]): (2) ¢, = 0mb (3) ¢, = 20mb in both cases 6™ = 0mb (4) (dashed-dotted line)
g, = 20mb and ¢ = 0.75mb.

1., 4] for details). The model with two time scales (7,.7.) as extracted from the Lund string
fragmentation model [10] fits the v dependence best. Date from v-nucleus scattering [2] in the
energy range from 8 < v < 64 GeV qualitatively confirm this result. In the mean time more
elaborated models have been developed to calculate the energy loss of quarks by gluon radiation
[5, 6, 7).

All experiments so far suffer from insufficient statistics. so that the distributions had to
be integrated over large intervals of %, x and/or z;. In particular in the low energy range
between v 5 — 30 GeV. where large nuclear effects have been observed, more precise data are
requested to discriminate between the various theoretical concepts and ideas concerning the
hadron formation time and a possible interaction during the preconfinement state.

3 HERMES as an Electron-Nucleus Scattering Experi-
ment

It has been already pointed out earlier in time [1, 8, 9] that electron scattering experiments
using a gas jet target in an intensive electron beam offers ideal conditions to measure hadron
distributions in eA scattering with high statistical accuracy and minimal systematic errors.
The gas jet target used in the HERMES experiment has a small longitudinal extension and the
sort of gas (i.e. target nucleus) can be very easily and frequently changed so that systematic

errors due to different detector acceptances for different targets are minimized. The effects of

reinteraction of the final state hadrons inside the target and external Bremsstrahlung are small
because of the density being much smaller in gas jet target than in any other kind of targets.
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classes of models :

Th X ¥ OF X ZpV
free param.’s: o,

models with 1 time scale :

model with 2 time scales
7h. T from string model [10]
free param.’s: o..0"

gluon radiation from quark
Th & &(1 —zx)
k = energy loss of quark
per unit of path length
# is Q*-dependent

experimental test:

rA(zh) |v Sfized
> 04
RA(U) |Q2 Srred
z5 > 0.5,0.7

Ra(v) Q2 fized
3 > 0.5,0.7
determination of o.,0°
(A-dependence)

ra(2h) Q2 fized
Zp > 0.4
RA(Q*) | fized
> 0.5,0.7

Table 2: Models for space-time structure of the hadronisation process and proposed measure-
ments to investigate them. By r4(z4) (R4(..)) the ratio of z; distributions (1/N,. * dN" /dz4)
and the ratio of integrated z; distributions [! 1/Ne + dN" [dz;, are denoted respectively.

pymin

At the HERMES experiment the achievable luminosities allow to measure hadron multiplic-
ities with < 1% statisitical errors for z;, > 0.5 in bins of Av ~ 2GeV and AQ* ~ 2 —3 GeV?
up to Q* = 30 GeV? in about 500 h data collecting time , which correspond to several months
running time (see [11] for details). This comfortably permits to perform all the measurements
outlined in Table 2. In addition valuable information about the interaction mechanism can be
extracted from the measurement of the nuclear broadening of hadron transverse momentum py
distributions (i.e. measuring < p? > in €A scattering). Static forces which retard an undressed
quark should lead only lead to change of the energy, whereas rescattering of either hadrons or
quarks inside the nucleus would increase the value of < p} >.

The list of concepts concerning the space-time structure of the hadronisation and necessary
measurements to test them, which is given in Table 2, is not meant to be complete but indicates
the way how the data from a €A scattering experiment at HERMES would contribute to study
the problems and questions rised in the introduction.

4 Conclusions

Measurements of hadron distributions from €A scattering in the HERMES experiment will
provide most valuable and precise information about nuclear effects in the hadron production.
The data are very much needed and important to investigate the question on the space-time
structure of the hadron formation process and possible quark interaction in nuclear matter,
since existing data are not precise enough or cover a higher energy range where nuclear effects
are small. A better understanding of these aspects of the hadronisation is important not only on
its own but also for the interpretation of the results from heavy ion collisions at high energies.
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nuclear effects similar to what is expected to be an onset of color transparency
(CT). We suggest such a mapping of the photon energies and virtualities, which
eliminates the undesirable Q*-variation and allows to measure a net C'T effect.
We develop a multichannel evolution equation, which for the first time incorpo-
rates C'T and the effects of the coherence length in the exclusive electroproduction
of vector mesons.

1. Vector Meson production. Coherence length

Vector mesons clectroproduced at different points separated by longitudinal distance Az
have a relative phase shift ¢.Az. where g = (Q* 4+ m{.)/2v is the longitudinal momentum
transfer in 97V — VN, @° and v are the virtuality and energy of the photon, respectively.
Taking this into account one arrives at the well known formula for nuclear transparency, T'r =
o4/Aay. for the coherent production of vector mesons off nuclei [1],

VN
(”lov )1

— [ d*b
-1.-1(7,‘,'\

Tron =

1 e [ 2
( ez N VN o o
/ dz p(b,z) €' exp [—;am / d='p(b, = ]” (1)
- 2 :

In the low-energy limit ¢. > 1/K4 and destructive interference eliminates the coherent
production. Iowever, nuclear transparency (1) monotonically grows with energy and reaches
value T'r., = -7,‘,'4/.4!7,‘, V. Numerical examples for nuclear transparency in coherent production
can be found in [2, 3, 1].

Formula for nuclear transparency for incoherent quasielastic photoproduction of vector

mesons in Glauber approximation derived only recently [4], reads
VN -
T . L x =
. Tl VN VA 2 5 " 5 5
Ttine = '.!.la,‘,'\‘(””“ -0, )'/4[ b ./—_\ dzy plb. --_.)[_); dzy p(b. =)

- | A 2 o )
x gMETR) exp [“;”1\,:\ / (I:p(b.:)] exp [—rr,‘“'\ / d= p(l),:)]

= 2

N ,x%\'/df/,[l =1 ¥l ] ~Tpest (2)

n
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In contrast to coherent production nuclear transparency (2) decreases with energy from
Trine = ol /Act™ at low on:’.rgy (g- > 1/R4) down to value T'ry,. = a;,f/:lof,‘\ at high
energies (. < 1/R4). where aq,f is the cross section of quasielastic V' A scattering. Numerical

examples are presented in [2, 3, 4].

Such an energy dependence is easily interpreted in terms of lifetime of the photon fluctua-
tions, which propagate over the coherence length . ~ 1/¢.: at low energy (I, < R4) the vector
meson appears deep inside the nucleus and covers then about a half of the nuclear thickness.
At high energy the vector meson preexists as a photon fluctuation long time and propagates
through the whole nuclear thickness, resulting in a more of absorption.

Variation of [. may be caused by either its v- or Q*dependence. In the latter case (.
decreases with Q* and the nuclear transparency grows, what is expected to be a signature
of color transparency (C'T) [5]. a QCD phenomenon related to suppressed initial/final state
interaction in a nucleus for a small-size colorless wave packet [6]. Examples for incoherent
electroproduction of p-meson on xenon are shown in Fig. 1 (more examples are in [2,3,4]). The
predicted *-dependence is so steep that makes it quite problematic to observe an additional
(Q*-dependence generated by the color transparency effects.

Note that the cross section of photoproduction of the vector mesons on nuclei is encrgy-
dependent at low energy due to quark (Reggeon) exchanges. This is very easy to include in our
calculations, but we neglect the energy-dependence for the sake of simplicity.

2. Beyond Glauber approximation. Formation length.

According to the uncertainty principle one needs (formation) time to resolve different levels,
V, V'....in the final state. Corresponding formation length l; & 2v/(m?, — m?.) is longer than
the coherence length. It has a close relation to the onset of C'T [7, 3], which is possible only if
l; 2 Ra. Note that a full CT effect at Q% > m{ imposes a stronger condition [;my /QZ > Ry.
This is because a small size, ~ 1/Q?, wave packet, decomposed over different V-meson states.
includes all states up to M* ~ Q% Such a decomposition must be frozen by Lorentz time
dilation up to the heaviest states, what leads to above condition within oscillatory model.

At medium energies and Q* one can expect only an onset of CT, i.e. a monotonic growth
of Tr(Q?*) with @2 which results mostly from interference of the two lowest states, V' and
V', Inclusion of the second channel in the case of coherent production is quite simple and the
results are presented in [3]. We concentrate on the incoherent electroproduction here. For the
first time we present the evolution equation and its solution incorporating both the coherence
and formation length effects, what is of a special importance in the intermediate energy range.

The solution of the general multichannel equation will be presented elsewhere. Here we
consider the two-coupled-channel case. Since we have to sum over all final states of the nucleus.
the propagation of the charmonium wave packet through the nucleus is to be described by
density matrix P, = ¥ [v1)[¢,)". The wave lunction |¢;) has three components, v*, V and V.
The evolution equation reads,

i-P=QP-PQ* - é,,l"',;\’ (TP + PT*) +ia}NTPT*. (3)
Here
- 0o 0 . 0 0 0
Q=[0gq¢g 0| T=| X 1 « (4)
00 ¢ AR € r
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are the longitudinal momentum transfer and scattering amplitude operators, respectively, where
q(q") = (mi vy + Q%)/2v. For other parameters we use notations from [8]; # = el Nlakl,
e = f(VN = V'N)/f(VN = VN)and R = f(3N = V'N)/f(3N = VN). The value
of parameter A = f(yN — V'N)/f(VN — VN) is inessential. since it cancels in nuclear
transparency. The boundary condition for the density matrix is P;(z — —ac) = §,08,0. Note,
the same eq. (3) reproduces Glauber approximation (2) when ¢ = 0. It also calculates coherent
production when one fixes ¢}}¥ = 0.

Combination of the two effects of coherence and formation (onset of CT) lengths may
provide an unusual energy behaviour of nuclear transparency. An example is shown in Fig. 2
for real photoproduction of p and p’ on lead predicted by eq. (3). We try two models for
the p and p' wave functions, the nonrelativistic oscillator and a relativized version: i) r =
15, ¢ = 0.5, R* = 0.074 (Q* = 0) for the nourelativistic oscillator; i) » = 1.25, ¢ =
—0.14, R* = 0.22 for the relativized wave function [3]. We calculate the Q*-dependence of
R?* in accordance with [3]. Our predictions for energy dependence of nuclear transparency for
incoherent photoproduction of p and p’ are shown in Fig. 2 for the two sets of parameters.
While both variants give similar results for the p. we expect a nontrivial energy dependence for
the p', which results from interplay of the effects of coherence and formation lengths. It turns
out to be extremely sensitive to the form of the wave function. Thus, such kind of measurement
may bring unique information about the structure of vector mesons.

0.5

1.0

0.8

0.6

Trinc

0.4

0.2

091 1 1o 100
T(eer) v (GeV)

Figure 1: Q*-dependence of nuclear transparency for p-meson electroproduction on renon
at photon energies v = 5, 10,20 and 30 GGeV'. Dashed curves corvespond to Glauher
approximation, solid curves are caleulated with the cvolution cquation eq. (3).

Figure 2: Nuclear transparency versus v for real photoproduction of p (solid curves) and
p' (dashed curves) on lead. Upper curves correspond to the nonrelativistic oscillatory wave
Junctions, while the bottom curves are calculated with relativized variant [9]

Note that at low energy, where the eikonal approximation is exact, the nuclear transparency
for the p’ is about the same as for the p despite the bigger radius and stronger absorption of
the p'. This is because the transitions p & p’ are possible even without interference, but their
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Figure 3: Q*-dependence of nuclear transparency at fired I. = const for renon. Glauber
approrimation predictions are shown by dashed curves. Solid curves demonstrate the efJect
of CT in the two coupled channel approrimation

Figure 4: Nuclear transparency for nitrogen, renon and lead versus the coherence length.

probability is o )N rather than o} ¥

i - For this reason it is very much suppressed for J/W. but
not for p.

We have arrived at the main point: how to search for a signal of CT? The two coupled
channels are supposed to reproduce well the onset of C'T. which is expected to manifest itsell
as an additional growth of nuclear transparency with @*. The results obtained with eq. |1 and
relativized wave functions are shown in Fig. 1 by solid curves. We see that variation of the
transparency with Q% due to the coherence length effect predicted by Glauber model is rather
steep and makes it very difficult to detect a CT signal even with high-statistics measurements.

In order to single out the effect of (‘T one should remove the /.-dependence of nuclear
transparency. This can be done mapping values of Q% and v in a way. which keeps [, =
2v/(m} +Q?) constant. Our predictions for Q*dependence of nuclear transparency at different
values of [, are plotted in Fig. 3 both for single- (Glauber) and double-channel approaches. The
former, as we expected, provides a constant nuclear transparency. while the latter results in a
rising Tr(Q?). Observation of such a dependence on @ should be grated as an onset of CT.
We show [.-dependence of transparency in Glauber model in Fig. 1.

3. Onset of CT in (e.¢'p)

The principal difference of (e.¢'p) reactions from the above discussed photoproduction of
vector mesons is a strong correlation between the values of Q% and the energy of the recoil
proton, E, ~ m, + Q*/2m,. Therefore, while one wants just to increase the proton energy
in order to freeze its small size. one unavoidable has to increase . i.e. to suppress the cross
section. This is why no CT effect is still detected in this reaction. As was demonstrated
above. in order to freeze size ~ 1/Q? of the ejectile during propagation through the nucleus.
its energy must be v > R4/Q%, where w = 0.3 Gel’ is the oscillatory parameter. This
demands unreachable values of Q* of a few hundred GeV™2. The same problem concerns (p.2p)
quasielastic proton scattering at large angles,
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On the other hand, a growth of Q* causes an increase of the ejectile energy. It is known.
however, since [10] that nuclear matter is more transparent at higher energies due to inelastic
shadowing corrections. This effect is general and independent of color dynamics or whether
the CT effect exists or not. The growth of nuclear transparency in (e, ¢’p) with energy, and
consequently with @%, was estimated in [11], assuming a simplest "anti-CT" scenario: a regular
proton, rather than a small-size fluctuation, is knocked out in (e, ¢’p) reaction. The predicted
@Q? dependence turns out to be similar to what one expects to be an onset of C'T up to about
Q?* = 20 GeV?. Therefore, one should be very cautious interpreting the growth of Tr(Q?) as a
signal of CT in this region. It can be safely done only at quite high. still unreachable Q?.

4. Conclusion

We have developed for the first time a multichannel approach to incoherent exclusive electro-
production of vector mesons off nuclei, which incorporated effect of the coherent and formation
lengths. It is based on a multichannel evolution equation for the density matrix of the produced
wave packet. Variation of the coherence length with the photon energy and Q* causes substan-
tial changes of the nuclear transparency even in Glauber approximation. This fact makes it
very difficult to observe an onset of C'T. We suggest such a mapping of v and Q* values, which
keeps the coherence length constant. in This case the nuclear transparency cannot change
within Glauber approximation. We provide estimates of the onset of C'T' within two coupled
channel model.

One faces even more problems searching for a signal of C'T'in (e, €'p) quasielastic scattering,
due to its specific kinematics. It is very difficult to interpret the growth of nuclear transparency
with @* as an onset of CT at Q% < 20/Gel'2
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Abstract: We discuss the coherent leptoproduction of vector mesons from po-
larized deuterium as a tool to investigate the evolution of small size quark-gluon
configurations. Kinematic regions are determined where the final state interaction of
the initially produced quark-gluon wave packet contributes dominantly to the pro-
duction cross section. Two methods for an investigation of color coherence effects,
which are appropriate for future experiments at HERMES, are suggested.

1 Scales in color coherence

High energy exclusive production processes from nucleon targets are determined by the tran-
sition of initial partonic wave functions to final hadronic states. Interesting details about such
transition amplitudes can be obtained by embedding the production process into nuclei, where
the formation of a particular final state hadron is probed interactively via the interaction with
spectator nucleons (for a review see [1]).

In this context, we discuss the coherent photo- and leptoproduction of vector mesons from
polarized deuterium at large photon energies v 2 4 Gel':

N 4d— V +d. (1)

The corresponding amplitude can be split into two pieces: In the single scattering term only one
nucleon participates in the interaction. This is in contrast to the double scattering contribution.
Here the (virtual) photon interacts with one of the nucleons inside the target and produces an
intermediate hadronic state which subsequently re-scatters from the second nucleon beflore
forming the final state vector meson. At small Q* < 1Gel™ exclusive vector meson production
from deuterium is well understood in terms of vector meson dominance. In this framework the
final state vector meson is formed instantaneously in the interaction of the photon with one

"Work supported in part by grants from BMBF, GIF and the DoE.
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of the nucleons from the target [2]. On the other hand, in the limit of large Q* > 1 Gel™?
perturbative QCD calculations show that photon-nucleon scattering yields rather a small size,
color singlet quark-gluon wave packet (ejectile) than a soft vector meson [3]. At high energies v
the final state interaction of such an ejectile with the second nucleon should differ substantially
from the final state interaction of a soft vector meson. Therefore the magnitude of the final
state interaction contains interesting informations about the initially produced ejectile and its
evolution while penetrating through the target.

The ejectile wave packet and its propagation are characterized to a large extent by the
following scales: The average transverse size of the ejectile wave packet. b, ,, which for the case
of longitudinal photons is =~ 4...5/Q for @* > 5GeV? for the contribution of the minimal Fock
space component [4]. For these Q* it amounts to less than a quarter of the typical diameter of
a p-meson (= 1.4 fm). Furthermore the initially produced small quark-gluon wave packet does
not, in general, represent an eigenstate of the strong interaction Hamiltonian. Expanding the
ejectile in hadronic eigenstates one finds that inside a nuclear target all hadronic components.
except the measured vector meson, are filtered out via final state interaction after a typical
formation time: 7, & 2v/dmi.. Here dmj. is a characteristic squared mass difference between
low-lying vector meson states, which is related to the inverse slope of the corresponding Regge
trajectory (dm¥ ~ 1GeV?). If the formation time is larger than the nuclear radius. the ejectile
will resemble an approximate eigenstate of the strong interaction while penetrating through the
nuclear target. Therefore final state interaction should decrease with rising Q* at large photon
energies. This phenomenon is usually called color coherence.

However the coherent vector meson production cross section, including its contribution from
double scattering, is sensitive also to the coherence length: A =~ 2v/(mi, + Q). The latter
characterizes the minimal longitudinal momentum transfer k; & A~' required for the coherent
production of the vector meson. (IHere we omit the {-dependence of A and ki which is discussed
in details in ref.[5].) Since the deuteron has to stay intact, one finds dominant contributions to
the production cross section for A > Ry, where Ity = 4 fm is the deuteron radius. Consequently
vector meson production amplitudes from nucleons at a similar impact parameter but at dif-
ferent longitudinal positions will interfere and add up colierently. A decrease of the coherence
length leads to a decrease of the coherent vector meson production cross section. Therefore
if one investigates the double scattering contribution in different kinematic regions one should
be careful in interpreting a variation of the final state interaction as a modification of the the
ejectile wave function. First possible effects arising from a change in the coherence length have
to be accounted for.

2 Single versus double scattering

In the single scattering contribution the vector meson is produced off one of the nucleons in
the target, while the second nucleon does not participate in the interaction. The corresponding
Born amplitude is determined by the vector meson production amplitude f2"#0=V2(") from
the proton or neutron, respectively, and the deuteron form factor S} (where j indicates the
dependence of the form factor on the target polarization):

(8]

FO = freoVe(e )Si(—ky [2.k_[2) + [V (k) S)(kL/2, —k_[2). (:
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The precence of k_ = ko—kr, in the form factors accounts for the recoil of the deuteron. If the tar-
get polarization is chosen perpendicular to the momentum transfer k. at large v only the differ-
ence of the monopole and quadrupole form factor, S5 = S{—S3. enters in (2). In terms of the S-
and D-components of the deuteron wave function these are SY(k) = [ dr jo(kr)[u?(r) + w?(r)]
and S3(k) = V2 [5° dr ja(kr)w(r)[u(r) —w(r)/v/8]. 1t is important to realize that the monopole
and quadrupole form factor are equal at k = |k| & 0.35 Gel". This generates a zero in S — S}
and consequently a node in the single scattering contribution to the vector meson production
cross section at t = t4 ~ —k? =~ —0.5GeV* [5] (see also the discussion of elastic hadron-
deuteron scattering in ref.[6]). It should be emphasized that the latter is determined solely by
the deuteron wave function and does not depend on details of the nucleon production ampli-
tude, f27")=VP - Thus we have identified a kinematic window where the single scattering
contribution vanishes and the double scattering contribution can be investigated to high ac-
curacy. A similar behavior of the single scattering amplitude can be achieved for a deuteron
polarization along either & = (2q + k)/[2q + k| or n = k x k. where g stands for the pho-
ton three-momentum. On the other hand. for an unpolarized deuteron target the sum of the
monopole and quadrupole form factor enters in the Born amplitude. As a consequence the
single scattering contribution always dominates the vector meson production cross section at
moderate —t < 1GeV?, leaving no favorable kinematic window for an investigation of final
state interaction.

The double scattering amplitude stems from the final state interaction of an initially pro-
duced hadronic state. Expanding the latter in hadronic eigenstates h yields:

' H.d . .
Pz L,Zf (i = Sy(Ky k_[2) P R (k2 — K V(R /24 K) +(pen). ()
25 (27

7 )?
The transfered momentum is split between both interacting nucleons. Therefore if the re-
scattering amplitude of the ejectile f**("=V"" is sizable, double scattering will be important
in the region of moderate and large —t 2 0.4Gel™ .

In Fig.1 we show the differential cross section for the coherent p-production from deuterium

polarized perpendicular to the momentum transfer,

dﬁd 1 2 A (2 W(2)12

—L = — (|FP 4 2Re (FF) 4 [FOP) (4)

dt 167
calculated within vector meson dominance [3]. In this framework the double scattering am-
plitude accounts for the sizable re-scattering of the soft p-meson. The energy and momentum
transfer are taken within the kinematic domain of the HERMES experiment. Figure | demon-
strates that the minimum of the single scattering amplitude (at —f = 0.5 GeV™?) is completely
filled by final state interaction. Furthermore double scattering exceeds the Born contribution
by a factor ~ 5 at —t > 0.5 Gel™.

3 Signatures for color coherence

Of course vector meson dominance is appropriate for small Q* < | Gel™* only. However we want
to study the dependence of the final state interaction on * and v to obtain informations on
the ejectile wave function and its propagation through the nucleus. For this purpose we suggest
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v=7.5GeV , Q°=1GeV* v=23GeV , @*=4GeV?
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Figure 1: The differential production cross section for cohervent p-production from polarized
deuterium for different values of Q* and v. The target polarization is chosen perpendicular to
the momentum transfer. The full line is the result for the production cross section within vector
meson dominance. The dashed curve shows the Born contribution.

investigations which are to a large extent independent on details of the ejectile production
amplitude.

In this respect it is most promising to study coherent vector meson production from deu-
terium polarized perpendicular to the momentum transfer k (or parallel to & or 7o) at ¢ ~ t,.
Here the single scattering contribution to the cross section is very small and even vanishes at
t =ty as discussed above. Exploring the production cross section in this kinematic window for
different (0? and v yields direct informations on the ejectile wave function. Since the transverse
size of the ejectile shrinks with rising Q. perturbative QCD suggests that the vector meson
production cross section should decrease and ultimately vanish at t =ty for Q* > 1Gel? and
1 2 Rydmi /2 = 10GeV. The latter requirement ensures that the formation time of the vector
meson exceeds the deuteron size, 77 > R,.

Furthermore Fig.l demonstrates that in the domain of vector meson dominance (Q* =

P ] s . . - v r 4 2 d -
Q% < 1GeV?) double scattering is by far dominant for —t > 0.5 Glel'®: ((;Z:((gg;/'{,:)'zﬂ‘:"‘ = 5. If

final state interaction vanishes at large Q* = Qf > 1Gel’? and large energies v 2 10GeV,
we expect the above ratio to approach unity. Assuming that the (Q*-dependence of the initial
ejectile production amplitude factorizes, and is approximately equal to the Q*-dependence of
the vector meson production cross section from free nucleons doy/dt. we obtain:

(doa(QF)/dt) yun (don(QF)/dt)
(doy(QZ)/dt) gorn (dan(QF)/dt)

(5)

In both cases it is important to keep the coherence length constant or to account for its possible
modification.
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4 Summary and Outlook

We discussed the coherent production of vector mesons from polarized deuterium as a tool
to investigate the propagation of small size quark-gluon configurations, which are initially

produced in high energy lepton-nucleon interactions at large Q*. A kinematic window was found Investigation of the neutron structure function via
:‘]‘hf’n" lh.c' dif_i'?rrjmial vrosts‘ socxiorf stems on_l_\' from contributions of the final state imt-r;u'tio'n of semi-inclusive deep inelastic electron scattering
he ejectile. Two methods for an investigation of color coherence effects. which are appropriate
for future experiments at HERMES, were proposed. Note that also the incoherent, diffractive off the deuteron
production of vector mesons from polarized deuterium provides a variety of possibilities for
detailed investigations of color coherence effects at HERMES [5]. Especially detecting the Silvano SIMULA
recoil nucleon from deuteron break-up yields a possibility to explore the evolution of small size
quark-gluon configurations at different. well defined length scales. INFN, Sezione Sanita. Viale Regina Elena 299, 1-00161 Roma, Italy

Abstract: The production of slow nucleons in semi-inclusive deep inelastic electron
scattering off’ the deuteron is investigated in the region = > 0.3 for kinematical
conditions accessible at H E'RA. Within the spectator mechanism the semi-inclusive
cross section exhibits a scaling property, which can be used as a model-independent
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The aim of this contribution is to address the issue of the spectator scaling in case of
electron kinematical conditions accessible at HERA. To this end. let us briefly remind that
the semi-inclusive cross section of the process *H{e, e’ N )X reads as follows

do ) 2. =
—_— = Mo iy [l 3 £ T, P2 |
AEy dQu dBg dGly - T Mstt P2 B Z, VWil @ ml L
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where E, (E,) is the initial (final) energy of the electron; Q* = —¢* = |q1* = v* is the squared
four-momentum transfer; i = {L, T, LT.TT} identifies the different types of semi-inclusive
response functions {H"D) of the deuteron; ji; is the momentum of the detected nucleon; E; =

VM? + pi its energy (p2 = [f2|) and V; is a virtual photon flux factor (see [2]). Within the
spectator mechanism the virtual photon is absorbed by a quark belonging to the nucleon N,
in the deuteron and the recoiling nucleon N is emitted and detected in coincidence with the
scattered electron. Thus, Eq. (1) can be written in terms of the structure function F;" (2. Q%)
of the struck nucleon as [2]

2

(!.'G' [l))(

. B (@*@%)
dE. d9, dE; a, = N M nip) .

P DM (x,Q% ) (2)

where n'P) is the (non-relativistic) nucleon momentum distribution in the deuteron. r~ =
Q*/(Q* + M;* — M*) and Mj is the invariant mass of the struck nucleon, given through the

energy and momentum conservations by: My = \/( v+ Mp — E3)* — (§— pa)?, with Mp being
the deuteron mass. In Eq. (2) K = (2M2*E E, [7Q*) (47a*/Q*) [1 — y+ (4*/2) + (Q*ME2)].
with y = v/ E,., and the quantity D™ (. Q% ji;) depends both upon kinematical factors and the
ratio Rf}T of the longitudinal to transverse cross section off the nucleon (see [2]). The relevant
quantity, which will be discussed hereafter. is related to the semi-inclusive cross section (1) by

1 (/"(7

K dE. dQ. dE, d,
'-N‘(.r'. 0?)

——

Il

FE (2, Q% )

M p2 n'P)(py) i DN (2, Q% ) (3)

Il

where I is a kinematical factor given by A = K [DVi(2.Q% )] _, and DM (x,.Q% ) =
LT
DM (2,Q%5s) | (DN (2. Q% 2)lg _o- Eq. (3) differs from the definition of F**) given in
T

2], for K, which incorporates kinematical factors depending on fi). is used instead of . which
depends only on the electron kinematical variables.

In the Bjorken limit one would expect I?Z)T — g, 0, so that DYt =g, 1. which implies
FE) (2, Q% pa) =p; M pan'®(p2) FM (27) /2", where F3¥1 (%) stands for the nucleon structure
function in the Bjorken limit (apart from logarithmic QC'D corrections). Therefore. in the
Bjorken limit and at fixed values of p, the function (3) does not depend separately upon
r and the nucleon detection angle 6;, but only upon the variable x* —g; /(2 — z2). with
2y = [E; — pycos(8,)]/M being the light-cone momentum fraction of the detected nucleon. In
what follows. we will refer to the function F©#)(2". Q% ps) and variable 2°, given explicitly by

I

FoP(2, Q% pa) = M pan'P(pa) F' (2", Q%) ) a7 (4)
i Q*
QT+ v+ Mp— E2)P = (- )2 — M?

Il

(5)

T

as the spectator-scaling function and variable, respectively. The essence of the spectator scal-
ing relies on the fact that the variable r* gathers different electron and nucleon kinematical
conditions (in x and ;). corresponding to the same value of the invariant mass produced on
the struck nucleon. The deuteron response will be the same only if the spectator mechanism
dominates and, therefore. the experimental observation of the spectator scaling represents a
test of the dominance of the spectator mechanism itsell.
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Fig. 1. (a) The function F**)(z, Q% p2) (Eq. (3)) for the process *H(e,€'p) X plotted versus
the spectator-scaling variable = (Eq. (5)) at Q* = 10 (GeV/c)* and py = 0.5 GeV/e. The
values of x have been varied in the range 0.20 = 0.95, whereas the various markers correspond
to different values of the nucleon detection angle 8, chosen in the range 10° = 150°. The solid
line is the spectator-scaling function FS)(x* Q* pa) (Eq. (4)) calculated using the deuteron
momentum distribution corresponding to the Paris nucleon-nucleon interaction [5] and to the
parametrization of the neutron structurc function of Ref. [3]. (b) The same as in (a), but
including the effects of the target fragmentation of the struck nucleon, evaluated as in Ref. [6],
as well as the contribution of the proton emission arising from virtual photon absorption on
6q cluster configurations in the deuteron, evaluated following Ref. [9] and adopting a 6q bag
probability equal to 2%. In particular, the open dots and squares, which exhibit large violations
of the spectator scaling, correspond to 8, = 107 and 30°, respectively.

Eq. (3) has been calculated considering electron kinematical conditions accessible at HERA
(i.c.. E. =30 GeV and Q* = 10 (GeV/e)*) and py = 0.1, 0.3, 0.5 GeV/e. The Bjorken variable
r and the nucleon detection angle ¢, have been varied in the range 0.20 = 0.95 and 10° = 1507,
respectively (for sake of simplicity. the polar angle @; has been chosen equal to 0). As for
the nucleon structure function, the parametrization of the SLAC data of Ref. [3], containing
Rf}T ~ (.18, has been adopted. The results of the calculations, performed at p, = 0.5 GeV/e,
are shown in Fig. 1(a) and compared with the spectator-scaling function (1). It can clearly be
seen that at Q% = 10 (GeV/c)? the spectator scaling is almost completely fulfilled (within 10%)
in the whole r-range, including the region at = 2 0.8, where (small) contributions from nucleon
resonances are still visible. Using the new definition (3). the spectator scaling is fulfilled not
only at p2 < 0.3 Gel'/e, as shown in [2], but also at higher values of pa.

In the spectator-scaling regime the measurement of the semi-inclusive cross section both
for the M {e.¢'p)X and *H(e.¢'n) X processes would allow the investigation of two spectator-
scaling functions, involving the same nuclear part, Mpan'P)(p;), and the neutron and proton
structure functions, respectively. Therefore. assuming R} . = R‘L’/'r (as it is suggested by
recent SLAC data analyses [4]), both the nuclear part and the factor Di(z, Q% 5,) cancel
out in the ratio R (r. Q%) = d'o[*H(e.e'p)X]/d*a[*H(e.¢'n) X]. which provides in this
way directly the neutron to proton structure function ratio RUP) (27, Q%). With respect to the
function F)(z. Q% ). the ratio R (. Q% p») exhibits a more general scaling property. for
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Fig. 2. The ratio R“")(x,Q% F2) of the semi-inclusive cross sections for the processes
*H(e,e'p)X and *H(e,e'n) X, calculated at Q* =10 (GeV/e)? and py = 0.1,0.3.0.5 Ge V/e.
The values of & have been varied in the range 0.20 = 0.95. Forward (02 < 90°) and backward
(62 > 90°) nucleon emissions are shown in (a) and (b), respectively. The solid line is the neu-
tron to proton structure function ratio R (2*, Q%) calculated using the parametrization of the
nucleon structure function of Ref. [3].

at fixed Q* it does not depend separately upon z. p; and 05, but only on z*. This means that
any pp-dependence of the ratio R**) would allow to investigate off-shell deformations of the
nucleon structure functions (see below).

The results presented and, in particular. the spectator-scaling properties of F'**) and Rls1)
could in principle be modified by the effects of mechanisms different from the spectator one, like,
e.g.. the fragmentation of the struck nucleon, or by the breakdown of the impulse approximation.
[n order to estimate the effects of the so-called target fragmentation of the struck nucleon
(which is thought to be responsible for the production of slow hadrons in DIS processes), we
adopt the approach of Ref. [6], where the hadronization mechanism has been parametrized
through the use of fragmentation functions. whose explicit form has been chosen according
to the prescription of Ref. [7], elaborated to describe the production of slow protons in DIS
of (anti)neutrinos off hydrogen and deuterium targets. Furthermore, the effects arising from
possible six-quark (6q) cluster configurations at short internucleon separations, are explicitly
considered. According to the mechanism first proposed in Ref. [8], after lepton interaction with
a quark belonging to a 6ig cluster, nucleons can be formed out of the penta-quark residuum
and emitted forward as well as backward. The details of the calculations can be casily inferred
from Ref. [9]), where 8g bag effects in semi-inclusive DIS of leptons off light and complex
nuclei have been investigated. The estimate of the nucleon production, arising from the above-
mentioned target fragmentation processes, is shown in Fig. 1(b) for the function F*) and in
Fig. 2 for the ratio B**). It can clearly be seen that: i) only at 2™ < 0.4 the fragmentation
processes can produce relevant violations of the spectator scaling (see Figs. 1(b) and 2(a)); ii)
backward kinematics (see Fig. 2(b)) appear to be the most appropriate conditions to extract
the neutron to proton ratio R"/?). Moreover. explicit calculations show that the relevance of
the fragmentation processes drastically decreases when p2 < 0.5 Gele.
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Fig. 3. The ratio R**)(x,Q% py) of the semi-inclusive cross sections for the processes
2H(e,e'p)X and *H(e,e'n)X, calculated considering the off-shell effects proposed in Refs. [13]
(a) and [14] (b), respectively. Backward nucleon kinematics only (8, > 90°) have been consid-
ered. The dots, squares and triangles correspond to py = 0.1, 0.3, 0.5 Gel'/e, respectively. The
solid line ts the same as in Fig. 2.

As far as the impulse approximation is concerned. it should be reminded that our caleula-
tions have been performed within the assumption that the debris produced by the fragmentation
of the struck nucleon does not interact with the recoiling spectator nucleon. Estimates of the
final state interactions of the fragments in semi-inclusive processes off the deuteron have been
obtained in [10]. suggesting that rescattering effects should play a minor role thanks to the finite
formation time of the dressed hadrons. Moreover. backward nucleon emission is not expected to
be sensitively affected by forward-produced hadrons (see [11]), and final state interaction effects
are expected to cancel out (at least partially) in the cross section ratio B (. Q% 7,). Besides
fragmentation processes and final state interactions, also nucleon off-shell effects [12] might pro-
duce violations of the spectator scaling, in particular at high values of p, (2 0.3 Gel'/e). The
results of the calculations of the ratio 2'**)(z, Q% p,). obtained considering the off-shell effects
suggested in Refs. [13] and [14], are shown in Fig. 3(a) and 3(b). respectively. It can be seen
that the measurement of the ratio B'**)(x, Q% p,) represents an interesting tool both to inves-
tigate the ratio of free neutron to proton structure function. provided p, ~ 0.1+0.2 Gel'/e. and
to get information on the possible off-shell behaviour of the nucleon structure function when
P2 20.3 GeV/e.

In conclusion. the production of slow nucleons in semi-inclusive deep inelastic clectron
scattering off the deuteron has been investigated in kinematical regions accessible at H ERA.
Within the spectator mechanism the semi-inclusive cross section exhibits the spectator-scaling
property, which can be used as a model-independent test of the dominance of the spectator
mechanism itself. In the spectator-scaling regime both the nentron structure function and the
neutron to proton structure function ratio can be obtained directly from semi-inclusive DS
data off the deuteron. Finally. the pattern of possible spectator-scaling violations conld provide
relevant information on the off-shell behaviour of the nucleon structure function in the medium.
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Abstract: We demonstrate how measurement of tagged structure functions of the
deuteron in (e.e’N) semi-inclusive reactions at backward kinematics can be used
to discriminate between different models of the nuclear EMC effect, A procedure
for extracting the large-r neutron to proton structure function ratio from (e,e¢'N)
reactions is also ontlined,

1 Objectives and Theoretical Framework

More than a decade after the discovery of the nuclear EMC effect [1] and many fine mea-
surements of the ratios of structure functions of nuclei and deuterium. no consensus has been
reached on the origin of the effect. The observed effect is approximately proportional to the
nuclear density and the = dependence of the effect. while non-trivial. has the same basic shape
for all nuclei, making it easy to fit in a wide range of models with very different underlying as-
sumptions. Proportionality to nuclear density suggests that one should expect a much smaller
EMC effect in the deuteron compared to that in heavy nuclei. By virtue of the uncertainty
principle, however, one may try to enhance the effect by isolating the configuration where the
two nucleons in the deuteron are close together. For example, it is easy to check that the
main contributions to the deuteron wave function for nucleon momenta p > 300 MeV/c come
from distances < 1.2 fm. In order to encounter such a situation. new experiments, which allow
control of the inter-nucleon distances in the deuteron, are necessary.

The aim of this discussion is to demonstrate that use of semi-inclusive processes off the

deuteron,
e+D—=e+ N+ X, (1)

where a nucleon is detected in the deuteron fragmentation region. could meet the above re-
quirements, and may help to boost our understanding of the origin of the EMC effect. In
particular, one may be able to distinguish between models in which the EMC effect arises from
hadronic degrees of freedom (nucleons and pions). and models in which the effect is attributed
to the explicit deformation of the wave function of the bound nucleon itself. Using heavier
nuclei as targets in the reaction (1) may be problematic due to the contribution of secondary
interactions, therefore the deuteron is a more ideal target for our purpose.

The cross section for the semi-inclusive (e.¢’V) reaction off the deuteron can in general be
expressed through four invariant structure functions:

do _ 2ad, | Yy  M?
dzdW?(dasjas)dpr . Q° YT

v

. M

Q? :
I".,’? = (é - tanz(ﬂ/'_Z)) cos & F'E, + cos(2¢) FE.| (2)

2
F,? - (fi; + lau!(l)/‘l))
2q?
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where the semi-inclusive structure functions F{%; 1, pp(2. .. pr.Q?) are related to the compo-
nents of the deuteron electromagnetic tensor Wp" by [2]:

FP = v(l+cosé)?-W5=, FP _,\I(H'”-f-H'L’,”).

FP, = 2w(1+cosé)- W57, FP = —sm 2o (WE = Wh). (3)
The kinematic variables in Eqs.(2) and (3) are r = Q”/'.’A\IV. W?=—Q*+2Mv+ M?*, where v

is the energy of virtual photon in the target rest frame and M the nucleon mass (we define the
photon three-momentum q to be in the += direction). The squared four-momentum transferred
to the deuteron is Q? = 41E(E —v)sin®*(0/2), with £ the beam energy and y = v/ E. The angles
0 and ¢ are the electron scattering and detected nucleon azimuthal angles. respectively, and
sin?§ = @Q*/q®. The spectator nucleon momentum is denoted by Ps = (Pst.ps:). and the
interacting nucleon momentum by p. so that in the deuteron rest frame p, = —p. The variable
a, =2 (,MF +p2- p,,) /Mp is the deuteron’s light-cone momentum fraction carried by the
detected nucleon. The " components in Eq.(3) correspond to the projection in the z — ¢
direction on the light-cone.

In a microscopic description of the process (1) the tensor WA describes both the deep
inelastic scattering (DIS) from a bound nucleon in the deuteron, as well as the dynamics of
the nuclear interaction, which are in general not factorizable. However, by considering specific
kinematics one can obtain approximate factorization of the two subprocesses, and thus allow
for a quantitative treatment of the reaction (1). The kinematics required for factorization
are: (I) Q*/q* ~ IMz/Q* < |, Q* € BE(E —v). and (Il) a, > 1 —x, pr = 0, |p,| £ 500
MeV/c. The requirement (I) enhances the contribution of the longitudinal structure function,
Fy. which is expressed through the “good™ component of the electromagnetic current, Iq.(3).
This component is less influenced by effects of final state interactions (FSI), thus allowing
a separation of FSI from the dynamics of DIS from a bound nucleon. The conditions (I1)
suppress contributions from the ulirccl production of nucleons in the 4° NV interaction. These
restrictions allow one to write [2]: W/ (x, ag, pr.Q?) = nS(a,.pr) Wi ‘”(r.u_,.;rr. @Q?). where
7 represents to the factored out PSI effect (y = 1 for the above kinematics), and S(a,, py) is
the nucleon spectral function in the deuteron. Note that W4 '“lf(.r.n,,/rl-.(;)") coincidences
with the free nucleon tensor W3” in the limit a, — | and py — 0.

Using the kinematical constraints (I) and (1) one can express the cross section in Eq.(2) as:
da.:D-—-:p.\' )

~ Zem1 _ o el T 2 ;
ZzdWd(loga;)@pr = 0 (1 —y)S(ay. pr)Fx (‘2—0,'PT'Q ) (4)

Though the factorized form in Eq.(4) is quite universal for any self-consistent relativistic ap-
proach describing nuclear dynamics and DIS from a bound nucleon, Ihe particular form for the
spectral function S(a,, pr) or the hound nucleon structure function F54 could be very different.
Since the goal is primarily to study nuclear effects on F,\, one Ilwrefme needs to minimize any
effects coming from uncertainties in the deuteron wave function (or spectral function) itself.
This can be achieved by measuring the ratio of cross sections at large z to that at x ~ 0.1-0.2,
where the observed EMC effect is small [2, 3. 4]. If both cross sections are measured at the
same a, and pr, the nuclear effects parameterized by the deuteron spectral function cancel [4]:

do(zy, a4, pr, Q) /dedW?d(log o,)d*pr F‘H (z1/(2 — aq). pr, Q2
do(zq, a4 pr, Q?)/dzdW2d(log a,)d*pr Fe (22/(2 = a,).pr, Q%)

Glag, pry Ty, T2 Q) =
(5)
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This ratio is therefore the ideal experimental quantity to measure since it is not biased by any
theoretical normalization of the deuteron wave function.

2 Predictions for G(as,pr,il?l,ﬂ?zan)

To assess the expected EMC effect which could be identified in the measurement of ;' in
Eq.(5) we apply several theoretical approaches to the possible modification of the bound nucleon
structure functions.

2.1 Binding Models

In the so-called binding models, the bulk of the EMC' effect at x ~ 0.6 comes from the
fact that the typical value for the interacting nucleon light-cone fraction is less than unity, i.e,
the average spectator light-cone momentum fraction is {ay) > 1. Contributions to the EMC
effect from deformation of the bound nucleon structure function in this approach is minimal
— indeed, in most versions of this model the explicit dependence on the nucleon virtuality p?
in F2 is ignored, and only recently have the first attempts [') 6] to account for this possible
dependence been made. In any genenc quarl\ -parton model, l“.\ can be expressed through the
quark spectral function p as [5. 6]: rz\ . ph Q%) = | dp} p(p2, p?. 2. Q%), where p, is the quark
four-momentum. A simple microscopic quark-"diquark™ model of the nucleon was discussed
in Ref.[5], where the quark spectral function was determined from the dynamics contained
in the nucleon-quark-spectator “diquark™ vertex function, I'(p.p,). Within the instant-form
approximation [3], taking the positive energy nucleon projection,

PP, Q) = Te[(p+ M) T(ppy) (F—my)™ (B —ma)™ Dlpopa)] . (6)

where m, is the quark mass. The simplest approximation is to assume that the vertex function
is independent of the nucleon virtuality. The momentum dependence of the vertex function
can then be parameterized as [(p.p,) x (m? — p2)/(A* = p})". which allows one to account
for the bound nature of the nucleon state [5]. The parameters A and n are then fixed by
comparing with the quark distribution data. with the overall normalization fixed by baryon
number conservation [5]. The result for the a, dependence of (' is shown in Fig.l by the dot-
dashed curve. The values of x; and x, are selected to fulfill the condition x/(2 — a,) = 0.6
(large EMC effect in inclusive measurements) and x,/(2— a,) = 0.2 (essentially no EMC effect
in inclusive measurements). The relatively weak a, dependence reflects the assumption that
the vertex function I' is independent of p* — including such dependence would lead to a steeper
slope.

2.2 Suppression of Point-like Configurations in Bound Nucleons

A significant EMC effect in inclusive (e,€’) reactions occurs for x ~ 0.5-0.6. which corre-
sponds to the high-momentum component of the quark distribution in the nucleon where 3
quarks are likely to be close together [3. 4]. It is assumed in this model that for large & the
dominant contribution to Fyx (. Q%) is given by the weakly interacting point-like configurations
(PLC) of partons. The suppression of this component in a bound nucleon is predicted to be
the main source of the EMC effect. To calculate this suppression one can use a perturbation
series over a small parameter, x =| ([/4)/AEy |, which controls corrections to the description
of a nucleus as a system of undeformed nucleons. Here ([/4) ~ —40 MeV is the average poten-
tial energy per nucleon, and AE, =~ M*-M ~ 0.6-0.7 GeV is the typical energy for nucleon
excitations within the nucleus. The estimation of the deformation of the bound nucleon wave
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function by a Schrodinger equation with a potential which explicitly takes into account the
internal structure of the bound nucleon [3] gives the following suppression factor:

Sak) =(1+2)"% == (K*/M+20p)/AEp, |k = (7)

where F;_{vl(r.Qz.a,.p'r) ~ §(k)Fan(z/(2 — a,).Q%). The x dependence of the suppression
effect is based on the assumption that the PLC contribution in the nucleon wave function is
negligible at » < 0.3, but gives the dominant contribution at x > 0.5 [4. 7). The result for G is
illustrated by the dashed curve in Fig.1, which in this model has a somewhat larger magnitude
for the slope compared with the binding model.

2.3 QCD Radiation, Quark Delocalization

[t was observed in Refs.[8, 9] that the original EMC data could be roughly fitted as:
Foalz,Q))/A = Fap (£.Q*4(Q%) /2, with &r(Q?) = 2 for Q* ~ 20 GeV?, the so-called
dynamical rescaling. The observation has been interpreted as an indication that gluon radiation
oceurs more efficiently in a nucleus than in a free nucleon due to quark delocalization. cither in
a bound nucleon (or in two nearby nucleons). or in the nucleus as a whole. The Q? dependence
of £(Q*) follows from QCD evolution equations. In the leading logarithmic approximation one
has: £4(Q?) = {_,‘(Q'f,)"WDWS’/"wfl“q}’. If the confinement size in a nucleus. 4. is larger than
that in a free nucleon, one may expect that the Q* evolution may start at Qf(A) < Q§(V). i.e.
Q3(A)/Q3(N) = 1/&(Q3(A)). On dimensional grounds Qi AN, = QAN)AL. thus Ay/Ay =
VE(QE(A)).

Since in this model the delocalization is approximately proportional to the nuclear density.
one can expect that the effect is also proportional to the k?* of a bound nucleon. Fixing
the parameters of the model to fit the Fe data, and assuming Mk /A = 1 + ak® we obtain

)

a 04/ < k? >p.. where < k? >p.~ 0.08 GeV?/c*. Using this expression for A(k?) one can
calculate the £p(Q2 k?). and express the effective structure function of a bound nucleon as:

F;.{'f(.l'. as. pr. Q%) = Fax (Ar.Qlle".k"l) i (8)

where k is defined through a, and pr according to Eq.(7).

1067

1

In Fig.1 the predictions of the delocalization model for the a; dependence of (¢ are denoted
by the dotted curve. The predictions are noticeably different for the various models, which
suggests that measurement of this ratio for the reaction (1) will be valuable for understanding
the origin of the EMC' effect.

3 Extraction of the n/p Structure Function Ratio

Aside from providing insight into the origin of the nuclear EMC effect per se, the measure-
ments of tagged events may also be useful in connection with the problem of extracting the
neutron structure function from deuteron data. A large ambiguity exists in the asymptotic
value of F,/Fy, as © — | extracted from inclusive ep and eD data: inclusion of the EMC
effect in the deuteron when extracting Iy, leads to significantly larger values for Fan/Fap than
the 1/4 value obtained in analyses in which only Fermi motion is accounted for [10]. Unlike
in inclusive measurements, where the nucleon structure function in the deuteron is smeared by
4 nucleon momentum distribution in the deuteron. semi-inclusive reactions allow one to select
specific values of a; and pr in the spectral function S(ay, pr), thereby giving the opportunity
to minimize the nuclear effects in the denteron. By selecting backward produced nucleons with
a, =~ 1 and pr = 0. one can approximately determine the free neutron to proton ratio.

Fou(z, Q%) N F;,{](J‘/('.!—(n,).pT.Q")
Fu(2.Q) ' (2/(2= 0,)pr, Q)]

(9)

=1 pr=0

For non-zero pr. deviations of this ratio from the free limit are proportional to p* with a good
accuracy [2]. Hence. if one samples the data as a function of p*. interpolation to the pole
p? — M? = 2Me, where ¢ is the deuteron binding energy. should be smooth as long as the
momentum of the spectator nucleon is < 100-200 MeV /e.
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Tagged nuclear structure functions with HERMES
Silvano SIMULA

INFN, Sezione Sanita, Viale Regina Elena 299, 1-0016] Roma, Italy

Abstract: The production of slow nucleons in semi-inclusive deep inelastic electron
scattering off nuclei, A(e,¢'N)X, is analyzed for kinematical conditions accessible
at ' ERA with the HERMES detector. The sensitivity of the semi-inclusive cross
section to possible medium-dependent modifications of the nucleon structure func-
tion is illustrated.

The investigation of deep inelastic scattering (DIS) of leptons off the nucleon and nuclei is a rel-
evant part of the experimental activity proposed both at present electron facilities, like H ERA
and TJNAF, and at possible future ones, like ELFE and GSI. As is well known, existing
inclusive DS data [1] have provided a wealth of informatjon on quark and gluon distributions
in the nucleon and nuclei. However. important questions, concerning, e.g.. the mechanism of
quark and gluon confinement as well as the origin of the EM(C" effect. are still awaiting for more
clear-cut answers. To this end, the investigation of semi-inclusive D18 processes is expected
to be of great relevance. Recently. in [2]-[5] the production of slow nucleons® in semi-inclusive
DIS processes off nuclei, A(f,#'N)X. has been analyzed within the so-called spectator mech-
anism, according to which, after lepton interaction with a quark belonging to a nucleon of a
correlated nucleon-nucleon (N N) pair, the recoiling nucleon is emitted and detected in coinci-
dence with the scattered lepton. The basic idea is that the momentum of the recoiling nucleon
carries information on the momentum of the struck nucleon before lepton interaction, allowing
to tag the structure function of a nucleon bound in a nucleus. In Ref. [5] the semi-inclusive
reaction *H(,('N)X has been analyzed. showing that the experimental investigation of this
process can be an effective tool to get information on the neutron structure function as well
as on the neutron to proton structure function ratio. The aim of this contribution is to show
that, at kinematical conditions accessible at HERA with HERMES, the semi-inclusive cross
section of the process A(e.¢'N)N, for 4 > 2. exhibits an appreciable sensitivity to possible
medium-dependent modifications of the nucleon structure function.

In case of electron scattering the semi-inclusive cross section reads as follows

dt ' o o
dE.. dQ {:”g oL’ Ey oafon Z Vilz. Q%) W2, Q. 5) (1)
¢! Uit 22 U3lz

=L T.LTTT

“By slow nucleons we mean nucleons with momentum up to ~ 0.7 Gel'/ein a frame where the target is at
rest (lab system).
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where 2 = Q*/2Mv is the Bjorken variable; Q? = —¢* = @ —v* > 0 is the squared four-
momentum transfer; V; is a kinematical factor; W/ is the semi-inclusive nuclear response; piy is
the momentum of the detected nucleon and E, = /M2 + Pt its energy (p2 = |fa]).

Let us consider the process in which a virtual photon interacts with a nucleon of a correlated
NN pair, and the recoiling nucleon is emitted and detected i coincidence with the scattered
electron. Within the impulse approximation and in the Bjorken limit, the semi-inclusive nuclear
structure function Fj'(x, ) is given by the following convolution formula (cf. 12])

My . B
Faf) = M Y Zy, / R > TR / dFe . dE®
T 2

Ni=np

Prvy vy (Ream. = B B E®) 8(Ma = M(2y + 2) = M)_y24_2) (2)

where Z,,) is the number of protons (neutrons); ky and K, are initial nucleon momenta in
the lab system before interaction with c.m. momentum Fo = Fy + ko o=k + ¢ and
7 = ky are nucleon momenta in the final state; F}¥ is the structure function of the struck
nucleon. In Eq. (2), x/z, is the Bjorken variable of the struck nucleon having initial light-
cone momentum zy = ki /M; z; = (Ey — pycos0y) /M is the experimentally measurable light-
cone momentum of the detected nucleon (6, is the detection angle with respect to q); z4_2 =

(\/(.’W;{_z)2 + k2 + (kf,.,,_)”)/.\l_j:_2 is the light-cone momentum of the residual (A-2)-nucleon

system with final mass Mj_, = Mu_2+E%_, and intrinsic excitation energy £5_,. The relevant
nuclear quantity in (2) is the two-nucleon spectral function Py, n,. which represents the joint
probability to find in a nucleus two nucleons with momenta Fy and Fy and removal energy
E®. For deuteron it simply reduces to the nucleon momentum distribution and for *He to
the square of the wave function in momentum space, times the removal energy delta function
J(E""’—E,(::). with l,(,fz = 2M + M 4_y — M4 being the two-nucleon break-up threshold. In case
of *He and heavier nuclei, the two-nucleon spectral function is not yet available in the exact
form; however, realistic models taking into account those features of the two-nuicleon spectral
function which are relevant in the study of semi-inclusive DS processes, have been developed
[2]-[4]. In this contribution the 2NC model of Ref, [6]. where the c.m. motion of the correlated
pair is properly taken into account, is adopted, viz.

Provy (R, Ry E®) = il (1Fs = ol /2) nii, (1Fy + Ral) 6B — B (3)

where nj'\ﬁl"\} and n{!y, are the momentum distribution of the relative and c.m. motion of the
correlated Ny N, pair, respectively. We point out that the 2N¢C" model reproduces the high
momentum and high removal energy components of the single-nucleon spectral function of *He
and nuclear matter, calculated using many-body approaches, as well as the high momentum part
of the single-nucleon momentum distribution of light and complex nuclei (see [6]). Therefore.
in the kinematical region 0.3 GeV/e < py < 0.7 Ge V/e for the momentum of the recoiling
nucleon, the non-relativistic description (3) of the nuclear structure is expected to be well
grounded. Using the 2NC model, the nuclear effects on the energy and angular distributions of
the nucleons produced in semi-inclusive A{e, €'N).X processes have been extensively investigated
[2]-[4], showing that backward emission is strongly enhanced when the effects due to the c.m.
motion of the correlated pair are taken into account.

Besides the spectator mechanism, there are other reaction mechanisms which could lead to
forward as well as backward nucleon emission, like, e.g., the so-called target fragmentation of
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the struck nucleon (see [2]) and the hadronization processes following lepton interactions with
possible six-quark (Gg) cluster configurations at short NN separations (see [3.4]). Furthermore.
it should be considered that within the spectator mechanism the virtual boson can be elastically
absorbed by the struck nucleon. The contribution from this process, which involves the nucleon
form factor instead of the nucleon structure function, vanishes in the Bjorken limit, but it can
affect the semi-inclusive cross section at finite values of Q% and for r — 1. In what follows. we
will refer to such a process as the quasi-elastic (Q £') contamination.

The semi-inclusive cross section of the process '*("(e, ¢'p).X has been calculated including in
(1) all the nuclear response functions and considering electron kinematical conditions accessible
at HERA with HERMES (i.e., E. = 30 GeV and Q? in the range 5 + 15 (GeV/c)?). The
relative and c.m. momentum distributions adopted in the calculations are taken from [6]. As
for the nucleon structure function, the parametrization of the SLAC data of Ref. 7] has been
considered. In case of backward proton emission the results obtained for the contributions
resulting from the spectator mechanism, the (above-mentioned) hadronization processes and
the QE contamination are separately shown in Fig. 1 asa function of the kinetic energy 7% of the
detected nucleon. It can clearly be seen that for 50 MeV' < T, £ 250 MeV' (corresponding to
0.3 GeV/e £ pr < 0.7 GeV/e) backward nucleon emission is mainly governed by the spectator
mechanism (cf. [2]-[4]). Therefore, in what follows. we will limit ourselves to the case of
backward nucleon emission.

In [2] a ratio of semi-inclusive cross sections, evaluated at different values of = but keeping
fixed both @Q* and the nucleon kinematical variables, has been introduced. viz.

Ri(zo,7: Q% p2) = d*a(z, Q% p2) | d'o(x0, Q% pa) (4)

The ratio R, turns out to be almost independent of the effects due to the rescattering of the
recoiling nucleon with the residual (A —2)-nucleon system (cf. [2]): such an important feature is
mainly due to the fact that the nucleon kinematical variables are the same in the numerator and
denominator of the cross section ratio . Inorder to investigate the sensitivity of /; to possible
medium-dependent modifications of the nucleon structure function. three models available in
the literature have been considered. In the first one [8] the valence-quark distributions in the
nucleon are expected to be suppressed when the nucleon is hound in a nucleus. since point-like
configurations (plc) in the nucleon should interact weaker in the medium with respect to normal-
size configurations. In [8] the suppression factor is expected to be a function of the momentum
of the struck nucleon. The second and third models are ()*-vescaling models [9. 10]. where the
rescaling is driven by nucleon swelling [9] or by the off-shellness of the struck nueleon [10]. The
results obtained are reported in Fig. 2 in terms of the ratio of the quantity R,. evaluated using
the medium-modified nucleon structure function, to the quantity [y, calculated with the free
F. It can clearly be seen that the ratio R, is remarkably sensitive to possible deformations
of the nucleon structure function.

Another useful cross section ratio can be defined as
Ro(Q5. Q% x.jia) = dio(r. Q%) | d'alx.QF. ) (3)

where both z and the nucleon kinematical variables are kept fixed. The ratio R is expected
to be mainly dominated by the Q* behaviour of the nucleon structure function. As a matter
of fact, explicit calculations show that A, is almost independent both of p, and of the mass
number A, when the free nucleon structure function is adopted. Besides the three models

1071

- ——— Ty —
$ r 1 8 !
3 3 1 E 3
< 4otk .

5 10 !\ . 10 r 1
2 Tl 1 2 r E
= aF — £ S 1
~ 10 r “=--3 - afF S~ao 3
3 . i 107 S L
E10ff  (@x=02 15 F T3
g a i & sE (b) X =04 =
© r 1 2 10°

wt BF J—— 3 r }
Y 10 r e 1 4 3 I LI TUTTIE
© ¥ e i gt
"=10-!0=r.-1".".1,...|....1....! ‘:10-7:....1....1....1.,..-!

50 100 150 200 50 100 150 200
Tz (MeV) T2 (MeV)

< e — et < T

2 1 & 102} ]
“f g ] s ! -!
2 102 ] 3 r k
£ (o) x=06 1 & o fu ’
s E i = Pl R
% !"‘\‘ 1 E 3
G. 107 - e 1 = 4

g Lciiitiinmmnn s 1 & 10°F S e T
Sor el d ¥ @x=08 S T

U E e = 3 ~
T . AT N B WP '§10~8'““|.J..|...;1...‘.~

50 100 150 200 50 100 150 200
T, (MeV) T, (Mev)

Fig. 1. The semi-inclusive cross section (1) of the process “*C'(e,¢'p)X, evaluated at Q* =
10 (GeV/e)* and for backward proton emission at 8; = 140°, versus the kinetic energy T, of
the detected nucleon at various values of the Bjorken variable z. The solid lines are the results
obtained within the spectator mechanism. The dashed lines correspond to the proton emission
arising both from the target fragmentation of the struck nueleon, evalvated as in (2], and from
virtual photon absorption on Gq cluster configurations, evaluated as in [3, 4], The dotted lines
are the contribution from the QF contamination (see tert).
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g Wr .R.I.(':,..----""""'"‘j Fig. 2. The ratio of the quantity Ry(zxq =
i} .' 1 0.3,2:Q% ) (Eq. (4)). calculated using
o 10K S medium-modified and free nucleon  structure
. _ - “~._swelling 1 funetions. The ru(vululim.x.s' have been prrjm"m(d
—~ . ey B in case of the process C(e,e'p)X at Q¥ =
0 Yiga B RS 10 (GeV/e) pp =04 GeV/e and for backward
5 r proton kinematics (8, = 140°).  The dotted,
g 07 E gl dashed and solid lines correspond to the models
o off-shellness of Refs. [8], [9] and [10], respectively.
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X

employed in the calculations shown in Fig. 2. a further model [11] has been considered. It
generates both z- and Q*rescaling of 1'}\ . driven by binding effects on the energy transferred
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Fig. 3. The ratio of the quantity R2(Q3 = 1 (GeV/e) . Q% x.5) (Eq. (5)). caleulated using
medium-modified and free nucleon structure functions. The caleulations have been performed in
case of the process '*C(e.e'p)X at z = 0.6 and for backward nuclcon kinematics (8, = 140° ).
The solid, dashed, dotted and dot-dashed hnes correspond to p; = 0.3,0.4,0.5 and 0.6 Gel'/c,
respectively. The models adopted for the description of the medium-dependent modifications of
EYN are from [8] (a). [9] (b). [10] (¢) and [11] (d). respectively.

to the struck nucleon. The results are shown in Fig. 3. It can be seen that also the ratio R; is
appreciably affected by possible deformations of the nucleon structure function and, moreover,
the py-dependence of the deviations with respect to the predictions obtained using free FY,
could provide relevant information on the type of medium effects on F}¥.

Before closing. it should be reminded that our calculations have been performed within
the assumption that the debris produced by the fragmentation of the struck nucleon does not
interact with the recoiling spectator nucleon. Estimates of the final state interactions of the
fragments in semi-inclusive processes off the deuteron have been obtained in [12], suggesting that
rescattering effects should play a minor role thanks to the finite formation time of the dressed
hadrons. Moreover, backward nucleon emission is not expected to be sensitively affected by
forward-produced hadrons (cf. [13]}, and the effects due to the final state interactions of the
fragments are expected to cancel out (at least partially) in the cross section ratios Iy and R,

In conclusion. the production of slow nucleons in semi-inclusive deep inelastic electron scat-
tering off nuclei, A(e,€’N).X, has been investigated in kinematical regions accessible at H ERA

with the HERMES detector. It has been shown that backward nucleon production is mainly

governed by the spectator mechanism, provided the Bjorken variable & and the kinetic energy
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of the detected nucleon are in the range 0.2 + 0.8 and 50 = 250 MeV', respectively. The ratios
(4) and (5) of the semi-inclusive cross sections, evaluated at different electron kinematics keep-
ing fixed the nucleon ones. exhibit an appreciable sensitivity to possible medium-dependent
modifications of the nucleon structure function.
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Probing the nucleon meson cloud in semi-inclusive
deep inelastic scattering: Tagging of ‘He

A.E.L. Dieperink

Kernfysisch Versneller Instituut, Zernikelaan 25, NL-9747AA Groningen, The Netherlands

Abstract: It is proposed to study the pion cloud component in the nucleon using
semi-inclusive deep inelastic scattering on light nuclear targets in which the recoiling
target nucleus is detected.

1 Introduction

The meson cloud model provides a convenient phenomenological model for treating the non-
perturbative sea effects. It has been applied successfully to explain both the SU(2) sea, (d—u)
as well as the SU(3) flavor symmetry breaking (25 — @ — d) effects in the nucleon, observed in
inclusive dis and DY experiments. More detailed tests of the pion cloud model can be addressed
in exclusive scattering, as originally proposed by Lusignoli [1] to determine the pion structure
function. This can be achieved in principle by detecting the slow recoiling proton (or isobar)
after dis on a proton target. However, it has been pointed out [2, 3] that the semi-exclusive
cross section at all but the smallest  values is dominated by background contributions from
di-quark (target) fragmentation.

Several ideas to isolate the meson process from the fragmentation contribution have been sug-
gested. First the measurement of polarization transfer using a polarized proton target [3].

In this note we discuss the semi-inclusive dis on a nuclear target [4] A(N, 2)

e+ A(N,Z2) € + AN, Z2')+ X.

We argue that in this case the target fragmentation process in which one nucleon is destroyed
will in general lead to breakup of the A system whereas in the meson cloud in principle there
is a chance to leave the recoiling nucleus A in the ground state. The deuteron has 1sospin
T —= 0 and does not couple elastically to pions and neither does “He. Therefore it is natural to
consider the process on a 3He target in which cither *He (corresponding to an interaction with
a 7°), or °H (interaction with 7% ) is detected.

2 The semi-inclusive cross section
For simplicity we neglect final state interactions between spectators and debris of hit hadron.
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2.1 Kinematics

We define the variables in the target rest frame and take ¢ along the 2 axis.

Kinematics is defined by the lc. variables z = ;qm—: , Q* = 4EE'sin?(0/2), y = E‘TE' for the
photon, and p} = p*sin’a, z = p~ /ma, for the observed nucleus (m = my).

Then the four-momentum of the hit pion #(2,pr) = tmax — Pr/2, Where tmax = —m3(1-z)?/z.
In terms of ¢ the three-momentum of the recoiling nucleus is |p| = Trve i 4mit.

Therefore the slowest recoil (in the trf) occurs when ¢ is maximal (¢ = 0),i.e ifz=1

Also for given z no particles with target mass (m4) are produced beyond the kinematical limit
z > P4(1 - 2), i.e. for tmin = tmex = —maz?/(1 - *z).

. T )=t s .
In the trf the polar angle is cosa = %%,‘r‘ with a maximum value @max = arccos y'1 — z%.

2.2 Cross section

The semi-inclusive cross section for the reaction e+ A4 — '+ X + Ais given by (after integrating
over the azimuthal angle @)
do _ 4ma’s
dedydzdph: Q%

(zv?H: + (1 - 9)Ha)

where H;(z, z, pr) are the semi-inclusive structure functions.
Using the pion cloud model for Ha, the Bjorken limit, H, = H,/2z, and integrating over y one
finds

do 47razsgf.AA(—t)lF,M(t)lez"(r,)
dedzdpl ~  Q* 1672 (t —m2)? '
where the effective pion lc momentum is =, = ﬁﬁ

The nuclear pion form factor, Fr4(t), can be related to the axial form factor F3(t), Fraa(t) =
Fraa(0)F5(t)/F3(0). We may assume that the ¢ dependence of the axial nuclear form factor is
the equal to that of the vector one.

We note that the cross section is a delicate tradeoff between the ¢ dependence of the nuclear
form factor Fu(t) which favors small values of |t| (and hence z = 1, pr small) and the pion
structure function F,"(:’—(—I‘_—x)) which decreases rapidly with increasing z — 1 — *-z.

3 Estimates

Let us discuss the special case of a *He target. The magnetic form factor for *He is parametrized
as [5] Fa(t) = (exp At + Btexp Ct), with 4 = 0.48 fm*, B =0.18 fm?, and C = 0.85 fm?.

For concreteness let us consider z = 0.1 and a kinetic energy of the recoil of T' = 10(25) MeV,
at a = 30° (in practice the smallest angle).

Then |p] = 237(375) MeV/c, ps = 205(325) MeV/c, pr = 119(188) MeV/c, z = 0.93(0.89) Then
the corresponding values of ¢,z are t = —(237 MeV/c)? and t = —(374MeV/c)? , z, = 0.48
and z, = 0.30, respectively.

As an example we show in figure 1 the differential cross section as a function of z and a for
z = 0.10 and z = 0.15.
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Figure 1: Semi-inclusive cross section for z — 0.10 (left) and z = 0.15 (right). The angle
a = 30,40,50° (top to bottom )

4 Discussion

The reaction discussed above can be considered as one example of deep inelastic diffractive
scattering on a nucleus in which the nucleus as a whole emerges intact. At smaller values of
z, (z < 0.1) one would expect that heavier mesons or reggions will dominate the reaction.
Of particular interest are o meson exchange, and at very small z one could even speculate on
a ‘nuclear pomeron’ exchange, characterized by vacuum quantum numbers. In principle one
could distinguish between the various processes by detecting different iso-spin 73 members of
recoiling nuclei or by using targets with various isospin 7'.

For example on a 4 = 3 target the ratio of *He and 3H in the final state, or “He and d targets
(T =0) to check pion isospin selection rule,

In addition the dependence on @2, the photon-target center of mass energy, W2 = (P + ¢)? =
m% + Q*(1/z — 1), or M3 = (P +q—p)?is expected to be different for the various processes.
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Meson Cloud Signatures in Semi-Inclusive DIS from
Polarized Nucleons

W. Melnitchouk®, A.W. Thomas®

* Department of Physics, University of Maryland, College Park, MD 20742, USA
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Abstract: We investigate the possibility of identifying an explicit mesonic com-
ponent of the nucleon wavefunction through measurements of polarized A++ and
A fragments produced in deep-inelastic leptoproduction off polarized protons. The
meson-exchange model predicts a high correlation between the polarizations of the
produced baryon and the target proton. in marked contrast with the competing
diquark fragmentation process.

1 Introduction

A number of recent experiments have suggested quite non-trivial symmetry breaking effects
among the nucleon’s quark distributions. The @ — d asymmetry, for example, has been estab-
lished by the New Muon and NA51 Collaborations at CERN [1]. an intuitive understanding of
which is provided by a pionic cloud around the nucleon [2]. A non-perturbative kaon cloud. on
the other hand, may also generate an asymmetry between the strange and antistrange quark
distributions in the nucleon. which the CCFR Collaboration [3] has recently investigated, as
well as a polarized strange quark distribution, which may contribute to the explanation of the
observed violation of the Ellis-Jaffe sum rule [4].

While strongly suggesting that non-perturbative effects play an important role in nucleon
DIS, the results of these experiments do not rule out mechanisms other than meson clonds as
those responsible for the symmetry breaking in the quark distributions. Indeed. the evidence
for the meson cloud picture is rather indirect, and it seems a formidable challenge to seek direct
experimental confirmation of mesonic effects in inclusive DIS. The pertinent question to ask
is whether pions or kaons leave any unique traces at all in other processes, which cannot be
understood in terms of perturbative quark and gluon degrees of freedom alone.

We propose a series of experiments involving tagged structure functions in semi-inclusive
DIS on polarized protons, in which the nucleon’s meson cloud may in fact give rise to rather
characteristic fragmentation distributions in comparison with the predictions of parton model
hadronization [5]. These differences will be significantly enhanced when initial and final state
polarization effects are included [6]. With thqpigh luminosity beam. polarized internal tareets
and 47 detectors capable of capturing slow moving baryons, one should be able to perform this
experiment at HERMES.

2  Kinematics of Target Fragmentation

We focus on semi-inclusive production of polarized A++ baryons from a polarized proton,
e — ¢/AtT X~ Because the g1 structure function of a pion is zero, an unpolarized electron
beam will suffice for this purpose. The choice of the A++ for the final state baryon reduces
the backgrounds that one would otherwise have to consider due to the decay of As themselves.
Furthermore, the decay products of A* or A” would include neutral hadrons whose detection
would be more difficult, thus increasing the overall experimental uncertainties. Studies of the
spin dependence of the fragmentation process here will require the target proton polarization
to be parallel to the photon direction, with the spin of the produced baryon quantized along
its direction of motion. Experimentally, the polarization of the produced A+t (for the spin
projection +3/2 and +1/2 states) can be reconstructed from the angular distribution of its
decay products (p and 7). For the case of the K clond. the relevant reaction to observe is
ep — e'AXT. Determining the polarization of the A hyperon is considerably easier because the
A is self-analyzing.

In order to separate cleanly the target and current fragmentation regions requires high values
of Q% With a 30 GeV electron beam at HERMES one will probe the 0.05 < = < 0.1 region,

which is relevant for the pionic contribution, up to Q* ~ 5 GeVZ and W? = (P + ¢)? < 50
GeV?, where P and g are the target nucleon and photon four-momenta. respectively.

In the rest frame of the nucleon the produced baryons will typically be slow, with three-
momentum given by:

1 / P P . 2
p| = WV'AH+.\I§—11-'—4.\1-‘.11,; . (1)
where M is the nucleon mass, Mg the produced barvon mass. and ¢ = —p3/C = (ME—=M3*¢)(1-

()/¢ is the four-momentum transfer squared hetween the proton and baryon, with { = p-q/P-q
the light-cone fraction of the target proton’s momentum carried by the baryon. The slowest
baryons will be those for which t is maximized. which occurs when ¢ — L. As the upper limit on
(is 1 =z, slow baryon production also corresponds to the z — 0 limit. and the slowest possible
particles produced at ( = | (at 2 = 0) will have momentum [Prin| = (ME — M?)/2M = 340
MeV for B = A, and = 193 MeV for B = A. For the pion-exchange process considered here, the
peak in the differential cross section occurs at [p| ~ 600 MeV, which. for ¢ ~ 0.8, corresponds
to a missing mass of p} = (P — p+¢)* ~ 5 GeV? for Q? ~ 1 GeV? at HERMES energies,

3 Pion Cloud Dynamics

The pion model is a dynamical model of the nucleon where the dissociation of physical nucleon
into a pion and an “undressed” nucleon or A is explicitly witnessed by the probing photon. In
the pion-exchange model the differential cross section is:

do PO F/(0-0,¢)
dadQ*d(dp3. (t—m?2)?

TG, (2)
where F.4 is the hadronic pion-nucleon formdggtor. and FY the pion structure function. The
quantity 1'% *(t) is the amplitude for a nucleon of spin S to emit a pion of four-momentum
squared t, leaving a A with spin s.



Note that Eq.(2) is correct only on the light-cone — in the instant-form approach the
factorization of the 7.V cross section into 4 = and = N cross sections holds only in the infinite
momentum frame [7]. The formulation on the light-cone also allows one to use the on-mass-shell
structure function of the pion in Eq.(2) [8]. without the need to extrapolate the pion structure
function into the (unknown) off-mass-shell region. For the 7 NA form factor in Eq.(2) we take
the form suggested in earlier studies of the pionic content of the proton in inclusive DIS [8]:

2 o (A M2N .
Foalpr-€) = (_—.\'-'H,A i (3)

where s;5 = (m2 + p3)/(1 = ¢) + (M3 + p3)/¢. Since the form factor on the light-cone is
not yet very well constrained, other forms for its shape are also possible, however the effects
discussed will be largely insensitive to the form factor details, and will be dictated entirely by
the proton-pion spin correlations.

Because it is emitted collinearly with the pion, production of A baryons with helicity +3/2
is forbidden, which leads to the selection rule:

TS£i(1) = 0. (4)
The yield of spin projection +1/2 states is finite, on the other hand, and given by:

THha) = [0 = Ma)? ~ 1] (3 + M) =] (1 £ cosa). (5)

1
12M3
Because the production of A baryons is limited to forward angles in the target rest frame.
the factor (1 & cos a) associated with the final state polarization will significantly suppress the
s = —1/2 yield relative to that of s = +1/2 final states.

The differential cross section, Q*d®a /drd(*d(, for the individual polarization states of the
produced A** (for DIS from a proton with S = +1/2) is shown in Fig.1(a) for typical HERMES
kinematics, r = 0.075, Q% = 4 GeV? and E = 30 GeV. The pion-exchange model predictions
(solid curves) use the form factor in Eq.(3) with a cut-off A = 800 MeV, which is consistent
with the earlier studies of the contribution of the pion cloud to the inclusive cross sections [8].
and which gives for the average number density of the 7A component < n >.ax 0.02. The
spectrum shows strong correlations between the polarizations of the target proton (§ = +1/2)
and the AT™,

A potentially significant background will be that due to uncorrelated spectator fragmen-
tation. We can estimate the importance of this process within the parton model framework,
in which the differential cross section is assumed to factorize into a product of the polarized
quark distribution in the nucleon with the fragmentation function for the spectator system to
fragment into a baryon with polarization s. For the quark helicity distributions we can use
the parametrization from Ref.[9], while for the fragmentation functions we adopt the model of
Ref.[6], which combines empirical [10] information on the unpolarized diquark fragmentation
functions together with SU(6) relations amongst the spin-dependent fragmentation functions.

In Fig.1(a) the parton model predictions (dashed) for the various polarization states of the
A are plotted in comparison with the pion'eXf?gixge cross sections. In the quark-parton model
the correlations are significantly weaker, with the ratio of polarized As being s = +3/2: +1/2:
—1/2:-3/2~3:2:1:0. The comparisons assume that there is no significant interference
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Figure 1: (a) Differential electroproduction cross section for various polarization slates of the
At (for x = 0.075, Q* =4 GeV* and E =30 GeV). The m-cxchange model predictions (sohd
curves: top s = +1/2, bottom s = —1/2) are for a cut-off mass A = 800 MeV. The quark-parton
model background estimates (dashed) are for s = +3/2 (largest), +1/2 and —1/2 (smallest).
(b) Polarization asymmetry for the w-exchange (solid) and diquark (qq) fragmentation (dashed)
models, where o is the sum over all polarization states.

hetween the parton fragmentation and pion-exchange contributions. At small values of the
exchanged four-momentum squared ¢ one may expect this to be a good approximation, since
the distance scales at which the pion and diquark are formed are rather different. For larger
values of ¢ this approximation may be less justifiable. and the possibility would exist that
interference effects could modify the above simple predictions. This problem would be most
pronounced for hard 7 NA vertices, however for relatively soft form factors (A < 800 MeV). as
we have used, the above predictions should be a reliable guide.

Although the total unpolarized parton model cross sections are larger than the pion-exchange
cross sections, even at larger values of ¢ where the pionic effects are strongest., the differences be-
tween the pion-exchange model and fragmentation backgrounds can be enhanced by examining
polarization asymmetries. Note that from the angular distributions of the decay A+ — prt
one will be able to experimentally differentiate the s = £3/2 and s = +1/2 components of
the A. In Fig.1(b) we show the difference at3? _ g+1/2 where of = Q*d®0\) /dadQ*d(. as a
fraction of the total unpolarized cross section. The resulting ¢ distributions are almost flat. but
significantly different for the two models. In particular, because of the selection rule in Fq.(1)
the pion model predicts a large negative asymmetry. while the asymmetry in the diquark frag-
mentation model is small and positive. The ratios for t-dependent monopole and dipole form
factors [8, 11], are almost indistinguishable from those in Fig.1(b). Therefore. a measurement
of the polarization asymmetry appears to test only the presence of a pionic component of the
nucleon wave function, independent of the details of the form factor.

Of course the two curves in Fig.1(b) represent extreme cases, in which As are produced
entirely via pion emission or diquark fragmentation. In reality we can expect a ratio of polar-
ization cross sections which is some average of the curves in Fig.1(h). The amount of deviation
from the parton model curve will indicate the extent to which the pion-exchange process con-
tributes. Unlike inclusive DIS, which can only be used to place upper bounds on the pion
number, the semi-inclusive measurements coufgs;}in down the absolute value of < n >:a.
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Figure 2: (a) \ production cross section in the K-exchange model, for a form factor cut-off
A =800 MeV, for s = +1/2 (upper solid curve) and s = —1/2 (lower solid) final stales. (b)
Polarization asymmetry for K-erchange (solid) compared with a leading fragmentation approi-
imation estimate for the parton fragmentation process (dashed). (The kinematic conditions are
as in Fig.1.)

4 Kaon Cloud of the Nucleon

A direct test of the presence of a kaon cloud of the nucleon would be to observe also the
differential A production cross section at large ¢, and in particular the relative polarization
yields. Although some data do exist for A production in the target fragmentation region [12].
the large errors and limited kinematical range covered do not permit one to unambiguously
discern the presence of K effects.

The differential hyperon H (= A.X°) production cross section (included in the observed A\
cross section will be contributions from ¥ recoil states. which subsequently decay 1o A7) is
similar to the pion cross section in Eq.(2). with the trace factor here given by:

+1 4L W2 .
T 531 = = ((My = M)* 1) (1 £cosa), (6)

| —

for a proton initially polarized in the positive-z direction.

The A production cross section for the two possible polarizations in the A-exchange maodel.
with a form factor cut-off A = 0.8 GeV. is shown in Fig.2(a) as a function of (. The target
and recoil polarizations are predicted to be very strongly correlated. so that the asymmetry
shown in Fig.2(b) for the cross sections (V2 — g7V /(g2 + ¢='/?) is almost unity. The
K-exchange ratios are very similar to the 7-exchange results in Fig.1(b). indicating the similar
spin transfer dynamics inherent in the meson cloud picture of the nucleon.

This is in strong contrast with the expectation from the g¢ — A diquark fragmentation pic-
ture, in which the target-recoil spin correlation is much weaker. In fact. to a first approximation
the A" yields in the quark-parton model are equal [6]. Since one has equal probabilities to
form a A! and Al. in the leading fragmentation approximation the asymmetry will be zero. Of
course, SU(6) symmetry breaking effects. as well as non-leading fragmentation contributions.
will modify this result, as will contributions from the production and decay of ST hyperons.
However, the qualitative result that the asymypggry is small should remain true. Therefore the
observation of a large polarization asymmetry in the large-C region of the target fragmentation
region will be evidence for a kaon-exchange fragmentation mechanism.

5 Conclusion

We have outlined a series of semi-inclusive experiments on polarized proton targets that may for
the first time enable one to unambiguously establish the presence of a pion and kaon cloud of the
nucleon at high energies. Instrumental in identifying the mesonic signature will be detection of
the polarization of the slow fragments in the target fragmentation region, which should largely
eliminate the backgrounds resulting from the competing diquark fragmentation process. While
the experiments proposed here are difficult, requiring all the intensity and duty factor one can
obtain at HERMES. it does seem that they will provide quite clear information on the role of
the pseudoscalar mesons in the nucleon.
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Abstract: We analyze the production of soft neutrons (Ex < 10 MeV) in deep
inelastic scattering and conclude that the recent E-665 data indicate strong sup-
pression of the final state interactions in DIS at high energies. Hence we suggest
that studies of the energy dependence of the soft neutron yields would provide a
sensitive probe of the dynamics of the final state interactions in DIS.

The final state interactions (FSI) in deep inelastic scattering allow us to probe the space-
time evolution of strong interactions. Observing these effects is a challenging job, especially if
one wants to study their energy dependence. The soft neutron vield (E, < 10MeV ) is one
of the very few observables which can be studied both at fixed target energies using standard
detectors of low energy neutrons and at collider using a forward nentron calorimeter !

The mechanism of soft neutron production is reasonably well understood - such neutrons
are produced by pre-equilibrium emission and evaporation from the residnal nuclear system left
after the cascade stage of the fast particle-nucleus interactions. In the case of heavy nuclei these
neutrons provide the major channel of “cooling” of the residual system. For intermediate A,
where the Coulomb barrier is not high, neutrons take away about half of the excitation energy,
with the rest carried by the charged fragments.

The total neutron multiplicity is appromimately proportional to the number of nucleons
knocked out from the nucleus at the fast stage of interaction provided the number of the
number of of knocked out nucleons is sufficiently small. Therefore, the measurement of such a
multiplicity should provide a global measure of the number of wounded nucleons. The standard
Monte-Carlo cascade codes describe the neutron vields in the intermediate energy reactions
(Eine < 1GeV) reasonably well. We estimate the precision of current codes to be on the level
~ 20%, which includes all possible reasonable variation of the input parameters such as the
level density of nuclear states, etc.

Recently the E-665 collaboration [2] has reported the first data on the production of low
energy neutrons with kinetic energies £, < 10 MeV in DIS of high energy muons off a number
of nuclear targets: D, C, Ca, Ph. Relatively small average multiplicity of such neutrons,
(Nu(A)) was reported:

(Nu(Pb)(E, <10 MeV)) ~5+1+0.3. (1)

(Nu(Ca)(E, <10 MeV)) ~ 1.8 + 0.5 + 0.3. (2)

The second error reflects systematic errors associated with the method of background subtrac-

tion which assumed that background is the SR for scattering off the denteron. Obviously

!Note that for collider kinematics, soft neutrons have energies = E4 /A4 and very small transverse momenta.

As a result the H1 and ZEUS neutron detectors have nearly 100% acceptance for these neutrons. [1)

_—

this assumption is more important for the case of lighter targets where overall neutron multi-
plicity is smaller. Hence we will concentrate on the analysis of the Ph data and briefly comment
on the Ca data.

It appears that the only available high-energy data on production of soft neutrons were
obtained at ITEP [4] for the incident protons with 1.4 < pi"® < 9 GeV/c. We find that in
the overlapping energy range: 7.5 MeV < E, <10 MeV the spectra measured in the two
experiments using lead target have similar shapes. However, the nentron multiplicity is much
higher for the high-energy proton projectiles, which reflects the much larger number of wounded
nucleons in pA interactions. To compare the number of neutrons produced per wounded nucleon

e ol 1 dod(a+A—n+X) P iectiles <inen | Ny e
we calculated Aora (@) TpTE for proton and muon projectiles, since in the Glauber type

models without secondary interactions this quantity does not depend on the projectile [3]. We
still found about a factor of two larger value of this quantity for the proton case, indicating
that secondary interactions are more important for the proton projectile.

The DIS data were taken for small z where some nuclear shadowing is observed. Shadowing
leads to increase of the fraction of diffraction events in which no neutron is produced. However
at the same time shadowing leads to increase of contribution of events where ~* inelastically
interacts with > two nucleons. It is easy to check that the overall effect is a small increase in
the neutron multiplicity. So for the rough estimates we will neglect shadowing in the further
analysis.

It is generally assumed that in DIS high-energy hadrons are formed beyond the nuclens
and that only hadrons with energies < few Ge\’ are involved in FSL. The most conservative
assumption seems to be that only recoiling nucleons reinteract in the nucleus, The spectrum
of these nucleons can be approximated at small + and not very large energies, where the triple
Pomeron contribution is still small, as

1 "(lCY.'. +p—=N+X

ol A2\ /3 :
7 BE x exp(Ap; vz, (3)

with (pf)”2 ~ 0.4 GeV/c, see discussion in (3]. Here z is Feynman 2 for the nucleons. Therefore
the average kinetic energies of the produced nucleons in the nucleus rest frame are of the order
300-400 MeV. Hardly any time formation arguments could be applicable in this case. So
production of soft nucleons through the creation of the hole due to removal of one nucleon
and subsequent interactions of this nucleon with the rest of the nucleus should be considered
as a lower limit for the rate of the soft neutron production. This limit obviously does not
include production of soft neutrons in the process of absorption of slow pions produced in the
elementary lepton-nucleon DIS, for which time formation arguments do not apply as well.

To estimate this lower limit we used a Monte Carlo code for the intermediate energy hadron
-nucleus interaction for all stages of the process: cascade, which includes processes of knock-
out of nucleons, production and subsequent interaction of pions, pre-equilibrium emission and
evaporation of neutrons and charged particles, see e.g. [5]. The total number of simulated
events in every case was 50000. We focused on the case of scattering off Pb, since the mnon
data are more accurate in this case. We checked onr version of the code using ITEP data [4]
and found a good agreement with these data. see Fig.1, confirming that we can trust predictions
of the code with stated above accuracy of abou088 %. To calculate the rate of the soft neutron
production we considered the following model: (i) a nucleon was removed from any point in the
nucleus with a probability proportional to the nuclear density: (ii) An energy W was assigned to




it, (iii) Nucleon propagation in the nuclear medium and subsequent production of soft neutrons
was modeled using the Monte-Carlo code tested using pA data.

The multiplicity of the produced neutrons for different cutoffs in £, is shown in Fig.2.
One can see that for kinetic energies of interest: 200 MeV < W < 500 Me\V the soft neutron
multiplicities rather weakly depend on W. We estimate

(N, (Pb)(E, < 10 MeV)) =6+ 15, (4)

lowerlimt
which is reasonably close to the experimental number of 5 = 1. Qualitatively, the shape of the
energy distribution is also reproduced. However, the shape for E,, > 2AMeV” is more sensitive
to the energy spectrum of the knocked out nucleons. Thus a more detailed comparison with
the data would require modeling of the initial spectrum of the knock out nucleons. This will
be reported elsewhere. In the case of uCa scattering our limit for the same cuts is N, (Ca) >
1.240.2 which is somewhat smaller than the number reported by E-665 (eq.2). However within
the systematic errors the lower bound is not significantly below the data. Note also, that in
the case of A < 200 one needs to perform further tests of the codes since deexcitation process
is more complicated in this case: for Ca about 50% of the energy is released via emission of
protons and heavier fragments, though for 4 > 200 neutrons carry practically away practically
all excitation energy.

Let us briefly discuss how many more extra neutrons one could expect from the secondary
interactions e.g. in the string models, where produced quark interacts with effective cross
section a,y; = 20 mb. for discussion of these models and references see [6]. The total number of
nucleons knocked out by the quark can be easily caleulated if the nucleon correlations in nuclei

are neglected:
4-1 .
AN(4) = m//W/T‘(h):l'h. (3)

where T(b) = [%5 dzpa(b. 2), and nuclear density p4(7) is normalized to [ d*rp4(F) = A. For
20 < A €200, AN(A4) x A%, For g,y =20 mb:  AN(Ca) =~ 0.7, AN(Pb) =~ 1.5. Naively
this would lead to increase of our lower bound estimate by a factor of 1.7 and 2.5 respectively.
Clearly, this would be hard to accommodate at least in the case of scattering off Pb.

Thus we conclude that the E-665 data for neutron yield from Pb indicate substantial sup-
pression of FSI. To reconcile this with the data at lower energies where substantial FSI effects
were observed one would need to assume that FSI decrease with increase of the energy. This
is consistent both with the trend of the E-665 data for (N, (Pb)(E, < 10 MeV)) to fall with
increase of Ej,. and with decrease of the probability for the produced fast hadrons to reinteract
with nuclei which was also observed by E663 [7].

We conclude that a systematic study of the energy dependence of the neutron vield starting
from the incident energies available at HERMES is necessary. Since the absorption of the
leading hadrons is expected to decrease rather rapidly with increase of E,,. in the HERMES
energy range, one can expect substantial decrease of the soft neutron vield in the HERMES
kinematics. It would be interesting to study correlation between the soft neutron multiplicity
and the spectrum of leading hadrons (z-distribution. p, broadening, etc). It is necessary also
to repeat the E665 experiment at higher energies to check the rather amazing finding of this
experiment of the low rate of production of i'[?g.rneurrous, If the decrease with Ej,. and low
neutron multiplicity at £, > 200 GeV are confirmed, the soft neutrons would provide a perfect
tool to look for relatively rare final state interactions in DIS at HERA collider at small = by
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Figure 1: Comparison of the results Figure 2: Multiplicity of neutrons produced
of the Monte Carlo cascade-evaporation in the process where a nucleon with energy W

calculation of the neutron spectra in was produced inside Pb for different energy

p+ Pb— n+ X process -solid curves intervals of the neutron energy. Dotted, solid,

with the ITEP data [{] at P, = 1.4GeV /e dashed curves are multiplicities of evaporated

and P, = 2GeV'/c¢ - dashed lines with nucleons for 0 < T, <6 MeV, 0< T, < 10,

open circles and squares. 0< T, <50 MeV dashed-dotted curve is the
total neutron multiplicity.

selecting events with much larger than average neutron multiplicity. The study of soft neutron
production at the electron machines for  ~ 1 and Q* = 0.5 — 1GeV? would be also of help to
check dynamics of low-energy FSI.
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Abstract: The exclusive and inclusive electroproduction off the polarized deuteron
is considered at large Q% and = > 0.5. It is shown that the use of a polarized target
will allow to emphasize smaller than average internucleon distances in the deuteron.
As a result, we expect amplification of all the effects (color transparency, relativistic
dynamics, etc.) sensitive to small internucleon distances. Numerical estimates are
given for the processes ¢ + d=e+p+nande+d— e+ X.

1 Motivation

The theoretical analysis [1] of the intermediate energy Q* ~ 1 GeV? electrodisintegration
of the deuteron at x ~ 1 indicates that there is a fast convergence of the higher (large ()
partial waves of the final pn continuum wave function. As a result, we can substitute the
(infinite) sum over the partial waves with the phenomenological amplitude for pn scattering.
This simplification allows to implement relativistic kinematics of the final state interaction
(FSI) amplitude through the analysis of the corresponding (covariant) Feynman diagrams [2].
The main theoretical conclusion [2] is that, at (J* > 1 GeV?, there exists a unique scheme
of legitimate calculations within the extended eikonal approximation which selfconsistently
accounts for relativistic dynamics. This enhances considerably the exploration potential of
the electroproduction reaction, especially off a deuteron target, whose wave function is well
established at Fermi momenta < 400 MeV /c.

Based on this, we discuss two alternative studies:

o Investigation of the QCD prediction that the absorption of a high momentum virtual
photon by a nucleon leads to the production of a small size color singlet state, optimistically
called a point-like configuration (PLC). Such a study requires selection of kinematics where
small enough Fermi momenta dominate and where the transverse momenta of the spectator
nucleons are large enough so that the dominant contribution is given by the reinteraction of
the PLC with a spectator nucleon (see Sect. 2).

o Probing relativistic effects in deuteron electrodisintegration at moderate Q% < 4 GeV? and
rather large longitudinal Fermi momenta. Such a study will provide a critical discrimination
between the different approaches to high energy scattering off deeply bound nucleons.

Both these studies would greatly benefit from the use of a polarized target. The reason
is that the use of a d allows to enhance the contribution of the D-state in the deuteron’s
ground state wave function. Due to the diminishing probability of the D-state at small Fermi
momenta, these reactions would be sensitive to smaller internucleon distances in the deuteron
as compared to the unpolarized case, leading to an amplification of all the effects sensitive to
small internucleon distances.

2 Color Transparency Effects and Vanishing FSI

In QCD. the absorption of a high @Q? photon by a nucleon produces a PLC, which. at very
high energies, would not interact with the nucleons, thus eliminating FSI. This vanishing of
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the FSI has been termed color transparency (C'T). At high but finite energies, a PLC' is actually
produced. but it expands as it propagates through the nucleus [3]. To suppress the expansion
effects, it is necessary to ensure that the expansion length, I, ~ 0.4(p/GeV), is greater than the
characteristic longitudinal distance in the reaction. In the considered d(e.e'pn) and d(e. e'pN~)
reactions, where one nucleon carries almost all the momentum of the photon while the second
nucleon (or its resonance) is a spectator, the actual expansion distances are the distances
between the nucleons in the deuteron [1]. Thus, suppressing large distance effects through the
deuteron’s polarization, one effectively will diminish the PLC’s expansion. leading to an earlier
onset of C'T.

The scattering amplitude M, including the np final state interaction, can be written as:

1 d*k, . = .
e _ . T P 3
M =<pi.pld > Y / e < piope — keJd > F*P(k) [1 — 23], (1)
where p7 = pi — (E, — m)Mae and E, = /p? + m?2. Here, p, is the spectator momentum and

M, the mass of the deuteron. The difference between i and p. accounts for the longitudinal
momentum transfer. Spin indices are suppressed to simplify the notations. The function
F"P represents the FSI between the outgoing baryons and its form depends on the model
describing the soft rescattering. Within the elastic eikonal (Glauber) approximation (GA).
FoP(k) — f**(ky), where 7" = all(i + a,)e "5 /2 At Q* > 3 (GeV/c)®, the quantities i,
a, and b, depend only weakly on the momentum of the knocked-out nucleon, with of7; = 10
mb, a, =~ —0.2 and b, &~ 6 —8 GeV~? for the kinematics we usec.

The reduced interaction between the PLC and the spectator nucleon can be described
in terms of its transverse size and the distance = from the photon absorption point, i.c.,
in Eq.(1) we replace FP® — fPLON(= k(). For numerical estimates of the reduced I'S]
(z. k. Q?). we use the quantum diffusion model (QDM) [4] as well as the three state
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model [5]. Latter is based on the assumption that the hard scattering operator acts on a nu-
cleon and produces a PLC', which is represented as a superposition of three baryonic states,
|PLCY = X, cnnenes Foun(@%)|m). In Fig.1, we compare the predictions of the elastic eikonal
and the two CT models for the transparency, T' = n[f.f,/nf,"p“ for an unpolarized target. We
consider so-called perpendicular kinematics, where the light cone momentum a = E’%’—i ~ |
and p, < 400 MeV/c. 1t was demonstrated in Ref.[1] that these kinematics maximize the
contribution from the FSI and minimizes various theoretical uncertainties. One can see from

Fig.1 that, optimistically, one may expect 30% effects from C'T at Q* >4 -6 GeV2.

Using a polarized target emphasizes the role of the deuteron’s D-state, allowing to probe
the space-time evolution at smaller space-time intervals. For numerical estimates, we consider
the asymmetry Ay measurable in electrodisintegration of a polarized deuteron with helcities
of £1 and 0: ALQ*.p,) = %ﬁ—' where o(s.) = % and s. is the deuteron’s
helicity. The Q* dependence of the asymmetry Ay for "perpendicular” kinematics, at p, = 300
MeV/c, is presented in Fig.2. One can see from this figure that CT effects can change 44 by
as much as factor of two for Q* ~ 10 GeV?,

3 Study of the Relativistic Effects

Let us consider now different kinematics, namely Q* < 4 GeV® In this case we expect
minimal CT effects and therefore the consequences of the FSI are well under control. The
kinematics, where the light-cone momentuma > 1 and p, = 0, are most sensitive to relativistic
effects in the deuteron. There are several techniques to treat the deeply bound nucleons as
well as relativistic effects in the deuteron. One group of approaches handles the virtuality
of the bound nucleon within a description of the deuteron in the lab. frame (we will call
them virtual nucleon (VN) approaches) by taking the residue over the energy of the spectator
nucleon. One has to deal with negative energy states which arise for non-zero virtualities
(see e.g. Ref.[6]). Due to the binding. current conservation is not automatic and one has
to introduce a prescription to implement e.m. gauge invariance (see e.g. Ref.[7]). Another
approach is based on the observation that high energy processes evolve along the light-cone.
Therefore, it is natural to describe the reaction within the light-cone non-covariant framework
[8]. Negative energy states do not enter in this case. though one has to take into account
so called instantaneous interactions. For this purpose one employs e.m. gauge invariance to
express the “bad” electromagnetic current component (containing instantaneous terms) through
the “good” component J3 = —g4/q_J* [8]. Iu the approximation when non-nucleonic degrees
of freedom in the deuteron wave function can be neglected, one can unambiguously relate the
light-cone wave functions to those calculated in the lab. frame by introducing the LC pn relative

2452
three momentum k = \/H —m?,

Turning to numerical estimates. it is worth noting that it is well established that. by using
a polarized deuteron target in (c.€'p) reactions, one can decisively disentangle the VN and LC
prescriptions (see e.g. [8]). Now using the recent advances in the FSI calculation, one can repeat
a similar comparison for the tensor asymmetry, 720 = o' 407! —20"), accounting also for
the FS1 diagrams. The result of such a comparison is presented in Fig.3 for backward kinematics
(0, = 180°). One can see that account of the FSI further increases the difference between the
predictions of the VN and LC approaches, thus making their experimental investigation more
feasible.

The advantage of using a d target to enhance the contribution of small internucleon distances
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holds even for inclusive d{e, ¢') scattering. In Fig.4, we compare the predictions of the VN and
CT approaches for d(e,¢') reactions with unpolarized and polarized deuteron targets. Yielding
practically the same predictions for a unpolarized target at x < 1. the two approaches differ by
as much as a factor of two in the tensor polarization cross section. v

3 Conclusions

We demonstrated that the use of a polarized denteron target allows to probe effectively
smaller internucleon distances in the deuteron ground state wave function for semiexclusive
(e.¢’N) and inclusive (e,¢') reactions. This opportunity can be successfully used to gain a
better understanding of the structure of (moderate) high energy. large Q? €A interactions. In
particular, we demonstrated that the use of a «Tlargot would allow to observe the onset of Color
Transparency at intermediate energies as well as to confront different descriptions of relativistic
effects in the deuteron and electromagnetic interactions with deeply bound nucleons.
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HERA Luminosity Upgrade
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Abstract: Ways to increase the luminosity of HERA beyond the design luminosity
of L = 1.5 10* em~2sec™! have been explored and investigated: A new design of the
interaction region and upgrade of the injector chain. Most promising appears to be a
redesign of the IR based on new types of septum magnets. This promises to increase
the luminosity by a factor of four if beam deflection and focusing components are
integrated in the colliding beam detector. The consequences of such elements for
the detectors have been studied.
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1 Introduction

by E. Lohrmann

1.1 Luminosity Upgrade

The HERA e-p storage ring started operating in June 1992. Since then the delivered luminosity
has been steadily increasing: The integrated luminosities were 1pb=" in 1993.6pb~" in 1994 and
12 pb-1 in 1995 In 1995 a peak luminosity of Lyeak = 7+10%/cm? /s has been reached,to be
compared with the design luminosity of 1.5 10% /em?*/s. At beam currents of up to 30mA
for electrons and 55mA for protons,the specific luminosity is about two times larger than the
design value. As circulating currents increase, there is therefore a very good prospect to reach
or slightly surpass the design luminosity. In addition. other improvements in the machine will
lead to an increase of the efficiency. so that in the end the machine could deliver an estimated
integrated luminosity of 40 — 50pb~! [year, leading to 200 — 250pb~" in a reasonable running
time. So far about 20pb~" have been collected.

The experiments H1 and ZEUS have made good use of this luminosity. So far,for luminosity
reasons.mostly phenomena at values of Q?* << M(W)? have been explored,which allows a wide
range of studies of QCD. Important results so far are the accurate measurement of [ the
structure function of the proton, covering four orders of magnitude in both z and Q*. lts @*
dependence can be described in terms of the GLAP evolution equations.which is a big step
forward in the understanding of the proton. The large center of mass energy of HERA has also
allowed a new look at diffraction, because its spacelike structure can be investigated in great
detail.

A number of new QCD tests add to prove HERA a 'QCD-machine’. These results have
attracted wide attention. A large international community of experimental physicists from 15
countries have driven this program vigorously,and encouraged by the QCD physics results, have
improved the capabilities of the detectors for this type of physics. It must however be noted
that this is "low Q% -physics’ compared with the electroweak scale of Q* = M(W)?. The physics
on the electroweak scale has so far been barely touched. This is the region HERA was built to
explore. The unique features of HERA like electron polarization and the capability to compare
electron and positron running are relevant only in the electro-weak regime. New important
tests of EW interactions will have to be done; in addition new phenomena outside the standard
model are more likely to appear.

Whereas the LEP experiments have explored the standard model for time-like momentum
transfers up to Q% > S000GeV*, HERA will look into space-like momentum transfers for
Q* > 10000GeV 2. This work has not really begun and it needs large luminosity. So far H1 and
7EUS have each accumulated about charged current (CC)-events. which are characteristic EW
interactions. This is to be compared with the number of events available in "low Q% physics
for the F studies, which is of order of 0.5 Mio events. An integrated luminosity of 200pb~"
will give about 4000 CC events, which is still not a large number. In addition, increasing
the luminosity will enhance the discovery potential of the machine. Since one investigates
effectively electron-quark collisions, and since the quarks have their momentum distributed
up to the proton momentum, an increase in luminosity makes statistically larger cm energies
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available. The effective center of mass energy increases about like (luminosity)®.25. E.g. an would open the way to novel studies of nuclear matter. The physics interest here calls for storing
increase of luminosity by a factor 4 beyond design will effectively increase the cm energy of the relatively heavy nuclei.
machine from 300 GeV to 420 Gev.and by the same factor increase the mass range which can

. . It is in principle possible to store nuclei with Z=A/2. In general, the luminosity will de-
be probed for discoveries.

crease with increasing atomic number A. The changes required in the machine are relatively

All these questions have been studied in great detail in this workshop. They provide a straightforward. They have not been worked out in great detail, but rough studies indicate,
strong motivation to operate HERA at the largest possible luminosity. In addition, the Sci- that the cost of the modifications will be appreciable. No schedule for such an upgrade is set
entific Council of DESY has, in its session of February 20. 1996, given a st rong endorsement at the present time.

for a program of luminosity increase. The following measures are considered to increase the
integrated luminosity:

i improve the efficiency of operation
ii improve the emittance of the proton beam by a new proton preaccelerator

iii decrease the beta function at the interaction point

Measures i) and ii) will allow to make optimum use of the machine in its present configuration.
Measure iii) can potentially increase the luminosity by another factor 3-4. However, it will
involve changes also in the experiments. It requires to position beam deflecting and focusing
elements as close to the interaction point as possible. The scheme proposed here requires the
beam elements to be placed well inside the H1/ZEUS experiments. Apart from the need to
provide the investment and planning for this project, it will require nontrivial changes in these
experiments. In addition it will impair certain instrumental capabilities which have been built
to investigate "low Q%' physics. For example the beam telescopes,which measure protons and
neutrons at very small angles, will remain important, and one would like to keep as much of
their capability as possible in the new luminosity scheme.

Because of this interrelation of machine- and experiment issues, a joint design team has
to work out the details of the proposed scheme. This should be the next step following this
workshop.

1.2 Proton Beam Polarization

If polarized proton beams could be stored. this would, in conjunction with polarized electrons,
open a number of novel studies of the spin structure of the proton. The physics potential has
been studied in detail in this workshop. Accelerating and storing polarized protons in HERA
is exceedingly difficult.Progress has been achjeved by the studies of the Spin Collaboration.
however it is presently not possible to assess realistically the feasibility and the cost of such
a development project. The interest of the physics program with such a facility will have to
be weighted against the large technical difficulties. If this looks favorable, it would encourage
further studies.

1.3 Light and Heavy Ions in HERA

The physics case for storing deuterium and heavier ions in HERA has been studied in detail
in this workshop.Deuterium is interesting. because it allows to study the neutron structure,
required to obtain a complete picture of the structure of the nucleon.Storing heavy nuclei
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2 HERA Luminosity Upgrade Potential

by F. Willeke

2.1 General Remarks

The HERA electron proton collider is the first accelerator of its kind. Two species of charged
particles which are stored in two different accelerator rings are brought into collisions. The
accelerator is designed for the collisions of 30G eV electrons or positrons with 820GV protons.
Maximum beam currents are 58m.A4 and 160mAv respectively. Since no experience on such
collisions was available, the HERA designers were conservative in the choice of the basic beam
parameters and in the layout of the accelerator lattice. This was considered necessary to provide
flexibility in case of unexpected difficulties with the collisions of unequal species.

The layout of the interaction point was a particular concern of the designers. They were
faced with a number of difficulties and constraints. First, the luminosity depends on the beam
size at the interaction point (IP). This is limited by aperture and by chromatic effects of the
low -quadrupole magnets. The beam size thus can only be made small by putting the low-
3 quadrupoles close to the IP. However, it is obvious that the two beams have first to be
separated after collisions before focusing elements for the high energy proton beam can be
placed. Thus a quick beam separation is important for high luminosity. But quick separation
requires considerable magnetic fields which lead to strong synchrotron radiation from the lepton
beam. This is a potential large source of backgrounds for the colliding beam detectors. A
number of additional constraints had to be taken into account. The unavoidable dispersion
generated in the separators had to be kept to a minimum to avoid strong synchro-betatron
coupling by dispersion in the close-by rf cavities. Furthermore, the [R-straight section had to
be made spin-transparent to allow for longitudinally polarized lepton beams.

To achieve small proton beam sizes at the 1P is thus difficult. The beam sizes of the two
beams have to be matched at the IP in order to limit the non-linearity of the beam-beam
interaction seen by the proton beam. Given the rather small HERA lepton beam emittance,
it turns out to be rather easy to adapt the lepton beam to whatever can be achieved by the
protons. The HERA luminosity is thus limited by the ability to strongly focus the proton beam
at the IP.

The compromise found between the various constraints to place the first focusing elements
for the proton beam at a distance of 22m from the IP which allowed for 3-functions of 3; = 10m
and J; = lm at the IP. With the normalized beam emittance of =4 = S7mradmm and the
beam intensity of 10" protons per bunch which was expected from the proton injector chain
and the maximum lepton current of I, = 38mA which is limited by the installed f power of
10.5MW a peak luminosity of

Lpear = 1.5+ 10 em™%sec™ (1)

was expected for HERA.

Experience of four years of colliding beam operation of HERA led to the following conclu-
sions:  The synchrotron radiation background in HERA is well tolerable if the beams and
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collimator positions are well tuned. The main source of residual synchrotron radiation back-
ground comes from tip-scattering from the upstream synchrotron radiation masks. Thus if
the upstream synchrotron radiation masks could be avoided, a considerably larger amount of
synchrotron radiation generated in the interaction region could be tolerated. This means that
the beams could be separated more quickly, low 3-quadrupoles for the protons could be placed
closer to the IP and the luminosity could be increased by smaller 3-functions of the protons
at the IP. This is accomplished by separator magnets which are twice as strong as the present
ones but which are placed inside the detector close to the IP. Then, the synchrotron radiation
will pass through the IR and can be absorbed further downstream. No upstream masks need
to placed and one only has to worry about backscattering form the downstream masks.

A second conclusion may be derived from recent HERA experience. The maximum tolerable
beam-beam tuneshift levels assumed for the e-p collider in the original design are probably too
conservative. As long as the proton beam size is well matched to the size of the lepton beam,
the proton beam lifetime in collision is more than 100hours and the background from lost
protons in the IR is low. The beam-beam tuneshift of the lepton beam is also rather low and
might be further increased. Therefore, a brighter proton beam from the injector chain would
also help increasing the HERA luminosity.

Consequently, the present study concentrates on two upgrade projects:

o Redesign of the interaction regions with stronger and earlier beam separation in order to
further reduce the F-functions of the proton beam.

o Study of the benefit and of the possibilities of increasing the injection energy of the
DESYTII proton synchrotron in order to obtain brigher proton beams.
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2.2 HERA Performance 1992-1995 and its Limitations

After commissioning in 1991, HERA started to deliver e-p luminosity to the colliding beam
experiments H1 and ZEUS in 1992. Since its first year of running, the performance of HERA
was steadily improved and the integrated luminosity could be increased by large factors from
vear to year. The maximum bunch intensity of the proton beam was always limited by the
performance of the injector chain and losses in the beam transfer line. Furthermore, the proton
beam lifetime in HERA during the 30min injection period and during the early part of the
ramp is critical. Usually, the total amount of beam lost in HERA is 10%. Meanwhile, the
DESYIII booster synchrotron. where the intensity and the brigthness of the proton beam is
limited by space charge effects at injection energy operates at design parameters of 10'! protons
per bunch and normalized beam emittances of ¢ - v = Szmradmm (90% of the beam). The
PETRA accelerator has been steadily improved and is now able to deliver routinely about
80mA of beam which corresponds to 6 - 10" protons per bunch, 60% of the design value. The
transfer between HERA and PETRA suffers from the small aperture available in the 40GeV
proton beam line with a transfer efficiency of at most 90%. About 5% of the beam loss occurs
during injection into HERA. From the remaining intensity another 5% is lost due to a beam
lifetime of about 3hours while HERA is waiting during the 20min filling procedure. The losses
during acceleration are usually small. As a result, presently 65mA which is 4.5 - 10 protons
per bunch (180 bunches) can be made available for e-p collisions on average which is about 45%
of the design value.

The intensity of the lepton beam suffered in the case of electrons from a breakdown of the
beam lifetime due to interactions of the beam with the ion pumps. This problem disappeared
when operation was switched to positrons. The beam intensity at this point is limited at
about 45mA by rf power and reliability constraints. Thus the HERA intensity limitations are
well understood. There are not of fundamental nature and measures are being taken for a
step-by-step improvement programme.

The beam dimensions at the interaction points of both proton and electron heams are
smaller than the desing values. In both accelerators it was possible to give up safety margins
in the apertures which allowed for stronger focusing and smaller 3-functions at the IP. The
3-functions achieved sofar are 37, = Tm; 87, = 0.7m; 3}, = Im; 35, = lm which reduces
the beam sizes by about 30% of the design. The fact, that the proton beam intensity is still
below design has the side effect, that the proton beam emittance is also below design. Usually
emittances smaller than =y = 20mmrad mm can be achieved in HERA in luminosity operation.
This is the reason why the specific luminosity is in excess of the design value by almost a factor
of two and it gives luminosity peak values of Ly, = 7+10*%cm=2sec™", which is half the design
values despite the low beam intensity.

The stability of both beams in collision is very good. This is true in particular for the
protons where the beam lifetime during luminosity operation is in the order of several hundreds
of hours and there is very little emittance growth (£x/zx = 0.03/hour). This however requires
well matched beam sizes at the IP in order to avoid an enhancement of the nonlinearity of the
beam-beam interaction. Under these conditions and with beam-beam tune shifts in the order
of Arv = 1072, the proton beam seems to be not too close to the beam-beam limit.

The stability of the positron beam is very good as well. Its lifetime is given by beam gas
bremsstrahlung due to desorbed gas from the beam pipe walls. Due to unavoidable dispersion in
the rf regions which are located in each of the straight sections next to the IP, synchrobetatron
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resonances are quite strong. They must be avoided which limits the availabe tune space. Good
electron spin polarization requires a working point in between of Q,42Q, = 0 and Q,+3Q, =0
which causes the beam to blow up somewhat in collisions which causes a loss of luminosity of
10%. 1f the tunes are chosen far from resonances, the leptons may also be considered to be far
from the beam-beam limit. The maximum tuneshift values in 1995 were around Awy, = 0.025.

An important feature of HERA are the spin polarized lepton beams. Since 1995 HERA is
operated with one spin rotators pair in the East straight section for longitudinally polarized
beam for the HERMES experiments. The polarization degree is routinely above 60% and is
not noticeably affected by the beam-beam interaction

The biggest challenge in HERA luminosity operation is to achieve reasonable reliability and
availability of the total accelerator complex. On average, the time spent in luminosity operation
is only 35% of the scheduled time. The rest of the time is needed for injection, ramping tuning,
recovery from technical faults and trouble shooting. These results have to be compared to a
maximum possible efficiency of the order of 70%.
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2.3 HERA Luminosity Limitations and Constraints

The luminosity of the HERA e-p collider may be written as
= -\yz \p -)\'B ’ .r( v
'.Zfr\/a;fp +a?, \/‘73;- + o2,

(N, is the number of protons per bunch N, is the number of leptons per bunch. Np is the
number of bunches. f,., is the revolution frequency, o;,,.., are the rms beam sizes for protons
and leptons respectively). To show the limitations of the luminosity more clearly. this expression
may be rewritten in terms of limited quantities and taking into account additional constraints.
An important restriction is that the beam cross sections of protons and leptons have to match
to limit the nonlinearity of the beam-beam interaction. This is particularly important for
the proton beam to avoid emittance blow-up, bad lifetime and large backgrounds. Thus one

has o7, = oI, = o7 (z denotes horizontal or vertical, p and ¢ denote positrons or leptons

L
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respectively). Furthermore, the total beam current of the lepton beam will be always limited
by the available rf power N, = I./(e - Np - foy). The number of protons per bunch will be
ultimately limited by space charge effects in the injector chain. The maximum number of
protons per bunch is therefore related to a maximum beam brightness N, /zy. Furthermore,
since the two beams have to be separated after collisions before focusing elements for the proton
beam can be placed, the beam size at the IP is expected to be limited by the maximum ;3-
function of the protons at the IR low J quadrupole magnets. Taking these considerations into
account, the luminosity may be rewritten as

= 19 J .\,p " .?p (})
i7e J;l,d;p EINIYN

One can see that the luminosity is independent of the number of bunches as long as the beam-
beam tuneshift limitation of the proton beam is not touched

—
rpley/ 8L,
A, = S (4)
27\‘6_{,,,.\3:‘,\'(\/3_5%‘ \/J“

Since we assume that we are not limited in the 3-function of the lepton-beam. the e-beam-beam
tuneshift can be always controlled by an appropriate choice of the lepton beam emittance.
Fortunately HERA has a big built-in flexibility of focusing in the arcs.

reN T
A, = _”/_,‘ — (5)
272y ff_'y(\/:i‘f + )

In order to obtain polarized lepton beams. the vertical beam emittance of the lepton beam
must be as small as possible. Therefore, the beam cross section at the [P will be flat (¢, > a,).
Under these circumstances the vertical beam size could be reduced by reducing the emittance
of the protons with almost no increase of beam-bheam tuneshift.

rple
2mef...Npa(o: +0,)

1103

Avi, = (6)

a is a constant geometrical factor for a given lattice. Provided, that the local chromatic-
ity created in the low 4 quadrupole is not becoming too large, the g-functions in the low 3
quadrupoles can be increased by the same factor and the J-function at the [P can be corre-
spondingly made smaller without touching the aperture limitation. (sy/3" = const = a)

These considerations lead to the following conclusions: HERA luminosity can only be in-

creased by

- reducing the B-functions at the IP by a IR geometry with the proton low-/3 quadrupoles
closer to the IP. Improvement factors of up to four can be reached until a further reduction
of the A-functions is limited by the proton bunch length.

- increasing the vertical beam brightness V,/c,n by a reduction of the vertical beam emit-
tance of a factor of two.
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3 Study of a New Interaction Region for HERA

3.1 Parameters for Upgraded HERA Luminosity Operation
by F. Willeke

The parameters for luminosity operations for an upgraded HERA are optimized around the
smallest achievable J-functions namely

=0.75m; 3;, = 36m. (7)

3 =21m: J'p = 0.13m; 3: .

Mrp Vi Te
The value of the vertical 3-function of the protons is limited by the proton bunch length. The
horizontal A-function of the protons is limited by aperture and the A-functions of the lepton
beam are limited by apertures and chromaticities. This will be shown in the following sections.
In this study we require an aperture of 1250, for protons and leptons.

We will make the following assumptions on beam intensities, number of bunches, maximum
tolerable beam-beam tune shift values and achievable beam emittances:
Electron/Positron Beam Intensity: The beam intensity in HERAe will be always limited
by the available rf power. The presently installed rf power does not allow to store the design
current of 58m A at a beam energy of 30GeV. Therefore we plan for an Sth rf station with 14
5-cell room temperature cavities which will provide additional 1.5MW of f power. With this
system. the rf power will be just sufficient for storing the design current at slightly below the
design energy of 30Gel’. We assume, that we will fill the machine with 180 bunches as in present
operation. Some 174 are colliding bunches. Six non-colliding bunches are going to be used for
background discrimination. Under these circumstances the number of positrons/electrons per
bunch will be N, = 4.25 - 10'°.
Proton Beam Intensity: The DESYIII booster synchrotron is presently able to deliver a
proton bunch intensity of up to 1.25- 10" protons per bunch. Presently, the beam intensity in
HERA is limited by instabilities and non-reproducibilities in PETRA and by tight apertures
in the beam lines. These are no principle problems. A programme is underway to improve the
proton acceleration chain. It is reasonable to assume, that the design bunch intensity of 10'!
protons per bunch will be reached in the HERA proton ring eventually.
Proton Beam Emittance: The beam brightness N, /=y is limited in DESYIII by space charge
effects. The brightness of the proton beams presently exceeds the design values only slightly.
We therefore think it is justified to assume the design emittance of =,y = z,8 = Smmradmm
for future HERA operation.
Electron/Positron Beam Emittance: In the old lattice, the limitation of the beam sizes
at the IP is given by the limited ability to squeeze the proton beam at the IP. It will be shown
below . that one can find a favorable geometry for which the vertical 3 function at the IP
can be made as small as the bunch length. The corresponding beam size is that small, that
matching the beam sizes can not be achieved by squeezing the electron f function any more
unless one wants to place quadrupole magnets inside the colliding beam detector. Therefore it
is necessary to make the electron beam emittance smaller by changing the lattice from 60° to
90° phase advance per FODO cell in the arcs. Under these circumstances, the emittance will
be z.. = 16.65nm rad. An emittance ratio of z,,/z.. = 0.13 is necessary to match the vertical
sizes of proton and lepton beams at the IP. This should be easily achievable.
Beam-Beam Tuneshifts: The beam-beam tune shift of the protons does not exceed Avgy =
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e-beam p-beam
energy 30Gel 820GeV
bunch charge N 4.18 - 10" 10 - 101
Beam Current 58mA 140m A
normalized emittance =y 1.85- 10~ mGeV—2 Srum rad
horizontal emittance 16.7nmrad 6.1nm rad
emittance ratio 0.13 1
horizontal 3 at IP 3; 0.75m 2.10m
vertical 3 at [P 8; 0.36m 0.13m
beam size o, x o, 112pm x 28um 10pm x 27um
beam-beam tune shift/IP Av,, .039. .031 002, .0004
number of colliding bunches 174
luminosity 9.37 - 10* em—2s~!
specific luminosity 2.1-10%em=2s"'mA-?
luminosity increase factor 1.63

Table 1: Parameters for Upgraded IR Lattice

0.002. This is considered within the limits. The vertical tune shift for protons is much less.
The necessity to reduce the lepton beam emittance however pushes the lepton beam-beam tune
shift close to Av,, = 0.04 which is quite a large number. It is considered to be close to the
limit according to experience with other lepton colliders.

With these parameters, a luminosity of L = 9.37 - 10% em—2sec™! can be achieved. The
parameters described in this section are summarized in table 3.1.

3.2 Layout of the Lattice
by F. Willeke

The purpose of a new HERA IR design is to achieve significantly smaller 3-functions for protons
and electrons at the IP. This is only possible if the beams are separated more quickly so that
the low-3 quadrupoles for the protons can be placed closer to the IP. Synchrotron radiation
background generated by the beam separator magnets is the main concern if the separation
field should become stronger. Since a large contribution from this background however comes
from tip scattering at the upstream synchrotron radiation masks. the fields can be significantly
increased if these masks can be avoided. This is the case, if the separation fields occur inside the
colliding beam detectors. Then the synchrotron radiation can pass through the whole detector
region without hitting an absorber. Tt then can be absorbed further downstream and one only
has to worry about backscattered radiation.

Consequently. an agressive luminosity upgrade scheme is based on an air-coil dipole magnet
inside the colliding beam detector. With an outer magnet diameter of 190mm we assume that
it can be put at a distance of 1.2m from the IP. The magnets have a length of L = 4.4m they
provide a bending angle of § = 8mrad which corresponds to a bend radius of p = 550m. For
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the nominal beam energy of £ = 30GeV’, a bending field of B = 0.1827" is required. This fields
corresponds to about the maximum field which can be achieved by an air coil magnet.

In the two separator magnets, a synchrotron radiation power of P.,, = 19.2k1V is generated.
The critical energy is Eee = 109keV. The corresponding synchrotron radiation fan must pass
through the detector and the downstream magnets without striking any material. This requires
quite large apertures in the separator magnet. The distance between the synchrotron radiation
fan and the centre of the beam at the downstream end of the downstream separator is 90mm.
At the end of the separator magnet. the two beams are separated by [Tmm

Adjacent to the separator magnet are the focusing elements of the electron beam. The
focusing is provided by a low-3 doublet of conventional quadrupole magnets. These magnets
are placed on the axis of the electron beam and they do not contribute to the separation
dipole field and only little synchrotron radiation is generated. A speciality of these magnets
is that their coils may not occupy any space in the magnet midplane in the ring-outward
direction. This space must be kept free for the synchrotron radiation fan generated by the beam
separation. This radiation must be absorbed further away from the IP” in order to minimize the
background from backscattered synchrotron radiation. The synchrotron radiation background
of this arrangement will be discussed below. For the vertical low 3 quadrupole. a pole tip field
of B =1 T is required. The pole radius is 35mm. The maguet 1.43m long and at its end.
the two beams are already separated by 29mm. The next element is the horizontal focusing
quadrupole for the leptons. Since proton and lepton beams are already strongly separated, a
large pole radius of 63mm is required to accomodate the proton beam. With a pole tip field of
B =1 T alength of L =2.073m is sufficient to provide the necessary focusing. At the end of
this magnet, the beams are separated by 4Tmm. The peak F-functions in this low-3-doublet
are Jr_mar = 300m and B3y_yr = 100m. The local chromaticity generated in this doublet is
£, = —5.36 and £, = —2.17. The horizontal local chromaticity is quite large. It gives rise to a
considerable off energy 3-beat which must be carefully cousidered especially since a 90° phase
advance is foreseen in the arcs. In fig 1 the proton and electron beam cross sections are shown
respectively.

After 11m distance from the interaction point. the beams are separated by 58mm. This is
already sufficient separation for a septum-type quadrupole which focuses the protons vertically.
This magnet is a new type of iron yoke half quadrupole with a cut in the mirror plate leaving
only very little material between the two beams. This quadrupole allows a pole tip field of
B = 0.86 T. With a pole radius of 30mm, a k-value of k = 0.01m™* is achieved. A length of
7.42m is required to provide about 65% of the necessary vertical focusing. In fig 2 the proton
and electron beam envelopes are shown at the entrance of this magnet. The picture shows the
countors of the half quadrupole poles and the mirror plate with the cut schematically. The
rest of the vertical focusing is provided by a quadrupole with a septum coil. The electron
beam passes in between the septum and the return yoke. This quadrupole has a pole radius of
r = 33mm and a pole tip field of B =1 T. A k-value of k = 0.011m=?* is achieved. With a
length of L = 6.36m. the vertical focusing is completed. At the begin of this magnets, the two
beams are already separated by 122mm which leaves some 60mm thickness for the septum coil.
A current density of 1lamps/mm? is required in this coil to generate the quadrupole field. Fig
3 shows the beam cross section at the entrance of this element. The 50mm wide septum coil
is shown schematically. The end of this magnet is at 25.3m from the IP. The beams are now
separated by 178mm so that a conventional quadrupole magnet is forseen for the horizontal
focusing. This is accomplished by a ten meter long quadrupole magnet with a pole radins of
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Figure 1: Beam sizes (12.55) at the end of the e-beam doublet.

40mm and a pole tip field of 1 7. At 35.4m from the [P the focusing of the proton beam is
accomplished. The maximum J functions in the proton low-3 doublet are J,_,.. = 1807m and
Fy—mar = 1639m. Thus the local chromaticity generated in the doublet compares well with the
values of the present HHERA lattice. The apertures provide space for 12.5 rms beam sizes and
thus has the same margin as the present beam optics.

A complete matching to the arc has not yet been performed. But no problems are expected
here. fig 4 shows the 3-function in a distance up to 50m from the IP. The geometry with the
approximate dimensions of the magnetic elements (top view) is shown in fig 5 in an extended
vertical scale.

In the present lattice, there is no compensation foreseen for the changing separator field
if the positrons are ramped from 12Gel” injection to the full energy. This problem can be
solved in the following way: First, the proton tf frequency can be phase-locked to the electron
tf at a proton beam energy of 400GeV. The two beams have then to be ramped up together
to their full energy for which the geometry and the fields are matched. Since there is still
a separator field mismatch at electron injection energy because the ratio of 30GeV/12GeV is
different from 820(7eV/400G eV, some additional compensation of # = 17urad is required. This
can be provided by the dipole component of the separator half quadrupole field which must
be increased by 2%. The corresponding excess quadrupole magnet has to be compensated by
the second vertically focusing quadrupole, which has a much smaller dipole component. The
course of beta-functions is shown is fignre 4 and a layout of the IR in extended vertical scale is
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Figure 3: Beam sizes (12.57) at the end of the septum coil quadrupole

shown in figure 5.
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Figure 5: Geometry of the upgraded lattice in the IR. The plot shows the top view of the 12.50
beam envelopes for proton and electron beam and the limiting magnet apertures. The IP is in
the middle of the picture. The boxes represent the magnets which are starting from the IP:
the separator magnet, the e-low 3-quadrupolq doublet. the mirror-plate septum quadrupole.
the septum-coil quadrupole (both vertical focusing for protons) and the horizontally focusing
quadrupole for the protons. Note that the vertical full scale is only 50cm, the horizontal scale
is 100m

3.3 Improved Lattice Design Using a Combined Function Separator
Magnet

by B. Parker and F. Willeke

A substantial improvement of the lattice design can be achieved by using a combined func-
tion magnet as a separator magnet. A magnet which provides some 35% of the necessary vertical
low-A-focusing. A possible design of such a magnets is discussed below. The advantages of this
most recent design are:

e The chromaticity of the electron beam is reduced by a large factor. Chromaticity gener-
ated in the IR is not an important issue any more.

e The field of the separator is concentrated in a volume occupied by the beam. The vol-
ume occupied by the synchrotron radiation fan has only low field. This allows a more
economical magnet design.

The particle beam enters the separator (upstream of the IP) in a high field (p = 450m).
('lose to the IP. the field is weaker since the beam has shifted transversely by 15mm(p =
650m). This reduces the synchrotron light background for the luminosity measurement
considerably.

e The coils on the ring-outside have to be replaced to produce a quadrupole field. This
makes additional room for the synchrotron radiation fan and relaxes the tight aperture
conditions in this element.

The disadvantage of the proposed novel solution is an unconventional magnet design. and net
forces on the separator due to the detector solenoid field. Since this solution is rather new,
these issues have not been studied yvet in detail.

Based on such a combined function magnet separator, a self consistent design has been
produced which is described below. The 3-functions are somewhat relaxed compared to the
lattice described in the previous section. Some tribute had to be paid to optics matching to the
ares and realistic magnet apertures. The luminosity improvement factor 4.55 which corresponds
to a peak luminosity of L = 9.2 » 10* em~2sec™!. A Table 2 with updated values is given below.
The actual lattices and optics used in defining the magnet design requirements for the e-ring
are shown in Fig.6 and for the p-ring in Fig.7. The lattice layout and optics functions are
symmetric about the IP so only half of the interaction region magnets are presented.

In this subsection we give an overview of the lattice layout which is followed by more detail
descriptions of the magnet parameters and required apetures in later subsections.

The first accelerator magnet starts 1.2 m from the IP and is a combined function (dipole
+ quadrupole) magnet to provide the horizontal bend for the e-beam to separate it from the
p-beam in subsequent magnets and to provide carly vertical focusing to help reduce the e-
chromaticity. It is followed by a quadrupole doublet which is responsible for the main part of
the e-focusing. Care is taken to pass all of the synchrotron radiation generated in the separator
magnet completely through these quadrupoles.

The first dedicated p-focusing quadrupole starts at 11 m and incorporates a magnetic septum
which isolates the high magnetic field region seen by the p-beam from a very low field region

1112



e-beam p-beam
energy 30 GeV 820 GeV
bunch charge N 4.18 - 10 10 - 10'°
Beam Current 58 mA 140 mA
normalized emittance 1.85 - 107" mGel 2 7 pm rad
horizontal emittance 16.65 nm rad 5.72 nm rad
emittance ratio 0.13 1
horizontal 3 at IP 3} 0.83 m 24 m
vertical 3 at IP 3; 0.35 m 0.13 m
beam size o, x o, H7pm x 2Tum 1 7pm x 27um
beam-beam tune shift/IP Ay, , .04, .03 002, .0004
number of colliding bunches 174
luminosity 9.2 10 em—2s1
specific luminosity 2.0-10% em=2s~'mA-?
luminosity increase factor 4.55

Table 2: Parameters for Upgraded IR Lattice with Combined Function Magnet

HEWA P UPGRADE 8- 83, 35w UFF- Sum

| R E— = ]

Figure 6: The e-optics for the near IP region are shown here. The horizontal x vertical 3~ are
0.83 x 0.35 m respectively and the interaction point is shifted inward by 5 mm. Plotted here
is /By, (solid line), VBy., (dash line) and horizontal beam offset (dash-dot line). In the IR
quadrupoles peak-i,, =74 m and peak-3y-.,=337 m. The magnets beyond 26 m can be used
to help match to the optics and geometry of the arcs.

for the e-beam. This quadrupole is vertically focusing and is followed by a second vertically
focusing quadrupole with a special coil structure.

In this second p-quadrupole all of the excitation current for one coil is made to pass through
a limited region between the e- and p-beams. The configuration required is similar to that
planned for the PEP-II B-Factory (1] and this special coil configuration yields the quadrupole
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Figure 7: The p-optics for the near IP region are shown here. The horizontal x vertical 3* are
2.4 x 0.13 m respectively and the interaction point is shifted inward by 5 mm. Plotted here is
VB, (solid line), \/By,,, (dash line), horizontal beam offset (dash-dot line) and vertical beam
offset (upper solid line). In the IR quadrupoles peak-3y.,=1900. m and peak-Oyv=1826. m.
Additional magnets at 28. m and beyond 40. m can be used to help match to the optics and
geometry of the arcs. Note on this plot the sign has been reversed for the vertical deflection
given by the BU-dipoles starting at 63. m.

equivalent of a current septum for separating the high field region seen by the p-beam from the
reduced field seen by the e-heam.

Together these first two septum magnets provide the bulk of the vertical focusing needed and
act together to comprise the first lens of a focusing doublet for the p-beam. The horizontally
focusing lens for the p-beam is made up from three already existing standard tyvpe quadrupoles
which complete the horizontal focusing by 40 m.

There are a few additional secondary magnets. quadrupoles and dipoles, which are useful for
optics matching and maintaining the present e- and p-ring geometry. These secondary magnets.
whose requirements are not as stringent as the main magnets discussed so far, are addressed in
a final subsection.

For aperture plots given in subsequent subsections we indicate the regions for £200 for
electrons +12.50 for protons. +(3¢+6 mm) for synchrotron radiation and +5¢ for neutral
vector radiation cone coming from the e-p IP for a luminosity signal. The beam spot sizes are
matched according to the parameters given in Table 2. The luminosity upgrade improvement
achieved is a factor of 4.55. A vacuum beam pipe wall thickness no less than 1 mm is maintained
in all magnets.

The synchrotron radiation criteria, +(30+6 mm) used in these plots is only meant to be
representative (i.e. as a guide for the eye) as there has been no opportunity to simulate the
actual distribution in the Monte Carlo. The synchrotron radiation profiles are plotted coming
from the upstream edge of the first separator magnet (gives extreme ring outside limit) and
from the middle of this same magnet. As an indicator of where septum masks are required.
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synchrotron radiation profiles are indicated from the downstream (gives ring inside limit) on
two of the Figures.

3.4 Magnet Design

by B. Parker

3.4.1 Combined Function Separator Magnet

A conceptual design of an air coil dipole magnet is part of the ZEUS report and will not be
further described here. Instead we describe an air coil combined function separator as necessary
for the improved solution.

An air-coil combined function separator magnet (CFS) provides the bending required to
separate the e- and p-beams. In addition if it some provides vertical focusing it is possible to
significantly reduce the vertical J-peak in the e-optics and reduce the vertical chromaticity.

A bend of 8.2 mr is assumed with a gradient in the range of 4 to 5 T/m (4.6 T/m used in
optics calculations) over a magnetic length of 4.4 m. The the beam separation and synchrotron
radiation spread at downstream end of this magnet are shown in Fig.8. A good field region of
+15 mm horizontally and vertically is required. Because of the 30/820 e/p magnetic rigidity
ratios the CFS has only a small effect on the p-beam.

The coil positions indicated in Fig.8 are derived from a brute force approach to achieving
the needed field configuration and can certainly be improved upon with further optimization.
The required gradient of 4.6 T/m is achieved with a current density of 10.2 amps/mm? and
has sufficient coil area that the power dissipated per magnet is 100 kW. Over the £15 mm
horizontal region seen by the beam the gradient is constant to better than 1%. It should be
possible to reduce the coil dimensions somewhat and thus to free up more physical aperture as
indicated by calculations by Willeke for a somewhat more refined configuration. The example
shown is included as a proof of principle.

T T T T T ] T  §
m N = ¢,
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Coils Coils
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B of A :
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40 = e-beam 1
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2240 -200  -160 <1200 <80 -40 0 40 80 120 160 200
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Figure 8: Aperture plot at downstream end of final separator dipole. On this and subsequent
plots the coordinate system is such that ring center is to the left (negative numbers) and £200 is
indicated for the e-beam and +12.5¢ for the proton beam. The extreme (ring outside) position
of the synchrotron radiation cone is indicated as shown along with one intermediate position.
The coil dimensions shown are subject to change and will most likely be reduced in size and
moved somewhat further from the beams.

Note that compared to a pure dipole separator it is expected to be possible to eliminate
the conductor at the magnet mid-plane on the ring outside to provide extra space for the
synchrotron radiation fan.
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Figure 9: AB,/B, as a function of position along the horizontal axis. Note that the field
quality is only four times worse that the typical £5x107* even for the preliminary configuration
shown. Since on average the 3-functions are much smaller in this magnet than in other e- and
p-ring magnets, the indicated criteria of £20x10™* might be a reasonable design target for this
magnet,

3.4.2 Horizontally Focusing e-Ring Quadrupole

After exiting the CFS the beams enter a modified horizontally focusing quadrupole magnet.
This quadrupole is centered on the e-beam. The beam positions at the end of this magnet
are shown in Fig.10. In order to pass the synchrotron radiation from the separator magnet a
gap must be provided in mid-plane of the ring outside coils. The magnetic aperture required
for this magnet is driven by the requirement to allow £12.5¢ for the protons at their outside
I)l).‘iit‘l()ll‘
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Figure 10; e- and p-beam positions at end of the first horizontally focusing e-ring dipole.
This quadrupole is centered on the e-beam however the p-beam is still within the quadrupole
aperture. The assumed 35 mm pole radius is indicated as well as a 8 mm vertical cutout to
pass the synchrotron radiation from the separator magnets.

This magnet has a magnetic length of 1.6 m with a gradient of 28.6 T/m. With a pole
radius of 35 mm the pole field reaches 1. T.

It might be possible to construct this magnet from parts of existing HERA QR-type magnets
although with such a high pole tip field and compromised coil placement it could be desirable
to design a new pole contour and lamination cross section for this magnet.
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3.4.3 Vertically Focusing e-Ring Quadrupole

The next magnet outward form the TP is a vertically focusing quadrupole. This quadrupole
is also centered on the e-beam. The beam positions at the end of this magnet are shown in
Fig.11. As with the previous magnet the ring outside coil must be split along its mid-plane in
order to pass the synchrotron radiation from the separator magnet. Here the magnet apeture
requirements are completely dominated by the +12.5¢ for the proton beam.
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Figure 11: e- and p-beam positions at end of the first vertically focusing e-ring dipole. This
quadrupole is centered on the e-beam however the p-beam is still within the quadrupole aper-
ture. The assumed 50 mm pole radius is indicated as well as a +8 mm vertical cutout to pass
the synchrotron radiation from the separator magnets.

This magnet has a magnetic length of 2.0 m with a gradient of 15.9 T/m. With a pole
radius of 50 mm the pole field reaches 0.79 T.

It may be possible to construct this magnet using the laminations from existing HERA QS-
type quadrupoles. Since a QS lamination is half that required for this magnet. a full magnet
can be constructed that is half the length of a present QS quadrupole. New shorter coils, with
the indicated mid-plane split, are however required.

3.4.4  Vertically Focusing Magnetic Septum Quadrupole

The e- and p-beams are separated into two vacuum beam pipes at the magnetic septum
quadrupole (MSQ). The beam positions at the beginning of the MSQ are shown in Fig.12.
The MSQ provides the same functionality as the QS mirror quadrupoles in the original HERA
design. That is it allows having the strongest earliest possible focusing possible for the p-beam
while providing an essentially field free region for the e-beam. The MSQ differs from the QS-
magnet in that it has a radically cut away mirror plate which enables its placement much closer
to the IP than is possible for a QS magnet. In addition because of its closer placement, where
the proton beam spot is not as large, it can have a smaller apeture and this translates to having
a higher gradient. Thus the net result is to have a stronger quadrupole placed closer to the [P
which is precisely what is needed to achieve stronger more effective focusing of the p-beam.

The main challenge in designing the MSQ is to provide adequate field quality for the proton
beam which is positioned close to the cutout section of the mirror plate. A scheme for achieving
high field quality is outlined in the paper by M. Marx et.al..[2] With proper shaping of the cutout
region. a modest field quality. at the few x1072 level can be achieved at a fixed excitation
current. The trick for achieving standard accelerator magnet field quality, AB/B ~ 5 x 10~
is to place a small correction coil in the vertex of the cutout as close as possible to the proton
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beam. In 2D filed calculations it is found that correction currents which are a very small
fraction of the main excitation current lead to good results as shown in Fig.13.

Several correction coil configurations have been studied and the level of achievable correction
is approximately the same for the various configurations. The main difference between the
different configurations is the optimum amount of trim current. Configurations with the trim
current deeper in the “notch” tend to require smaller correction currents for a given degree of
field compensation. Smaller currents are desirable because they require less conductor cross-
section and result in a thinner septum.

It is important to make the septum thin not only to reach the closest possible e-p beam
separations but to limit the solid angle covered by the septum mask needed upstream of the
septum to intercept synchrotron radiation coming from the separator magnet. Since this mask is
the closest point to the experiment at which synchrotron radiation is absorbed the unavoidable
backscatter from this mask could swamp central detector components if sufficient care is not
taken to minimize its size. MSQ prototype testing is planned to be made at IHEP Protvino to
optimize the trim coil configuration and to provide feedback on mechanical construction and
end-field issues.

T T T T T T T T T
60 —
40 - <e— Ring Center \\ Sync. Rad. 4
T o e-beam  ~a 7
E OF { .
= 20 - =
= -2
-40 - Sync. Rad p-beam —
Sr ! I 1 I ! L I 1
<2000 -160 -120 0 40 80 120160 200
x (mm)

Figure 12: e- and p-beam positions at the start of the MSQ. The assumed 37 mm pole radius,
and cut-away mirror with trim coil are indicated as well as a +8 mm vertical cutout to pass the
synchrotron radiation from the separator magnets. Also indicated is the edge of the synchrotron
radiation which passes just inside a collimater/mask just upstream of the septum.
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Figure 13: e- and p-beam positions at the end of the MSQ. The assumed 37 mm pole radius,
and cut-away mirror with trim coil are indicated as well as a £8 mm vertical cutout to pass
the synchrotron radiation from the separator magnets. Also indicated is the +3¢ profile of the
neutral vector radiation cone coming from the IP with the divergence of the e-beam at the IP.
This is intended to give an indication of the divergence allowed by the MSQ for particles which
could be used for a luminosity signal. Note that the £12.50 p-beam + | mm assumed vacuum
beam pipe (not shown) wall-thickness fills the available magnetic aperture.
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Figure 14: Prototype MSQ with correction coils. The physical geometry and lines of magnetic
flux resulting from 2-dimensional calculations of a prototype MSQ. The prototype will be
constructed from an existing spare HERA quadrupole and only half of the magnet is shown
due to symmetry about the vertical axis. Please note that the coordinate system for this plot
is rotated 90°irc with respect to the orientation given in Fig.13. Positions are indicated for the
correction trim in the septum notch as well as two locations (A and B) for the return loop. In
the final magnet only position B is allowed in order to pass the synchrotron radiation from the
separator magnets.

This magnet has a magnetic length of 5.6 m with a gradient of 23.2 T/m. With a pole
radius of 37 mm the pole field reaches 0.86 T.

The magnetic apeture of this magnet is by definition defined by the £12.50 for the proton
beam and the beam positions are shown in Fig.13 along with a £50 for the neutral vector
radiation cone from the IP. Once again the ring outside coil is opened np along its mid-plane
to accommodate synchrotron radiation form the separator magnet. Monte ("arlo simulations
indicate that is probably necessary to pass the synchrotron radiation through the coil region in
order that it can be absorbed further away from the IP and thus to reduce the solid angle for
backscatter from the absorber to central detector components.

It is noted here that due to the use of a combined function magnet. i.e. dipole plus
quadrupole, the e-beam initially sees a lower field as it enters the separator magnet from the IP
and this results in a much softer synchrotron radiation spectrnm impinging upon the septum
mask and headed along the proton beam direction. This helps to reduce backscatter from the
septum mask and to ease filtering/pre-absorber requirements for the luminosity monitor.

The apeture available for the neutral vector radiation cone from the IP is limited horizontally
as shown in the MSQ to roughly £750 prad and corresponds to £5c of the diver
the angular spread of the e-beam at the IP. The MSQ defines the acceptance available for a
luminosity monitor.

ence due to

There is no existing HERA magnet lamination which adequately matches MSQ require-
ments. If the MSQ were to be made shorter, then a QR-type. 35 mm. profile could be considered
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Figure 15; Typical results of MSQ field calculations for prototype configuration (pole radius =
50 mm) with trim correction of 2.6 x10™* of the main excitation current. %P‘ = %b“ in units
of 10~*. as function of distance from origin. By is field calculated for an ideal quadrupole given
by Bi(d) = Gradient xd.

(the same as for the first horizontally focusing e-beam quadrupole): however, then the beam
separation would be too small at the next magnet downstream, the current septum quadrupole.
On the other hand, too large a pole radius. such as obtained with a QC (or QS) 50 mm pole
radius lamination profile, vields too small a quadrupole gradient. Thus the MSQ is expected
to require an entirely new profile and should be optimized according to its own requirements.

3.5 Vertically Focusing Current Septum Quadrupole

The next magnet is a current septum quadrupole (CSQ) of the PEP-II type.[1] Here a full
quadrupale apeture is available to the p-beam rather than being limited to a hall apeture as in
the MSQ case and thus the pole radius can be kept smaller for a higher gradient. The tradeoff
for this higher gradient is that the e- and p-beams must be separated more than for a M5Q
in order to provide space for the full excitation current turns, typically tens of kiloamperes
compared to MSQ correction coils with tens of amps. Thus a CSQ cannot be used as a one-for-
one replacement for a MSQ: however. when there is sufficient beam separation to use a C5Q,
it will perform better.

The (SQ has a magnetic length of 5.6 m with a gradient of 29.2 T/m. With a pole radius
of 32 mm the pole field reaches 0.934 T.

[he beam positions at the start of the CSQ are shown in Fig.16 along with the edge of
the synchrotron radiation that just misses the MSQ septum mask. Note that an additional
septum mask is required to protect the septum coil from this synchrotron radiation which is
not intercepted by the MSQ septum.

The beam positions at the downstream end of the ('SQ are shown in Fig.17. It is assumed
that a synchrotron radiation absorber is placed in front of the CSQ so as to shadow the ring
outside coils in the mid-plane. While it is conceivable to try to let much of the synchrotron
radiation pass through this magnet also by adding a second septum at the ring outside position,
such a configuration would cause the magnet to use an excessive amount of electrical power
due to reduced conductor cross section.
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Figure 16: e- and p-beam positions at the start of the ('SQ. The assumed 32 mm pole radius
is indicated. The synchrotron radiation to the ring outside is assumed to be absorbed in a
collimator just upstream of this quadrupole so there is no need for a spit coil in the outside
mid-plane. Also indicated is the outline of the area available for the septum coil and a projection
for synchrotron radiation which just passes the MSQ septum mask shown in Fig.12. Note that
a second septum mask will be needed to protect some of this coil region but the requirements
for this mask are not nearly as severe as for the MSQ mask.
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Figure 17: e- and p-beam positions at the start of the CSQ). The assumed 32 mm pole radius
is indicated. Any synchrotron radiation which would hit this quadrupole is assumed to he
absorbed in upstream collimators. The area available for the septum coil is indicated.

3.5.1 Horizontally Focusing p-Ring Quadrupoles

Once the e-p beam separation is sufficiently large, it is found possible to reuse some of the
existing IR magnets to complete the horizontal focusing of the p-beam. Here we use three
HERA QR-type magnets connected in series. The beam positions at the first QR quadrupole is
shown in Fig.18. The beam separation at the front of this magnet is such that a small amount
of material will have to be ground away to make room for the e-vacuum beam pipe.

The beam positions at the middle of the second QR magnet are shown in Fig.19. At this
point the e-beam completely clears the outside of the QR magnet. Note also that the +50
for the neutral vector from the IP for reference and it is well inside the region defined by the
proton aperture. Thus with a sufficiently large p-ring beam pipe downstream of this magnet it
should be possible to pass this cone to the present luminesity monitor location.

The magnetic length assumed for the three QR quadrupoles in series is 3x3=9 m at 24.3
T/m. The QR pole radius of 35 mm then implies a0.85 T pole tip field.

3.5.2 Secondary e- and p-Ring Qudrupoles and Dipoles
Additional quadrupoles. not covered in the previous sections, are desirable for the e- and p-rings
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Figure 18: e- and p-beam positions at the start of the first horizontally focusing p-ring
quadrupole. The assumed 35. mm pole radins for reusing a HERA QR-type quadrupole is
also indicated. Note that some of the material near the e-beam. in the mid-plane of this
quadrupole, will have to be cut/grinded away to make room for the e-vacuum beam pipe.
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Figure 19: e- and p-beam positions at the center of the second horizontally focusing p-ring
quadrupole where the horizontal-3 reaches a maximum of 1900. m. The assumed 35. mm pole
radius for reusing a HERA QR-type quadrupole is indicated along with the +5¢ projection of
the neutral vector radiation cone from the IP as shown in Fig.13. Note that to this point this
cone is always within the 12.5¢ of the p-beam. The assertion that the solid angle available
for a luminosity monitor is solely limited by the MSQ is subject to a detailed analysis of the
aperture provided between this magnet and the present monitor location beyond the vertically
bending BU dipoles.

e Completing the IR focusing

o Aiding optics matching to the arc regions

For the e-ring it should be possible to place a HERA QL-type of quadrupole at 27 m which
is a position just upstream of the p-ring QR quadrupoles discussed in the last section. Such
a quadrupole is useful for giving some additional vertical focusing which does not have to be
provided where space is precious close to the IP and facilitates optics matching at an existing
QL magnet at about 41 m.

For the p-ring an additional quadrupole placed between 40 to 50 m is useful to complete the
vertical focusing after the IR and to aid in optics matching to the arcs. The exact placement
is not so critical and can be fixed at a later point in time. It is proposed that a pair of HERA
QC-type quadrupoles may be sufficient for this purpose. An additional dipole, not covered in
the previous sections is needed in the e-ring to

e Close the ring geometry at an appropriate matching point
o Avoid problems due to synchrotron radiation in the superconducting tf cavities.
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The scenario proposed is to reuse one of the BH dipoles which is no longer needed near the IP
and place at 62 m next to the superconducting rf region. Since the separator magnet provides
8.2 of the present 10 mr separation angle it is possible to close the ring geometry by adding
0.9 mr bend along with increasing slightly, by the remaining 0.9 mr the bend at an existing
dipole in the middle of the f section. Even it 0.9 mr is not found ideal for dispersion and
spin-matching purposes. it should always be possible to find a combination of angles, yielding
a net 1.8 mr of bend that closes the ring geometry in the middle of the rf section. Closing the
ring at the rf section has the following advantages by:

o Splitting the difference between aperture demands due to a slightly different electron
trajectory and the demands due to additional synchrotron radiation from bends close to
the of

o And thus avoids having to move the rf cavities

For the p-ring geometry it is useful to place a dipole near 27 m in the otherwise unused
space between the vertically focusing and horizontally focusing p-ring quadrupoles. A BS dipole
would fit here and provide 200 ur of bend to partially compensate the kick given to the beam

by the MSQ.
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3.6 Impact of the new Interaction Region on ¢*/¢™ Polarization

by E. Gianfelice-Wendt

The shrinking of the space available with the new IP region design involving the new sepa-
rator magnets has two important consequences for polarization:

1) the experimantal solenoids will not, as at present, be compensated anymore by antisolenoids:

2) the experimental solenoids must overlap with the last machine magnets.

3.6.1 Effect of antisolenoid suppression

. A magnetic field parallel to the polarization direction ng does not change ng. So if rotators
are used to get longitudinal polarization at the IP. the solenoidal field does not affect g (this
is not completely true, as we will explain below). There is only a relatively small increase of
the betatron resonances due to the betatron motion of the particles in the uncompensated field
of the solenoid. This results in a lower polarization level for the ideal machine but the loss is
probably negligible wrt depolarizing effects due to the unavoidable machine imperfections.

If rotators are not operating. i.e. 7o is nominally vertical and thus perpendicular to the
solenoidal field, the field produces a tilt of 7ig. For example the H1 solenoid (B,=1.5 T, L=
7.333 mt) would tilt 7 around the longitudinal axis by about 110 mrad at 29 GeV.

Such a tilt, if not corrected before entering the arcs, would destroy completely the polariza-
tion build up mechanism, the Sokolov-Ternov effect.

We could perhaps overcome the tilt by using the scheme invented by IK.Steffen for PETRA
(1982) and actually applied at LEP. It consists of two vertical bumps, one on each side of the
solenoid. involving horizontal bending magnets. For the same purpose one could also use the
vertical bending magnets of the rotators. The size of such bumps depends on beam energy and
on longitudinal field strength. The feasibility for HERA is still to be proved.

3.6.2 Effect of field overlap

_ As mentioned above, even if rotators are operating, the fact that the solenoidal field overlaps
with the magnetic field of the last machine elements has as a consequence that 719 is not
already perfectly longitudinal when the particles enter the solenoidal field. In the following
we will assume that the last CoSm magnets before the IP provide together the remaining 10
mrad. which. in the absence of the solenoid. closes the orbit and brings g in the longitudinal
direction. For the ideal case of a “curved” solenoid following the orbit curvature, no orbit
distortion is produced. but only a iy distortion.

If the solenoid is straight then both orbit and iy are affected; this is the realistic case that
we will discuss here. Thus we need to examine simultanonsly orbit and spin motion.

On the reference orbit the solenoidal field has a longitudinal as well as a radial component
B.. As long as the solencid is symmetric wrt the TP the integral of B, vanishes. The kicks in
the fringe field at the entrance and exit of the solenoid cancel. Then there is only a very small
effect on the vertical closed orbit due to motion in the solenoid itself since the design orbit is
not parallel to the magnet axis. The distortion of ity is negligible too.
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If the solenoid is not symmetric [ dsB, # 0 and the kicks at the entrance/exit do not cancel,
The effect is particularly important for the H1 solenoid, its center being shifted of 1.1 mt. In
this case the particles see a vertical kick of 0.2 mrad, whereas the fiy is tilted 28 mrad around
the radial direction.

This effect can probably be compensated by having different settings for the rotator on the
left and right of the North IP.

It remains to be seen whether spin matching against spin diffusion in the straight sections
is still possible.
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3.7 Investigation of Synchrotron Radiation Background

D. Pitzl

The synchrotron radiation power emitted by the electron beam in a dipole magnet with bending
radius R and length £ is given by

le ¢

2
- (BN
3471’(0 Rl( ']

with 3 = v/cand v = E/m.c*. Using a = (/R. the dipole bending angle, the power may be
expressed as

alrad)
R[m]
which is proportional to the inverse bending radius for a given bending angle. For / = 58 mA,
E=30GeV, a = 8mrad, and R = 400 m the emitted power is 13.2kW (or 8-10° GeV/BC) on
each side of the interaction region.

PkW] = 14

I[A]EVGeVY]

The synchrotron radiation spectrum is characterised by the critical energy

E.[keV] = _--%

which amounts to E. = 150 keV for the numbers used above. The photon spectrum is given by

‘ P S¢)
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with € = . /E. and the spectral function
!
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where Ns/3 is a modified Bessel function. At low energies the photon spectrum diverges like
€73, In all simulations a lower cutoff at 10 keV is applied. The rate of photon emission
is then 1.2 - 10"s7" in the example given above. At high energies (¢ > 1) the spectrum
falls exponentially. Note that half the synchrotron radiation power is carried by photons with
energies above the critical energy. In the simulation the synchrotron radiation is emitted
tangentially to the path of individual electrons that are tracked through the magnets. The
intrinsic angular spread of the radiation is of order 1/ (0.017 mrad at 30 GeV'). which is much
smaller than the divergence of the electron beam.

The number of photons reaching the central detector components must be reduced by 10
orders of magnitude by a system of absorbers and collimators around the interaction region.
The central drift chamber of H1, for example, can tolerate at most 10 synchrotron radiation hits
per bunch crossing, before the hit occupancy, after integrating over 12 bunch crossings. starts
to affect the pattern recognition efficiency. A similar value is obtained from ageing effects
in the chamber. using a limit of 0.03C/cm of charge accumulated on the sense wires and a
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Figure 20: Layout of a high luminosity interaction region for the H1 experiment in the horizontal
plane with the synchrotron radiation fan from the dipole magnets. The beams ave displaced by
1 em horizontally relative to the detector aris. Note the different scales for the =- and r-ares.

lifetime of 10 years at high luminosity. In the silicon detectors close to the beam pipe a hit
rate of 0.01/cm?/BC leads to an accumulated dose of 10 krad/v, which can be tolerated for a
lifetime of 10 years by the CMOS front end electronics. For the HI silicon vertex detector the
corresponding hit rate is 40/BC, which can be tolerated by the pattern recognition software,
In both cases one hit is assumed to deposit 30 keV', and one year of operation is 107 s.

3.8 Synchrotron Radiation Shielding

The design of the interaction region is guided by the principle that only doubly scattered
radiation may reach the experiment. The direct radiation must not hit the beampipe anywhere
inside the detector. It is absorbed by upstream collimators and downstream ahsorbers. These
must be placed as far away as possible to reduce the solid angle for backscattered radiation
to reach the central detector. Furthermore. a set of secondary collimators is needed to shield
against this backscattered radiation. A possible layout for a high luminosity interaction region
with dipole magnets inside the collider experiments is shown fig 20.
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3.8.1 Synchrotron RadiationAbsorbers

Absorbers for direct synchrotron radiation must absorb up to 10kW on an area of a few
square centimeters and should have the lowest possible backscattering probability. A detailed
simulation of photon interactions in the energy range from 10 to 1000 keV was used to find an
optimal absorber. The albedo is defined as the number of backscattered photons devided by
the number of incident photons. Fig. 21 shows the albedo as a function of the critical energy
of the incident synchrotron spectrurmn for three different absorbers: pure tungsten, pure copper
and a tungsten absorber coated with 0.4 mm silver and 0.2mm copper. The coated absorber
has the lowest albedo (by a factor of 3 at £. = 150keV) but it requires some development work
to ensure that the thin coating is not destroyed by overheating the absorber.

It can be understood qualitatively by inspecting the energy spectra of backscattered photons
from the three absorbers (see figure 22). The spectrum from a pure tungsten absorber is
dominated by the K, and K; fluorescence lines, while the copper absorber shows a Compton
continuum (the K-lines of copper are just below the 10keV cutoff). For the coated absorber
the silver layer absorbs the tungsten K-lines and the copper layer in turn absorbs the K-lines of
silver (25 keV'). The thickness of the layers is a compromise between absorbing the fluorescence
from the deeper layer and not generating Compton backscattering of the incident radiation. It
is found that the optimum coating is independent of the incident spectrum for critical energies
between 30 and 200 keV.

Luminosity Monitor Shielding

3.8.2  Luminosity Monitor Shielding

The photon detector of the luminosity monitoring system is placed 100m downstream from
the interaction point. It has a diameter of about 20 cm and as is therefore exposed to the
synchrotron radiation emitted in the last 1 mrad bend. The radiation power is about 2.5 kW, or
1.6 10" GeV/BC, which has to be reduced by 6 orders of magnitude in front of the calorimeter.
The present photon detector of H1 has a copper-lead-water absorber with a thickness of 3
radiation lengths. This thickness should not be increased in order not to further deteriorate
the energy resolution of the calorimeter.

The non-absorbed energy fraction as a function of thickness can be estimated by integrating
the photon energy spectrum wheighted by the energy absorption length 74

E.max
S

F(I)zle/;

whre N is the integral over the incident spectrum. The integrand does not represent the true
spectrum at a depth ¢, since the re-population of the low energy region by scattered photons
and fluorescence is not taken into account in detail. However. the tabulated energy absorption
lengths include the effects of secondary radiation on average and give a correct description of
the overall energy flow. Note that the energy absorption length is larger than the photon mean
free path length by up to a factor of 2 in lead and by up to factor of 10 in carbon. A high-
Z absorber material is therefore prefered. Figure 23 shows the non-absorbed energy fraction
in lead for several critical energies. A reduction of 10° in less than 3 X, is only possible by
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Figure 23: Non-absorbed energy fraction versus lead thickness for scveral synchrotron spectra.
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introducing a 'soft bend’ with a critical energy below 34keV for the first | mrad. This result
is due to the Compton minimum in the photon cross section. Between E., = 200 and 1000 keV
the photon mean free path length in lead is larger than than radiation length.

3.8.3 Interaction Region Layout

A possible high luminosity interaction region layout has been developed using the following
parameters and considerations:

The bending angle of 8 mrad is provided by air core dipole magnets inside the experiment.

The magnets start at £1.6m from the interaction point and extend to 5.6 m. The bend
over the first 1 mrad is 'soft” with a radius of 1200m. which requires a magnet length of
1.2m. The remaining Tmrad bend is achieved with a radius of 400 m over a length of
2.8m.

The width available for the dipole magnets is limited at the outer radius to 11 em by the
H1 compensator and the liquid argon cryostat. The inner radius is determined by the
aperture required for the electron beam and by the outgoing syvnchrotron radiation fan in
the horizontal plane.

The focussing quadrupoles for the electron beam are placed on-axis and do not contribute
to the bending.

o The first focussing element for the proton beam (the septum half-quadrupole) starts at
+12.1m.

o All synchrotron radiation from the Smrad bend passes through the interaction region and
is absorbed behind the septum magnet at 21.3m. The mirror plate of the septum magnet
is also exposed to direct synchrotron radiation, Both surfaces are coated for minimum
albedo.

e The vacuum tube inside the septum magnet extends up to 20cm horizontally outward
from the beam axis to accomodate the synchrotron radiation fan.

o The central beam pipe section is shielded against backscattering from the absorber and the
septum by secondary collimators placed at = = —0.8, -1.4, and -2.7m. These collimators
leave an aperture of 20 mm radius required for proton injection and need not he movable,

o The diameter of the central beam pipe is 90 mm such that the existing central and back-
ward silicon tracking detectors of Hl can be accomodated. The critical point is the
shielding of the backscattering from the septum magnet with collimators that must not
be hit by direct synchrotron radiation.

o The beams are displaced by lcm horizontally ring-inwards relative to the axis of the

experiment.

This interaction region has been implemented in a simulation program that tracks backscat-
tered photons from the absorber at 21 m and the face of the septum magnet at 12m. The emis-
sion angles are restricted to a solid angle fraction of 71077 of 27 towards the central detector
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region. Photons are tracked through any number of scatterings until they are absorbed. With
more than 10° trajectories followed, an overall sensitivity of better than 10~'" is achieved.

The simulation was also performed for H1 interaction region layout of 1996 with a beam
energy of 27.5GeV and for a current of 58 mA. Here, the main absorber at -24m is a pure
copper absorber. The strongest source for scattered radiation is the inner edge of the upstream
collimator ('3 at 5.6 m.

Table 3.8.3 the summarizes the beam parameters and simulation results. Two conclusions
may be drawn. The absolute prediction for the number of hits in the central drift chamber and
the silicon detector are well below the tolerable limits, with a comfortable safety margin. The
relative increase for the high luminosity interaction region is roughly a factor of 10 for 58 mA,
or a factor of 20 compared to the usual operating current in 1996. The synchrotron radiation
background at present is very small and therefore hard to measure. At least. it does not severly
exceed the simulation result. It is therefore expected that the present detector can be safely
operated in the high luminesity environment.

HERA 1996 | HERA upgrade
E. [GeV] 75 30.0
I, [mA] 58 58
37, [m] 1.0 0.4
35, [m] 1.0 0.4
bend angle [mrad| 10 8
bend radius [m] 1260 400
E. [keV] 36 150
Prot [kW] 7 97
Ny(Ey > 10keV) J1/s] | 1210 [2.2.10%
N, central BP [I/BC] |10 120
Nuies CST, BST [1/BC] | 0.02 I
Nyies CIC [1/BC) 0.1 2
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4 Upgrade of the ZEUS Interaction Region
HERA-ZEUS Upgrade Group:

D.Boscherini. N.Brook. J.Butterworth. A.Caldwell, C.Catterall,
R.Cashmore. C.Foudas, J.Hartmann. U.Karshon. R.Klanner.
H.Kowalski, M.Kuze, E.Lohrmann, S.Magill, T.Massam,
N.McCubbin, K.Piotrzkowski. M.Riveline, R.Saunders,
U.Schneekloth, W.Schott, L.Suszycki, J. Tickner, K. Tokushuku,
D.C.Williams, F.Zarnecki

Editor: W.Schott

4.1 Summary

We report on the status of the new design of the ZEUS interaction region as

discussed in the frame of the HERA Luminosity Upgrade Group and on a first
evaluation of the impact on the ZEUS components close to the beam.

4.2 Introduction

As discussed extensively at the workshop. an increase in HERA luminosity above the design
value will allow the experiments to extend substantially the current fields of research and even
open up new regions of activity. However, most of the parameters that determine the luminosity
of the HERA accelerator complex are at their technical limits, and to push them further would
need a very major effort of the laboratory. The most promising option is a reduction of the beta
functions at the interaction region. A scenario as given in Table 3 would raise the maximum
luminosity by a factor of about five above the nominal value of 1.5 x 10* /em?s.

Technically this requires a rearrangement of the HERA magnets in the experimental area.
A smaller beta function at the interaction point (IP) leads to a faster growth of the beam
envelopes between the [P and the first focusing magnet and the first quadrupole has to be as
close as possible to the IP. Therefore the separation of the beams (e, p) with bending dipole
magnets should be done as close to the IP as possible.

This means that accelerator magnets have to be installed inside the central part of the
existing HERA detectors. This Working Group made a first study of the technical feasibility
and the consequences of this concept. The work done by ZEUS members was based on a
design study by F.Willeke, that foresees as innermost elements magnets with 8 mrad bending
angle, which start at 3.6 m distance from the IP and reach as far as possible into the detector
(minimum 1.2m distance from the IP).
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Present | Proposed
g 7m 3m
g | 07m | 0.15m
B Im 0.4m
8, Im 0.4m

Table 3: Proposed scheme of beta functions.

The present report gives a first preliminary assessment of the impact of the Juminosity
upgrade on the ZEUS detector. A more detailed report is to follow.

4.3 The new HERA beam line inside ZEUS

Here we discuss the magnet system for the final 8 mrad bending of the electron beam within
+5.6m of the IP. The concept of bringing HERA magnets inside the existing ZEUS detector
is subject to several boundary conditions:

o The transverse outer dimensions of the magnets are limited by the 20 cm beam pipe hole
of the ZEUS calorimeter.

e The aperture of the magnets has to be wide enough to accommodate the beams and the
fan of synchrotron light from the bending of the electron beam.

o The front face of the ZEUS calorimeter should not be shadowed by the magnets, i.e.
particles originating from the IP should reach the calorimeter unobstructed.

In addition to these general requirements, consideration has also to be given to aspects like
construction of beam pipe. absorption of reflected synchrotron radiation, installation. support
etc. Presently two options for the magnet layout are under discussion:

Option 1: An air coil dipole magnet is used on either side of the IP, however. in a somewhat
asymmetrical way (see Fig.24). The magnet on the forward side (ZEUS coordi-
nate = > 0) has an outer diameter of 14cm, an inner diameter of Scm. and a
length of 400 cm. The magnet ends at = = 160 cm. just behind the line-of-sight
between 1P and FCAL front edge.

The magnet on the rear side (ZEUS coordinate = < 0) has an outer diameter
of 19cm. an inner diameter of 12cm, and a length of 410 em. The magnet ends
at = = —150cm in line with the RCAL front face. It has a wider aperture and
is displaced in the horizontal plane by 15 mm to accommodate the fan of direct
synchrotron radiation.

Option 2: Here the magnet layout (see I'ig.23) as compared to option 1 is different on the
forward side. The air coil dipole magnet has now the same inside and outside di-
ameter as the rear one. However, the length is only 340 cm, ending at = = 220 cm.
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A permanent SmCo magnet provides a dipole field between = = 220cm and
- = 150 cm. The permanent magnet can be closer to the IP without shadowing
the forward calorimeter because the diameter gets smaller towards the 1P.

The field of the SmCo is relatively low (approx. 0.1 Tesla) such that it contributes
only a 0.5 mrad bend. This has the advantage of reducing the intensity of syn-
chrotron radiation that hits the ZEUS luminosity detector.

4.3.1 Magnet design

Long dipole magnet. Both design options use long dipole magnets (with somewhat varying
dimensions). The homogeneous magnetic field is provided by a coil which has a current dis-
tribution that is proportional to the cosine of the azimuthal angle. The conductors of the coil
are arranged in 3 layers such that they approximate this current distribution along the magnet
circumference (see Figs. 26, 27). The coil does not have an iron yoke since it will be inside the
ZEUS compensator magnet,

Normal conduction technology is preferred because of space restrictions and in order to keep
the infrastructure requirements simple. At a nominal field of approximately 0.2 Tesla the normal
conducting coil will use on the order of 100kW of power. Cooling water is circulated inside the
hollow conductor. Several parallel cooling channels are needed to keep the temperature of the
magnet below a value that is acceptable for the ZEUS detector. The connections to the coil
will be made at the magnet head at = = +5.6m. Care must be taken to prevent heating of
detector components situated close to the magnet. Safety of this magnet also requires special
considerations.

Permanent magnet. The particular feature of option 2 is a permanent magnet on the
forward side of the detector. Permanent magnets built from rare-earth-cobalt alloys like SmCo
can provide high magnetic field strength at a very compact design. Fig. 25 schematically shows
the tapered permanent magnet. It would actually be segmented in the longitudinal direction
into several rings. Each ring is made up from blocks of SmCo material (see Fig.28). The
arrangement of the magnetised SmCo blocks in a ring produces a homogeneous dipole field
inside with almost no fringe fields outside. One of the difficulties with this design is the need
to provide a temperature stabilisation.

4.3.2 Beam pipe

The beam pipe in the experimental area (see Figs. 24, 25) is divided by flanges into three
sections. The construction of the front flange is particularly delicate, because the requirement
not to put too much inactive material in front of the sensitive ZEUS detector components leaves
little space. At least one bellow is needed to give some freedom for relative motion of the beam
pipe sections.

The size of the central beam pipe (outer diameter 100 mm) is mainly determined by the
synchrotron radiation, i.e. by the direct radiation and the radiation reflected back from down-
stream absorbers. The svnchrotron radiation reflected back into the central ZEUS region has
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to be taken care of by dedicated absorbers at = = —140cm (rear flange), = = —80cm and at
2 = 150cm (front flange).

For a good vacuum pumps are needed inside the beam pipe (see Fig. 26). The magnetic field
and the space available inside the large air coil magnet is the same as in the HERA electron
dipole magnets. Therefore standard HERA integrated ion getter pumps can be used. Possible
negative effects on the electron beam life time. as observed in the HERA electron ring, are not
expected, because there is no direct line-of-sight between the anodes of the integrated pump
and the beam. The integrated pumps will be in operation only when the air coil magnets
are on: additional holding pumps are therefore required between the air coil magnets and the
following quadrupole magnets.

The pumping speed can be increased by equipping one of the pumping channels with NEG
pumps. The same design can be used as for the HERA dipole pumps, which are in preparation.
The advantage is a high pumping speed for active gases independent of the magnetic field.

4.3.3 Support structure

The long dipole magnets which go into the ZEUS interaction region have a mass of about 600 kg
each. The forces from the existing ZEUS magnets on the coils are comparatively small (below
100 N).

There are only limited possibilities to support the new magnets, since the experiment has
4 number of mechanical constraints. As indicated in Figs. 29, 30 the magnets have to be
supported mainly from their outside ends. i.e. with relatively long lever arms. The situation
is more favourable on the rear side due to the cryo tower structure. On the front side some
weight may be supported inside the ZEUS detector by string connections to the spokesplate.

4.3.4 Installation

The magnets, their corresponding beam pipe elements, and related ZEUS detector components
will be installed as pre-assembled units. They are installed from the forward side (see Fig. 31).
First the rear magnet with the rear beam pipe part is lowered with the hall crane between
the opened ZEUS forward calorimeter halves. This unit is then pushed through the central
detector to the rear side. Next the central part of the beam pipe is inserted from the forward
side. A planned new silicon microvertex detector should have been assembled around the central
part of the beam pipe and will then be installed together with it. After installation it will be
dismounted from the beam pipe and attached to the CTD inner vessel. Finally the forward
magnet with the part of the beam pipe inserted and the FDET assembled around it will be
put in place. Removal of the magnets, beam pipe parts. FDET, and microvertex detector will
lave to be done in the same way as the installation but in reverse order.

4.4 Background conditions
4.4.1 Background from the proton beam

The background from the proton beam will be higher than at present (1996), because a pro-
ton current close to the design value of 160mA is finally expected, to be compared with the
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1995 value of 40 mA. However, this increase will come with the general HERA improvement
independent of the low beta scheme.

The low beta scheme should not make a big difference, because all apertures near the
interaction point are the same as at present, except possibly a synchrotron radiation absorber
at z = —80cm and at a horizontal distance of 20 mm from the beam.

The beam gas background will depend on the possibility to install vacuum pumps inside
the separator magnets.

4.4.2 Background from the electron beam

Since the collimators C1, 2, €3 and C4 will no longer be there, they cannot be used to limit
background from stray electrons. The effect of stray electron on the ZEUS detector is however
small, except for the present Beam Pipe Calorimeter (BPC), which will no longer be there.

Again, independent of the low beta scheme, the general increase of the electron current from
30mA in 1995 to the design value of 58 mA will have to be accommodated.

4.4.3 Synchrotron radiation

Synchrotron radiation is the most eritical source of background. There are three potential
sources:

i) Backscattered radiation from the main synchrotron radiation absorbers, which are at
distances of 12---20m from the interaction point.

ii) Edge scattering from absorbers near the interaction point which are installed to protect
the experiment from source i).

iii) Synchrotron radiation from the quadrupoles, which start about 5.8 m from the interaction
point. Under normal circumstances this is a negligible source. However, if the beam is
misadjusted. it can make a large contribution.

In the following, we shall only consider source i), the backscattered radiation.

Fig. 24 shows the interaction region with the line marking the boundary of the direct syn-
chrotron radiation. It is not touched by any absorbers. until it hits the main absorbers, which
are situated at distances of 12---20m from the interaction point. In order to minimize reflec-
tion from these main absorbers, they have to be covered by an anti-reflecting coating, e.g. 3mm
W.0.5mm Ag, and 0.13mm Cu. The back reflected radiation constitutes the main background
for the detector. It delivers a dose rate of about 0.01 Gray /s, and therefore all sensitive parts of
the detector including the beam pipe have to be protected from it. This is done by absorbers
placed at —0.8m and —1.1m (see Fig. 24). All surfaces hit by the reflected radiation need an
anti-reflection coating.

In order to assess the radiation load on the C'TD, a comparison with the present situation
is made. In Table 4 the present situation is compared with the low beta option. TFor this
comparison an electron energy of 30 GeV, an electron current of 58 mA and a field in the last
deflection magnet of 0.22T have been assumed.
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The table shows that the background in the CTD will increase about 15-fold. Compared
with the situation in 1995, where currents were about 30 mA, one has to expect a 30-fold
increase.

In a run with random triggers, less than 1 hit was observed on average in the CTD in 1995
at 30mA. The hits were distributed uniformly throughout the chamber. This would translate
into less than 30 hits on average for the low beta scheme.

In a similar way the number of hits in a Si detector at a radius of 5¢m and of 0.4mm
thickness can be estimated. One gets 10~4...10~? hits/em*/bunch-crossing. This corresponds
to a dose rate of 107%-. 10~° Gray/s.

present | low beta
Total power (both sides) 9.7kW 22kW
Critical energy 44keV | 126 keV
Dist. of main absorber (weighted) | 23.5m | 16.3m eff.
Reflected into experiment
(arb. units):

Total power 1.0 2.3
(distance of main abs.)=2 1.0 2.1
Reflection coefficient 1.0 1.6
Missing action of abs. C1..-3 1.0 2.0
overall factor 1.0 15

Table 4: Comparison of synchrotron radiation background (present values scaled to nominal
electron beam parameters, i.e. 30 GeV and 58 mA)

4.5 Luminosity measurement and photon tagging

The consequences of the HERA interaction region upgrade for the present ZEUS LUMI system
and for photoproduction tagging are discussed in this section. Also the concept of a future
Beam Monitoring Station is proposed.

4.5.1 Present LUMI system

Synchrotron radiation and filter thickness. At an assumed bending radius of 475 m
the thickness of the carbon filter in front of the photon calorimeter of the luminosity monitor
would have to be increased from 2--.3 radiation lengths (r.l.) to 4 r.l. This would deteriorate
the resolution from presently 23%/VE (for 2r.l.) to >35 %/VE and increase the minimum
energy that can be measured well from | GeV to about 3GeV. The expected uncertainty of
the luminosity measurement due to these effects is about 2% and is not compatible with <1%
precision. If, however, a new detector were installed with a preshower detector and better energy
resolution, then possibly a 1% precision could be achieved. Another step to be considered is
the use of polyethylene instead of carbon as an absorber.
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Event rate. The strongly increased event rate will constitute a problem.

o At a luminosity of 10%/cm?s the rate of bremsstrahlung with energy above 1GeV is
17 MHz. This results in a very high occupancy: on average 2 photons per bunch crossing
and only 13% of bunch crossings without hard bremsstrahlung). Effects of such event
pileup, however, can be well simulated, measured and controlled by usage of different
energy cuts. Possibly also pileup insensitive measurements (energy flow measurement)
can be adopted,

o The present luminosity detector uses PMTs for readout. If one scales the present anode
current (already at very low HV) to a luminosity of 10*/cm®s one expects 60 uA! Either
low gain PMTs (6/8 dynodes) or hybrid PMTs would have to be used.

Radiation dosage at the worst point is expected to be up to 10kGray/year and may
seriously affect the energy measurement.

Photon acceptance. For the recent Willeke optics the bremsstrahlung cone has a horizontal
angular divergence of 0.35 mrad which reduces the photon acceptance from 98% to 80%. In
such a case systematic effects are much less controlled and may result in an increased error from
this source from 0.5% now to 2% at the full luminosity. To keep the precision. one can try
to either increase the angular acceptance or decrease the electron heamn emittance and angular
divergence at the IP.

To summarize: A luminosity measurement similar to the one presently used in the ZEUS
experiment has an estimated accuracy of 3%. The accuracy can be possibly improved by
ensuring a high photon acceptance and better linearity of the energy measurement. To achieve
approximately 1% precision — desirable for some physics questions — alternative solutions
should be considered.

4.5.2 Photoproduction tagging

The present tagging devices are incompatible with the HERA upgrade. There are three possible
new locations:

i) About 10m from the IP. just after the first two quadrupoles: since any extra space
(longitudinally) would reduce the luminosity, the detector should be integrated to some
extend with the quadrupole/beam pipe — it could be a tungsten spaghetti calorimeter
— and use only the typical space available (20--.30 cm) between beam line elements.
Such a detector would tag photoproduction at high/medium W. at about 180--.250 GeV
(corresponding to 35- - -120 mm distance of the scattered electrons from the beam axis).

ii) At a distance >20m from the IP a low W (about 30 GeV) tagger could be iustalled using
the technique of the present 44m tagger.

i) If high W (>280GeV) tagging would be required, then a small detector just after the
dipole at —5.6m could be installed using the technique of the present Sm tagger.
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The main difficulty in running the tagging devices at very high luminosity is a large event
rate due to ep bremsstrahlung which results in a significant detector occupancy. Therefore,
very good vacuum (to avoid a large e-gas contribution) and a high bremsstrahlung photon
acceptance (to allow for efficient vetoing) are essential.

4.5.3 Beam monitoring station

Running experience has shown that scintillation counters close to the beam pipe in the outgoing
electron beam direction (C5 counters, Beam Pipe Calorimeter) are essential for a quick moni-
toring of the background conditions at the ZEUS experiment and the precise determination of
the mean z position of the ep interaction region and the monitoring of satellite bunches. The

present position around z = —300cm will not be free due to the presence of the new dipole
magnet. A new extended Beam Monitoring Station (BMS) is proposed at a position around
= = =560 cm. downstream of the new dipole magnet.

The tasks of the BMS are:

—

. Separate measurement of the radiation background from the proton and the electron
beam.

2. Measurement of the mean = position (longitudinal) of the e p interaction point from the
difference of the arrival times of background particles from the electron and from the
proton bunches,

3. Monitoring of the satellite bunches accompanying the main bunches.
1. Measurement of the transverse position of the ep interaction point.

5. Measurement of the luminosity. independent of the present ZEUS luminosity monitor.

A conceptual side view of the BMS is shown in Fig. 32. The main elements are a thin exit
window of the vacuum-pipe (i.e. transition from the circular cross section to an elliptical shape),
two silicon trackers above and below the beam pipe, each consisting of two microstrip detectors
(60 mm » 60 mm) with horizontal strips and two microstrip detectors with vertical strips, and
two small compact electromagnetic calorimeters (e.g. PhbWO, crystals). The minimum length
required along the heam is 50 cm.

The timing information from the electromagnetic calorimeters is used to obtain the infor-
mation for topics 1. 2. and 3. The measurement of small angle inelastic e p scattering (angular
acceptance 7---12mrad) and QED Compton scattering (ep — eqp) will provide events to re-
construct the transverse e p interaction point (using the : position obtained from the timing
information in topic 2) and to obtain a measurement of the luminosity.

4.5.4 Beam position monitor

A beam position pick-up monitor positioned around z = £300cm (inside of the new dipole)
appears highly desirable. No design work has vet been done.
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4.6 Impact on other ZEUS components

The impact of the upgrade of the interaction region for components close to the beam is
discussed. There are at present only qualitative results.

4.6.1 CAL

There is some fringe field from the new magnets; Table 5 provides a map of the field values
from the air coil magnet. The calorimeter PMTs close to the dipole magnet may require
improved shielding — this is under study. Possible effects due to the additional material from
the new magnet on the calorimeter performance are presently being studied with Monte-Carlo
calculations.

z =120 em (magnet head)

r=0 r=10 r=20 =30
y= 0 —-1015 0 0 424 0 0 133 0 0 58 0
y=10|0 —408 526 | -270 —25 216 | —86 62 50| =32 42 17
y=20{0 =124 131 | —80 —64 96| —65 —1 48| =37 15 23
y=30[0 —57 A8 | =30 —42 50| =37 —16 34| =29 0 21
z2=220cm
r=20 r=10 r =20 F=30
y= 0 -2032 0 0 846 0 0 264 0 0 115 0
y=10[0 —819 0|-539 -52 0]-=172 122 0| -64 81 0
y=201(0 =251 1| =160 —130 1| =130 -5 1| =74 28 1
y=30|0 —116 1| —-61 =83 1| =73 =34 |-/ =3 1

Table 5: Air coil dipole magnet field map at z = 120cm (magnet head) and z = 220cm. The
ZEUS coordinates x and y are given in cm, the magnetic field B.. B,, B: in Gaull.

4.6.2 Tracking detector

The additional magnetic field does not pose a problem for the performance of the tracking
detector and the track reconstruction. For synchrotron radiation effects see Section 4.4.

4.6.3 Silicon vertex detector

Installation of a vertex detector based on Si detector technology appears compatible with
the low beta installation. An inside diameter of 10cm can be accommodated; the radiation
background has been discussed in Section 4.4 and appears to be at a tolerable level. More
accurate statements can be made once the design for such a device is available.

4.6.4 FMUON

No impact on the performance of the forward muon system is expected.
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4.6.5 PRT

Scintillation counters close to the beam pipe are presently located at = = 5.4m and z = 25 m
to separate diffractive from non-diffractive events. The place of the counters at 5.4m will be
taken by the new dipole magnet. It presently appears difficult to install new counters at this
position unless approximately 20 cm of space is freed along the beam direction. This = position
is symmetric to the position in the electron direction of the proposed BMS. The counters at
25m should not strongly be affected by the modification of the interaction region.

4.6.6 LPS

The main impact of the luminosity upgrade on the performance of the ZEUS Leading Proton
Spectrometer (LPS) is due to the increased transverse momentum spread of the proton beam,
which, compared to the present situation, increases from 25 MeV to 35 MeV in z and 75 MeV
to 160 MeV in y. As the detectors have to be at least 10 ¢ away from the beam this results. for
protons with j, = 1, in an increase of the lower transverse momentum cutoff from 250 MeV
to 350 MeV. No significant change of the longitudinal momentum resolution is expected. The
transverse momentum spread however will result in a significant degradation of the resolution
of the measurement of the momentum transfer to the proton.

The installation of the LPS does not present a problem in principle. However, it will
represent a major operation both in terms of manpower and money. At present it appears that
most detectors have to be rebuilt and that the first three stations S1, S2 and S3 will have to
be moved. Tt should however be possible to leave the beam profile at the later stations 54, 55
and S6 unchanged. Every effort should be made so that this option is viable. This will require
a close collaboration between HERA and ZEUS.

The main effects on physics are due to the reduced acceptance and the poorer momentum
transfer resolution.

For details we refer to the report “The ZEUS Straight Section Upgrade” (ZEUS-Note 96-087
by T.Massam, August 26, 1996).

4.6.7 FNC

As in the case of the LPS, the main impact on the performance of the ZEUS Forward Neutron
Calorimeter (FNC) is due to the increased transverse momentum spread of the proton beam.
The angular acceptance of the FNC is determined by the apertures of the HERA beam elements,
and no major change is expected if proper care is taken with the new beam design. The
measurement of the transverse momentum transfer from the beam proton to the scattered
neutron will be much less accurate than at present. Again the optimum design will require a
close collaboration between HERA and ZEUS.

Overall no major impact on the physics performance of the FNC is expected in an optimized
design.

For details we refer to the report “The ZEUS Straight Section Upgrade™ (ZEUS-Note 96-037
by T.Massam. August 26, 1996).
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4.7 Impact on physics and conclusions

As can be seen from the physics working group reports included in these proceedings, the
upgrade of the HERA accelerator to reach luminosities of 1fb™" is necessary to exploit the
physics capabilities inherent in HERA. High @* and high Py physics, as well as the search for
rare processes, will greatly benefit from the increase in luminosity. ”
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On the other hand, the luminosity upgrade will impair the capability of the ZEUS ex-
periment to pursue physics processes connected to detecting particles at small forward and ~J
backward angles. Components such as the beam pipe calorimeter, electron taggers, the proton =
remnant tagger. the leading proton spectrometer and the forward neutron calorimeter will be %
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seriously affected. and in some cases will have to be removed completely (e.g., the beam pipe
calorimeter). This will mean a reduction in the capability of the ZEUS detector for low Q* l
physics. Studies of diffractive physics, forward jets and energy flows will also be affected (see

Sections 4.6.6 and 4.6.7). We will obtain as detailed physics results on these topics as is possible
before the implementation of the detector modifications. and efforts will be made to preserve
as much capability as possible in the new configuration.
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Other implications of the proposed options for the magnet layout within ZEUS are currently
under study. The options discussed in Section 4.3.1 have been implemented in the full ZEUS

”\Her
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Monte Carlo. X >< =
. . |
e The effect of the upgrade on the measurement of jets has been studied in both resolved S St -
; e . . O 0O (¢ (&
photoproduction and DIS. In both cases 15---30% more jets are observed in the new

— JI
configurations in the region 2 <1 <3 for jets with Ey around 6 GeV. Comparison of jets \
observed in the calorimeter to “true” jets of final state particles indicates that the extra
jets in the calorimeter are not associated with true jets and thus the purity of the sample
in the forward region is degraded. However. for jets which are matched to true jets the
energy resolution is not significantly degraded. The effects of the two configurations are
not significantly different.

|

The proton dissociative process ep — e Xyt where Xy is a system of mass My. has also
been investigated. The forward calorimeter energy distributions and the tagging accep-
tance versus M% show only small differences with respect to the current configuration. C

The tagging efficiency slightly increases for small values of M3, presumably because of e

showering in the magnet.

Lfouls ==

e 3, & g . 3 6 [ 8PS [
In summary, these preliminary studies indicate some effects in the forward region. which we ¥y
. . & . . . . Nl ©| D)
anticipate can be handled with careful simulation. Detailed studies are currently under way for ~~{~
a wide range of physics processes, and results will be available in a written report. To date. no EEE
major impact has been found due to the presence of the dipole magnets in the ZEUS interaction :‘\:
region on the measurements solely performed with the central detector. [~~~

Figure 24: Option | — magnet coils, top view.
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Figure 25: Option 2 — permanent magnet, top view,
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Figure 28: Cross section of permanent SmCo dipole magnet.

A ring-like structure is built from trapezoidal blocks of Sm;Co,7. The block magnetisation and
the flux pattern is indicated.

Figure 27: Artist view of magnet coil (upper half)
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Figure 30: Magnet support on rear side, side view.

Figure 29: Magnet support on forward side, side view,
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Figure 32: Beam monitoring station, side view.
Conceptual design of a beam monitoring station beyond the separator magnet (side view).
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Figure 31: Installation.
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5 Impact of a Luminosity Upgrade on H1
by W. Bartel, HI

Abstract: An attempt has been made to assess the impact of a luminosity upgrade on Hl
assuming two warm dipole magnets inserted inside H1. In order to accommodate dipole coils,
several ccomponents of the central H1 detector will have to be modified like Silicon trackers,
forward and backward tracking chambers, backward Spacal calorimeter, plug calorimeter as
well as the support structure for the beam pipe.

5.1 Introduction

High luminosity is the basis for future physics studies with the H1 detector. According to
an assessment of the luminosity working group within this workshop, a substantial gain can
only be expected by separating the two beams as close to the interaction point as possible by
introducing dipole magnets inside the experiments. Such a modification will unavoidably affect
the performance of H1. In order to keep the impact on the physics performance as small as
possible a scheme was followed which introduces warm dipole magnets with an outer diameter
of at most 180 mm.

e The dipole coils with an anticipated outer diameter of 180 mm do not fit into the presently
available apertures. Thus H1 has to be reshaped in various places to accommodate the
magnets and the beam pipe.

e The deflection of the electrons will create synchrotron radiation. which has to be masked.
As a consequence. a new beam pipe has to be designed.

¢ The luminosity measurement will be affected by the higher level of synchrotron radiation
and the modified optics in the interaction point. A new photon calorimeter has to be
built.

o The electron tagger needs a new design.

o The space presently taken by the plug calorimeter will be very much reduced and a
different instrumentation has to be implemented.

The detector stations of the FPS have to be moved to different positions.

¢ The physics performance will change due to the removal of detector elements at small
radii, the additional material introduced by the coils and synchrotron radiation ahsorbers
and the change in beam optics.

The detailed studies, which are necessary to investigate the impact of a high luminosity
upgrade of H1 were not yet completed by the time of this report so that only a preliminary
conclusions can be presented.
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5.2 Mechanical installation

A three dimensional view of the H1 detector is displaed in Fig. 33. For a high luminosity
interaction region the central beam pipe has to be replaced by a beam pipe surrounded by
dipole coils. This device has to fit through the forward aperture of the tank housing the liquid
Argon calorimeter, because rebuilding the tank is equivalent to rebuilding HI. This constraint
limits the outer diameter to 180 mm.

The Silicon trackers around the beam pipe (CST and BST) are detector elements. which
should be kept also for high luminosity operation. Therefore the dipole coil cannot start
earlier than + 1380 mm from the interaction point, if a symmetric installation of the dipole is
maintained as preferred for beam optics considerations.

Having fixed the outer dimensions of the high luminosity dipole magnet a central hole has
to be provided, which is wide enough to accommodate it. Thus the central modules of the
backward calorimeter (SPACAL) have to be removed, which can be done by reassembling the
calorimeter. Furthermore the backward drift chamber has to be rebuilt with a larger central
bore hole. In order to support the beam pipe together with the dipole magnet space has to be
gained at the position of the first module of the forward tracking module and at the position of
the backward drift chamber. Various options are under discussion including one, where a rigid
support structure is integrated into the new backward drift chamber and also the first forward
tracking module is modified to support the weight of the magnet.

The H1 beam pipe is now pumped by integrated getter pumps of the order of two meters
away from the interaction point. For the new beam pipe with collimators and absorbers it
will presumably technically more difficult to provide the necessary pumping power close to the
interaction point.

The present version of the high luminosity insert assumes that the compensating solenoid
is kept, in order to maintain electron and positron polarisation. The compensating solenoid
does not move together with the main 1 detector. Therefore the beam pipe with the dipole
has to be installed when the experiment sits in the interaction region. The necessary space for
inserting can be gained by temporarily removing the HERA quadrupoles next to the interaction
point.

5.3 Synchrotron Radiation

All details on the synchrotron radiation generated in the bends next to the interaction point
and the way they could be shielded is outlined in D. Pitzls contribution to this workshop [1].

The strategy to protect the experiment against synchrotron radiation is based on a central
beam pipe, which is wide enough to pass the synchrotron radiation fan through the experiment
and place the principal absorbers as far downstream as possible. Masks close to the interaction
point prohibit then scattered photons from reaching the tracking chambers. First background
estimates show that an increase by a factor of about ten in the numbers of photons reaching
the central drift chamber is expected compared with the present set up, which leads to still
tolerable rates.

According to a preliminary study of a beam pipe design. the central Silicon tracker could be
kept as it is with the beam passing off center. The backward tracker has in its present version
too small an aperture for the beam pipe. It has to be rebuilt.
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Figure 33: Perspective view of the H1 detecctor.

5.4 Luminosity Measurement

The accuracy of a luminosity measurement by observing ep bremsstrahlung will be degraded
in the propo.scd high luminosity scheme. Two items contribute. First the photon counter due
to the larger beam divergence at the interaction point will accept only between 60 and 70% of
all bremsstrahlung photons compared with 95% in the prestent set up and second due to the
high level of synchrotron radiation the absorber thickness in front of the photon detector has
to be increased thus leading to a bad energy resolution. Preliminary studies indicate that the
luminosity measurement may not be better than 5%.
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At high luminosity, however, other reactions with well known cross sections may be used
for normalisation like QED Compton scattering.

In measuring luminosity and for tagging photoproduction events electron taggers are em-
ployed. With the new design of the interaction region appropriate new positions for these
devices have to be found.

5.5 Plug Calorimeter

The space presently occupied by the plug calorimeter will widely be taken by the forward dipole
coil. In addition the material in front of the calorimeter represented by the coil will be too big
for a useful energy measurement. Thus a new design for the forward instrumentation has to be
made.

Although the calorimetry in this area will be poor it cannot be dropped completely, because
another important feature of the plug calorimeter has to be maintained. It provides a timing
signal. which is used to suppress background events from beam gas and beam wall scattering.

5.6 Forward Proton Spectrometer

The forward proton spectrometer (FPS) employs the HERA machine magnets downsiream
of the interaction point for a momentum measurement of small angle protons. Changing the
focusing properties of the beamline requires new positions for the detector stations. As an
example, 820 Ge\ protons are most favourably observed at a position, where the phase advance
with respect to the interaction point is close to 7/2. The new positions can only be determined
after having defined a realistic beam optics scheme. Furthermore it has to be observed that
apertures are large enough not to cut into the acceptance of the spectrometer,

Besides these pure geometrical considerations, which have to be observed, the physics per-
formance of the FPS will be affected by the strong focusing and consequently large beam
divergence at the interaction point. The transverse momentum thus introduced into the inter-
action will go up from presently 70 MeV to 160 MeV. which is already close to the natural
transverse momentum in diffractive processes of about 350 MeV',

5.7 Physics Performance of H1

The main impact of a high luminosity intersect on the physics capability of H1 is due to the
insertion of a massive coil close to the interaction point. which will obscure the region of small
angnes (smaller than 100 mrad) in the forward and backward regions. In particular the physics
at very low Q* (Q* < 2 Gel?) and diffractive physics with rapidity gaps above 7 > 3 will
affected. We may. however. assume that by the time the HERA luminosity will be upgraded
some 100 pb~" will have been accumulated with the present configuration so that most of Lhese
investigations have come to an end. Detailed Mt Carlo studies on the performance of H1 in a
high luminosity environment are under way. It is, however, unlikely the main conclusions will
change. J

By the time 01 and HERA could be upgraded most of the physics processes with large cross
sections will have been studied and higher luminosity will be vital for H1 o surwive. Physics
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topics, which will come into focus are DIS at high Q?, electro weak interactions, search for
new phenomena and diffractive events with forward going protons at high invariant mass final
states.

5.8 Conclusion

Preliminary investigations into an upgrade of the HERA luminosity by introducing a dipole
field close to the interaction point inside the H1 detector show that the necessary modifications
seem technically feaseble within a reasonable effort. The physics capability of H1 to study ep
reactions with the high luminosity machine will not be affected if we assume that the program
of large cross section physics is completed by the time of the upgrade. A special effort has to
be made to develop a scheme for an accurate luminosity measurement.

An upgrade of H1 and HERA is vital to a physics program beyond the year 2000.
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6 Conservative upgrade of the HERA interaction re-
gions

by R. Brinkmann

6.1 Introduction

In this section we discuss the potential for a luminosity upgrade in HERA by modifying the
beam optics in the Norih and South IR's under the boundary condition that the free space for
the experiments is left unchanged at +5.8m, i.e. without any magnets inside the detector. Such
a conservative approach can clearly not provide as much luminosity gain as a more radical lattice
modification with separator magnets integrated in the detector, as described in section(...).
but the detailed investigation shows that about a factor of two increase in specific luminosity
compared to the present optics can be achieved. In this approach, moving the p-beam low-beta
quadrupoles closer to the IP is accomplished by the following modifications:

e Reduction of the e-beam bending radius from 1300m (present lattice) to 820m. The
critical energy of synchrotron radiation remains unchanged if we limit the e-beam energy
to 30 GeV instead of 35 GeV for the original layout.

e Simplification of the e-beam optics by replacing the triplet focussing by a doublet.

o Moving the “BS-type” magnet (used for correcting the influence of the e-magnets on the
p-orbit) after the first p-beam focussing element.

e Using a half-quad with “thin™ septum plate. as suggested by B. Parker, for the first
p-beam focussing element in order to cope with a small beam separation at this position.

The minimum distance of the first p-beam half-quad from the IP is 16.5m with these modifi-
cations, down from 27.6m in the present lattice. This allows to reduce the p-beam beta-function
at the IP by more than a factor of three. An overview of all relevant parameters is given in
table 6. In the following, the beam optics modifications for the electron and proton rings are
described in more detail.

6.2 Electron beam optics

The reconfiguration of the e-beam lattice is done by using only existing magnets. The low-beta
doublet consists of a pair of QL-quads followed by two QC-quads. As in the present optics, they
are positioned off-axis w.r.t. the orbit and act as combined function magnets. The required
strengths do not present any problem and the available aperture is safely sufficient for the
beams and for the synchrotron light (see fig. 34). After the doublet. a BH-dipole is installed
which completes the separation angle to 9 mrad at a bending radius of 820m. An important
part of this design is the reduction of the horizontal beam emittance by stronger focussing in the
arcs (78 deg. per FODO cell instead of 60 deg.). This reduces the aperture requirement for the
e-beam and the chromaticity of the low-beta insertion (same beam size at the IP achieved with
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beam size a7 ,/mm

tune shift AQ.,

.180, .0324
.040, .039

e-beam p-beam
energy / GeV 27.5 820
number of colliding bunches 176 176
bunch charge N / 101" 4.18 10
emittances €., /m 1.8 x 107%
norm. (20) emittance ye. ,/m 20 x 107
Beta at IP 3;  /m 5.5, 0.22 1.8, 0.35

178, .0355

L0017, .0004

specific lumi /10%¥em s~ mA™? 10.7 10.7
gain factor 2.14 2,14
luminosity /10*'em=%s~! 4.6 1.6

Table 6: Parameters for the conservative IR upgrade

a larger 37). 1t will also be beneficial for synchrotron light collimation, since the collimators
can be moved closer to the beam axis. Matching of the low-beta insertion to the remaining
straight section is in principle no problem. but so far no attempt has been made to include
the boundary conditions of spin matching. The optics in the vicinity of the IR is shown in
fig.35. The available aperture at the position of the first p-beam half-quad is rather small in
the horizontal plane (although sufficient for luminosity operation) and an injection optics with
relaxed beta-functions will be required to provide enough acceptance for off-axis accumulation.

]

QC-quad ats=11m

Y/mm
o

X/ mm

Figure 34: Beamsizes (12-sigma) at the end of the e-beam doublet.
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Figure 35: Electron beam optics in the upgraded IR.

6.3 Proton beam optics

The first element of the p-beamline is a “Parker septum half-quad”™ with an aperture radius
of 40 mm. The beam separation is sufficiently large to provide a 12-sigma aperture for both
beams (see fig. 36).

The strength of this half-quad corresponds to a pole-tip field of 8 kGauss, which seems
conservative. The other p-beam focussing elements are recycled magnets from the present
lattice (QS- and QR-magnets) and provide more than the required 12-sigma aperture. A BS-
type dipole magnet. with reduced length, is installed between the “Parker-quad”™ and the first
QS-magnet. This correction magnet is foreseen to compensate the variation of the influence of
the e-magnets on the p-orbit during the e-ring energy ramp. It is assumed that the p-magnets
have to be slightly re-adjusted if the machine is switched from electron to positron operation
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Figure 37: Proton beam optics in the upgraded IR.
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Figure 38: Proton Beamsize (12-sigma) at the end of the 3rd QS half-quad.
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6.4 Conclusion

The potential for an IR upgrade in HERA based on an essentially unchanged concept for the
beam separation and using many of the presently installed components has been investigated.
The proposed beam optics leaves a free aperture of 12 sigma for the p-beam. Tightening the
aperture somewhat (say, to 10 sigma) seems conceivable and would allow to bring the vertical
beta-function at the IP down to the bunchlength (15 ¢m) limit, with another 20% gain in
luminosity. We therefore conclude that an improved lattice which maintains a free space for
the experiments of & 5.8 m has a luminosity gain potential of up to a factor of 2.5. Taking
into account that such a modification requires a relatively small amount of new components,
it seems conceivable that it could be done as the first step of an [R-upgrade on a rather short
time scale, and that the full upgrade (as desribed in section (...)) with another gain of about
60 % in luminosity could be viewed as the 2nd step.
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7 DESYIII Beam Brightness Limitations

by W. Ebeling and J. Maidment

7.1 Introduction

Desy 3 is the first circular machine in the HERA-p injector chain. It accelerates protons from
30 MeV (kinetic energy) to a momentum of 7.5 GeV/c. Injection into this machine is from a
linear accelerator which provides H™ ions. These are stripped using a thin foil which in principle
allows accumulation of protons with negligible increase in transverse emittance. Typically the
linac pulse current and duration are 10ma and 35us respectively thus allowing ten turns to be
injected. The resultant coasting beam is quasi-adiabatically captured in 11 bunches establishing
the longitudinal separation subsequently required in HHERA. Acceleration takes approximately
2 seconds. Ten of the 11 bunches are transferred to Petra. The maximum current achieved to
date is roughly 200 ma, corresponding to 20% above the HERA single bunch design intensity.
In routine operation about 1.1-10" protons per bunch are accelerated.

7.2 Transverse Space Charge Effects

Space charge is considered to be the most significant effect limiting the beam brightness. It is
convenient to use the expression for space charge detuning namely:

Nr,F

- TEy (1 + \/?) By3+*

Where N is the total number of circulating protons, F (~ 1) takes account of the image forces, By
is the bunching factor ( average/peak current ) and ¢ is the transverse normalised emittance
( 20). The expression shows that the tune shift (which in reality characterises a spread) is
greatest at low energy and increases linearly with brightness.

Q.

Measurements of the beam emittances as a function of accelerated current both at peak energy
("flat top”) and shortly after injection ("flat bottom™). Figure 39 shows the results for the
vertical emittance and Figure 40 those for the horizontal emittance. The solid lines correspond
to flat top and the dotted lines to flat bottom. The increase of emittance with increasing beam
current is clearly apparent as is also the increasing blow-up from injection to peak energy.
More detailed measurements of the variation with time during the cycle together with the
corresponding bunch length allow the implied tune shift to be calculated. The (vertical) tune
shift so derived is shown in Figure 41.

The variation of tune shift is due not only to the increase in energy but also due to emittance
blow-up and particle loss. These latter effects cease at around 0.25s at which time the beam
momentum is approximately 1 GeV'/c.
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Figure 41: Vertical Tune Shift vs Time

7.3 Future Options

Although there is an ongoing program of machine studies to identify and understand all the
contributions to emittance dilution it is clear that space charge is the dominant effect. In
this situation an increase in the injection energy would allow potentially brighter beams. Two
alternative possibilities have been or are under consideration. One study. in collaboration with
INR (Moscow) has proposed an upgrade of the linear accelerator output energy to some 170
MeV. More details of this work may be found elsewhere in this document. In summary this
option would require modest modifications to the existing Desy3 systems and yield at most a
factor of 2 potential brightness increase.

A further option. namely the use of an intermediate booster, is being investigated in collabora-
tion with [HEP (Protvino). The outline specification is for a 1 Hz repetition rate synchrotron
accelerating 2 bunches per cycle to 800 Me\" (momentum = 1.46 GeV/c). Five cycles would be
used to fill the required 10 bunches in Desy3. Installation of a fast injection kicker system in
Desy3 would be required. Use of such a booster may increase the space charge limit in Desy3
by at least a factor of 5.

It is intended that the booster study shall be completed in 6 months. Included will be not only
design concepts but also cost estimates. This then allows a decision between the alternative
options to be made in mid 1997.
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8 LINAC III Upgrade Using a High Gradient Linac

LINACIII Upgrade group: compiled by N. Holtkamp

The conceptual design study which will be presented throughout the next pages is based on a
more detailed report which has been worked out in collaboration with the Institute of Nuclear
Research in Moscow (Troitsk). the INR. At INR a 600 MeV high duty cyele proton linac is
under construction and a proton beam has already been accelerated up to 200 MeV /c [1]. With
this expertise in house, the goal of this study was, to investigate the feasibility of an energy
upgrade using a higher harmonic accelerating structure which has to be installed in the beam
line of the existing LINACIII to the DESY Il synchrotron. Given the limited space (length)
the maximum energy should be achieved at reasonable investment and operation cost.

8.1 Introduction

Presently the proton linac, which is a 50 MeV Alvarez structure, injects H™ particles into the
DESY I proton synchrotron, where multi-turn injection through a stripping foil is used to
accumulate sufficient intensity for HERA. This linac is separated into three tanks and powered
by a radio-frequency system operating at 202 MHz. The area occupied by the linac and part of
the injection beam line which would have to be replaced with new accelerating structures can
be seen in 42

The total space available for the installation of the new linac from the end of tank 3 to the
injection into the booster synchrotron is roughly 35m. A scenario which would replace tank 3
in addition and start with a 30 MeV beam to gain somewhat more space for the high gradient
structure has been discussed. but will not be presented here. According to the feasibility study
a higher harmonic frequency of 810.24 MHz can be used for the upgraded part of the linac.
Such a high frequency allows to obtain a large accelerating gradient which will accelerate the
H~ beam up to 160 MeV over a distance of =33 m. This part describes all subsystems of the
accelerator leading to a cost estimate for the whole linac.

8.2 Linac III Beam Parameters

The knowledge of the present beam parameters of the Linac II1 is very important for a suitable
design of the upgraded part of the linac. Typically for a low intensity injector into a synchrotron
beam profiles and emittances containing 90 % of particles are used. In our case beam emittances
containing almost 100 % of particles are used in the design because of the relatively low value
of the transverse and the longitudinal acceptance, which is well known for coupled cavity linacs
(CCL). Therefore the accelerating and focusing structure of the CCL is designed in order to
avoid coupling of the transverse and longitudinal motion as well as non-linear motion. The
choice of the harmonic number of the rf system (x4) of the CCL depends mainly on the
longitudinal emittance that can be achieved at the output of the LinacITI. The availability of
the rf-components of course is a second issue.

In order to determine the emittance from the proton linac precisely, the existing diagnostics
equipment in the beam transport line has been used to measure the momentum spread. The
harp monitors only provide an rms values which is calculated by fitting a Gaussian curve to the
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longitudinal emittance data

long. emittance gy [ degx%
rms 1.55
90 % 4.438
Full 9.68
transverse emittance data
trans. emittance | ¢, /7 - mm - mrad | ¢,/7 - mm - mrad
2,06 1.81
halo studies ¢,
rms 2.1 1.8
90 % 9.6 4.1
~ 100 % 33 29

Table 7: Longitudinal, vertical and horizontal emittance of the 50 MeV beam from the present
LINACIIIL These values are used for further studies of the upgraded part of the linac.

The fully reconstructed values which are the bases for further beam dynamics simulations are
presented in table 7. Similar measurements have been performed for the transverse phase space.
Again, in order to increase the spatial resolution on the harp monitors, the beam position has
been swept over the wires of the harps. In addition, to measure the beam halo with better
resolution, the beam has been focused at the position of the harp. For the transverse phase
space, 4xo can be accepted as a maximum beam size which contains more than 99% of the

particles.
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Figure 42: Sketch of the present set-up of the H™ linac and the beam transport line into the

DESY I1I synchrotron.

measured data. A more precise measurement will be possible as soon as the new bunch shape
and bunch length and velocity monitors are installed in the linac. From the data available and
the tests done with off energy beams be dephasing the debuncher cavity at the end of the linac,
it can be concluded that 2.5x 0y, contains more than 99 % percent of the transmitted particles.
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8.3 General Criteria for the Beam Dynamics

The beam dynamics in the linac is strongly related to the choice of the accelerating structure.
Generally the energy range between 50 Me\V' to 100 MeV has been covered by Drift Tube Linacs
(DTL). Recent studies in Los Alamos as well as in MRTI (Moscow) lead to the development of
more efficient rf-structures to be used for acceleration above 100 Me\'/c. This type of structure
is based on the Coupled Cavity Structures (CCS). In contrast to drift tube linacs, where focusing
can only be achieved by using FODO cells with the focusing lenses inside the large diameter drift
tubes. the CCS allows to install the magnets outside of the rf cavities. Especially at a multiple
of the present LINACIII frequency fabrication becomes easier, the shunt impedance can be
significantly increased and strong focusing can be applied between the cavities. A restriction is
given by the ratio of the aperture to cavity diameter and the longitudinal emittance which can be
achieved at the end of LINAC III in order to match the beam into the smaller phase acceptance
of the CCL bucket. In the energy range to be considered in our case (above 50 MeV ) there are no
efficient operating accelerating structures other than DTL. However, recent studies carried out
mainly at Los Alamos resulted in the development of accelerating structures for intermediate
energies for light ions in the range of 20-100 MeV([2]. The structure is a combination of the
CCS and the DTL - CCDTL (coupled cavity drift tube linac). The data measured so far with
the 50 MeV beam and preliminary studies of the beam dynamics show that even for a 50 MeV
beam the operating frequency of the CCDTL can be as high as four times the multiple of the
DTL frequency. The use of 810 MHz structures is in favor of high accelerating gradients, first
of all, due to the well known Kilpatrick law. The choice of the frequency for the upgraded part
of the linac has been done also taking into account the availability of 810 MHz klystrons. These
klystrons are available, for example, from Litton with minor modifications from the 805 MHz
klystrons which have been developed for the Fermi lab linac upgrade [3]. Concerning the beam
dynamics, the bucket area reduction is significant for the transition energy of 50 MeV and the
problem of proper matching with the acceptance of the upgraded part must be investigated
carefully. In contrast to high intensity, high duty cycle linacs, as for example the Moscow Meson
Factory, a number of arguments are in favor of the highest possible frequency:

o high accelerating gradients leading to a large vertical size of the separatrix and larger
acceptance,

o almost no restrictions for maximum beam loss which can occur due to the reduction of
the bucket phase width, other than the intensity required at DESY IIL

Providing these high accelerating gradients by using the fourth harmonics on the other hand
results in some disadvantages:

e Smaller longitudinal acceptance with respect to the DTL one.

e High accelerating gradients cause coupling of longitudinal and transverse motion in com-
bination with transverse emittance growth.

These effects are more suppressed if the transition energy between the DTL and CCL is low.

For all operating two-frequency accelerators (LAMPF, Fermilab, INR (Moscow)) the tran-
sition energy is close to 100 MeV which is essentially higher than in case of the proposed
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LINACIII upgrade. Therefore the design of the CCL is strongly dependent on the available
beam parameters.

Both transverse and longitudinal motion of the particles require a transition region (TR) at
the output of the present DTL. Here, the longitudinal emittance has to be matched in order to
decrease beam phase spread. In addition beam matching in the transverse phase planes has to
be provided, because the periodic length of the focusing structure from 2x3X; to 4x3Aq has
to be changed, with Ag being the wavelength of the DTL operating frequency.Beam diagnostics
and steering will be provided at the TR as well.

A number of aspects are carefully investigated for the choice of the accelerating and focusing
structure. Following the development of the CCDTL structure, the decision was made to
base the upgraded part of the linac on a combination of the CCDTL structure and the more
conventional CCL structure. The accelerating cavity consists of =100 accelerating gaps both
for the CCDTL and CCL. To provide proper beam focusing the number of the accelerating gaps
per focusing period has to be chosen carefully. Special attention has been given to the choice of
inter-section lengths. ! It is obvious that this length must be as small as possible from the point
of view of longitudinal beam motion. In practice nevertheless the length is mainly determined
by the installation of focusing lenses, steering magnets as well as beam instrumentation. For
operating linacs based on the CCS this space is an odd multiple of 3Ag/2 and a minimum
length of 3A¢/2 has been realized for example in the Fermilab linac upgrade. In the energy
range of 50-100 MeV this length is not sufficient in order to fit the equipment mentioned before
and therefore we decided to choose an inter-section length for the CCDTL cavities equal to
2/3Xo. For the CCL this distance is 33Xy/2.

The considerations presented here resulted in a linac design with 10 accelerating sections
and 9 coupling bridges in the CCDTL and 6 accelerating sections and 5 bridges in the CCL.
Using the available length of 33 m three accelerating cavities (tanks) can be installed in the
beam line. Each cavity is powered by a separate klystron. One CCDTL cavity allows to achieve
an energy of 90 MeV and the other two cavities, which are based on the CCS, accelerate the
beam up to 160 MeV. The design of the CCS has been made assuming that each accelerating
section consists of 16 cells.

For the focusing structure a FODO lattice has been designed. Although it is well known
that the FDO structure in the high energy part of the linacs has some advantage from the point
of view of transverse beam dynamics, we reject this version. Using the doublet requires longer
drift space between the sections which results in a reduction of the longitudinal acceptance.
In addition the FDO structure requires a two times higher magnetic field. For our application
the FODO structure seems the only solution due to transition from 202.5 to 810 MHz at a
comparatively low beam energy.

'For the study we assume as well that a cavity consists of accelerating sections coupled by rf bridges, which
has some impact on the geometry
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8.4 Accelerating structure
8.4.1 Possibilities for the Accelerating Structure

The choice of the accelerating structure strongly depends on particular requirements of the
linac. We are interested in maximum energy gain with the limited space available. The max-
imum gradient depends on tolerable maximum electric field at the structure surface which is
determined by the sparking rate and the reliability of linac operation, assuming that a given
fraction of beam pulse will fail due to breakdown. Based on research work [3], performed in
FNAL, and strongly referring to the successful experience [4], we have limited the following
considerations to a maximum value of the electric field on the surface Eqmax = 1.35 E,. where
Ey /[MV/m] is the empirical Kilpatrick sparking limit:

f=1643-E} - exp(—8.5/E) (8)

where { is the operating frequency in MHz. For a frequency of 810.24 MHz the Kilpatrick limit
Ey is 26.1 MV/m. With such a high frequency, focusing lenses can not be mounted into the
accelerating structure and multi-section design of an accelerating system with focusing elements
placed between sections must be considered. Here two main options - a Drift Tube Linac
(DTL) structure and a Coupled Cell Structure (CCS) has been considered. The DTL structure
was considered in a Bridge Coupled DTL (BCDTL) version [5] with the accelerating cavity
consisting of several short sections and each section has 6 accelerating gaps. A general review of
CCS has been done, for example, in the [6]. All Coupled Cavity Structures (compare figure 43),
- the Side Coupled Structure (SCS). the Disk And Washer (DAW) structure, the Annular-ring
Coupled Structure (ACS) and the On-axis Coupled Structure (OCS). have practically the same
values for the effective shunt impedance ZT?. Also for the range of particle velocities between
0.3 < 3 < 0.55, similar properties with respect to the maximum electric field at the surface
Enmax can be expected and all of them operate with standing wave field in so-called 7/2 mode.
These structures mainly differ in the value of the coupling constant and geometric design. It
is well known, that for protons the energy range of 50 to 200 MeV is the called intermediate
region for accelerating structures. The rf efficiency of the DTL structure decreases dramatically
beyond the energy of 100 MeV. All the details of the DTL study can be found in ref. [7]. For
several reasons, the option of using a DTL for particle velocities of 3 < 0.43 was rejected. On
the other hand, the rf efficiency and using a high gradient in a CCS are favorable for energies
larger than 100 MeV but they are quite inefficient at low energies. An interesting proposal
has been made recently at Los Alamos [2]. To improve the parameters of a CCS in the low
energy region, additional drift tubes have been introduced into the accelerating cells. With
this geometry a combination of the high efficiency like in a DTL structure at low 3 (compare
fig. 44) with the mode stability properties of the C'('Ss is possible.

The CCS option has been considered in more details for three type of CCSs, taking into
account that for the low energy range of 50 - 90 MeV an intermediate drift tube will be in-
troduced in the cells. Practically there is no difference in the rf parameters between the SCS
and the ACS, but the SCS is more developed and investigated. This type of structure is used
in LAMPF. at FNAL for the linac upgrade, in the SSCL linac and in many linacs aiming for
industrial and medical applications. The outstanding feature of the DAW structure on the
other hand are the large coupling constant and high vacuum conductivity [8]. This structure is
used at the INR meson facility linac. in linear accelerating systems for TRISTAN, KEK [9] and
in a linac for the SIBERIA synchrotron light source [10]. The most important features of CCSs
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Figure 43: 7/2-mode standing wave Coupled Cavity Cell Structures (CCS). a) - Side-Coupled
Structure (SCS), b) - Annular Coupled Structure (ACS), ¢) - On-axis Coupled Structure (0CS),
d) - Disk And Washer structure (DAW).

Structure Coupling Diameter of the Remarks Shunt impedance
constant | structure (total, with in the range 50-
coupling cells ) 90 MeV

SCS (5-7T)% 550 mm Tolerable vacuum low
conductivity

SCSDTL | (1.3- L.)% 550 mm Low coupling satisfactory
constant

DAW 40% 550 mm High vacuum low
conductivity

DAWDTL 20% 550 mm Lots of low
interfering modes

0Cs 5% 270 mm Simple design low

OCSDTL 1.3% 270 mm satisfactory

Table 8: Parameter study of Coupled Cavity structures for the LINAC I11 upgrade.

considered for the Linac Il upgrade include: (1) mode spectrum without interfering modes in
the vicinity of the operating mode, (2)a large value for the cell-to-cell coupling to ensure phase
and amplitude stability in long rf-structures with many cells, (3) mechanical properties which
allow simple fabrication, (4) simple tuning procedures and an acceptable vacuum conductivity.
Table 8 presents a summary of the results. From table 8 one can see that the On-axis Coupled
Structure, which has the simplest mechanical design, satisfies most requirements, apart from
the strong coupling which is needed because of the large number of cells per structure. Never-
theless, the OCS has the highest potential to increase the coupling constant, because the shunt
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impedance both for the OCS and OCSDTL is a weak function of the coupling as compared
to any other known CCS. Therefore the On-axis Coupled Structure is more flexible from this
point of view. These reasons lead to the decision to investigate the OCS for the upgraded part

of the LINACIII .

8.4.2 Optimization of the Accelerating Structure

The On-axis Coupled Structure has been used mainly for electron linacs at operating frequencies
between 1000 - 3000 MHz and comparatively large heat load of a few kW per meter. For a low
repetition rate (= 60 W/m) of 1 Hz as being used for the LINAC 1] we do not need internal
cooling of accelerating cells. The thickness of the iris can therefore be optimized for maximum
coupling and only mechanical constrains have to be considered. A sketch of the OCS and
OCSDTL is presented in figure 45. The length of the coupling cell 21c is reduced taking into
account limitations from the coupling slots and the excitation of the coupling cells. Introduction
of the coupling slots reduces the frequency of the cell. For the short coupling cells this influence
can be very strong ( 300 - 400 MHz) and the radius of the coupling cell becomes smaller than
radius of the optimal position of the coupling slot. A second point is related to the excitation of
the coupling cell. Sparking in the structure can in principle take place in both the accelerating
and the coupling cell [11]. The accelerating cells are normally optimized for high gradient
operation. In the steady-state regime the coupling cell in a CCSs is not excited at all (or
excited at a very low level to provide power flux along the structure for compensation of rf
losses in structure walls and for beam acceleration). Nevertheless, significant excitation of
coupling cells takes place during transients and may lead to sparking. The maximum electric
field value in the coupling cell during such a transient is proportional to the normalized value
of EC‘,““/\/TWrJ. where E. ax is the maximum electric field on the surface for a given value

of the stored energy W.. In the OCS structure F.,T,ma,/\/(Wc) is large at two points, at the
lower edge of the coupling slot and near the bore hole where the edges have to be rounded
as shown in the figure. For both reasons, we have chosen 2xlc=7mm for the OCS part and
2xle=6mm for the OCSDTL, keeping at least a reserve of a factor of two in comparison with
ratio of E.max/ \/(V\'(.) for the coupling cell in the FNAL SCS design. This has been verified
based on 3D calculations, using MAFIA. The total thickness is 2xt+2xlc = 13 mm and larger
than 7.5 mm web thickness for SCS FNAL design. leading to a reduction in ZT2 of 10%. After
preliminary optimization the shape of the accelerating cells (Figure 45) has been optimized
with a 2D approximation in more detail for both the OCS and the OCSDTL options. The
inside diameter of the cell changes from section to section to compensate for the increasing 3,
which varies from 0.3 < 0.4 for the OCSDTL and from 0.4 < 0.52 for the OCS.

In order to estimate the required rf-power needed for the cavities, reduced values calculated
from a 2D model have been used. The total reduction of ZT? of 17% for the OCS is given
by: 5% for surface imperfection, 5% for rf losses in the coupling bridges and 7% reduction
due to coupling slots) and by 25% (5% + 4% + 7% + 9%) for the OCSDTL part (with
additional 9% due to rf losses on the stems of the drift tubes). In the OCSDTL part the drift
tube is supported by a single stem. At the intermediate tube 6 W of the rf power is dissipated,
assuming | Hz repetition rate and 35% from total value of tf losses in the full cell. To simplify
the temperature control system and to reduce the rf losses in the stems, we have chosen a
water cooled stem with 1.2c¢m diameter. The coupling slots have been optimized using the
3D MAFIA code (Figure 46 and 47). There are two coupling slots at each wall between an
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Figure 45: The optimized shape of the cells for the OCDTL structure and the OCS structure
is shown. The final parameters od the geometry are given in mm.
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accelerating and a coupling cell. The reduction in shunt impedance due to the comparatively
large coupling slot is 5 to 7% for the OCS and 6 to 7% for the OCSDTL.
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8.4.3 Design of Coupling Bridges

Rectangular bridges operating in the TE,;, mode are foreseen to couple the accelerating sections
installed in one cavity. This type of bridges was proposed for the accelerating structures of high
energy proton linacs, tested at high rf power levels both with DAW and ACS structures [8] and
successfully operated in the main part of the INR linac. The original design idea (compare 48)
of a TEy1, bridge is to provide the space required for diagnostics equipment and can provide
both 7 and 2 - 7 phase shift between accelerating sections. The proposed bridges are made
from standard rectangular waveguide WR975 and will have a total length of & 2A =55.6 cm
for the first cavity (23 space between sections, 27 phase shift, TE112 operating mode) and
3)/2=83.4cm for the second and third cavity (38A/2 space between sections, 7 phase shift,
TE113 operating mode). Here A=55.6 cm is the wavelength in a WR975 waveguide at the
design operating frequency.

- -

Figure 48: The rectangular bridge with a TEq, operating mode. 1) - the accelerating cell, 2)
- the bridge, 3) - matching iris, 4) - rf waveguide

The coupling bridge is attached directly to an accelerating cell and may be considered as
an enlarged coupling cell. The additional tf power losses in the bridge is small and does not
exceed 3- 5% compared to the rf power loss in the accelerating sections. The power is fed from
the klystron through the middle of on bridge into the cavities. For the tuning of the bridges
the plungers which are required are similar to the ones described in [12]. Each bridge coupler
is equipped with two plungers. placed symmetrically with respect to the middle of the bridge.

8.4.4 Accelerating Structure Tuning

The tuning of the accelerating cavity consisting of a number of sections connected by the bridges
is divided into two more or less independent procedures: first the tuning of the single section
and then the tuning of the cavity as a whole. The section tuning procedure involves setting
the following values of the parameters: During the tuning procedure, the accelerating mode
frequency has to be shifted to the design value under well controlled environmental conditions.
Then the coupling mode frequency and the accelerating mode frequency have to tuned to the
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same value. Simultaneously the field flatness should be approximately 3%. The complete
method of tuning the section, the cavity and the cavity with the bridges as well as the results
are described in [13, 14, 15] in more detail. Many of the methods proposed here. have been
developed and tested for both the sections and the multi-section cavities during the construction
and installation of the INR linac.
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Parameter Cavity 1 Cavity 2 Cavity 3
Initial kinetic energy 50 MeV | 85.412 MeV | 119.86 MeV
Final kinetic energy 85.412 MeV | 119.86 MeV | 159.75 MeV
Total length 10.630 m 9.112 m 10.084 m
Frequency 810.24 MHz | 810.24 MHz | 810.24 MHz
Repetition rate 1 Hz 1 Hz 1 Hz
Pulse length 30 ps 30 ps 30 us
Beam pulse current 20 mA 20 mA 20 mA
Synchronous phase -35° -35° -35°
Number of sections 10 6 6
Number of vells per section 4 16 16
Type of structure OCSDTL 0cs 0cCs
Transverse focusing structure FODO FODO FODO
Intersection drift 28\ 3/28A 3/28\
Section length 63A1 8AAl S
Length of focusing period 165X 193\ 195
Cavity bore radius 1.5 cm 1.5 em 1.5 cm
Power consumption 9 MW 8.5 MW 9.0 MW
copper loss 8.288 MW | 7.816 MW | 8.196 MW
beam power 0.708 MW | 0.680 MW | 0.798 MW

Table 9: Main parameters of the upgraded linac.

8.4.5 The Beam Dynamics Study

The accelerating structure geometry has been generated using the functions of the effective
accelerating gradient EyT', the shunt impedance Z.r and the gap ratio a, with respect to the
relative beam velocity 3 as being obtained from the rf structure design calculations. The
properties of the focusing structure have been compared for two different schemes: FODO
and FDO. In Figure 49 a minimum for the maximum value of the transverse Courant-Snyder
function f, the transverse phase advances ®,, per focusing period and the required quadrupole
gradients G are plotted versus the number of accelerating cells per section. The calculation
have been done for a focusing period at the beginning of the upgraded part of the linac.

8.4.6 Segmentation of the Structure

Using the functions EqT(3), Zeg (b). ag(b) for the CCDTL and the OAS and taking into account
the rf power consumption as well, the structure was divided into three cavities. A list of main
parameters for each cavity is given in the table 9.

Due to the different transverse periodicity of the focusing structure in cavity 1 (163A) and
cavity 2 (19$3]), transverse matching is necessary between these two cavities. The matching
can be provided with the help of the four last quadrupole lenses of cavity 1.
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Figure 49: Comparison of FODO and FDO focusing structures.
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Buncher parameters:

number of cells 1

cell type OCSDTL
effective field EqT 4.6 MV/m
gap ratio ag 0.3305
frequency 810.24 MHz
synchronous phase - 90°

peak power 140.1 kW
drift length 2.335 m
Number of quads 1

Total transition region length | 2.729 m

Table 10: Main parameters of the transition region.

8.4.7 Transition region

The main component in the transition region (TR) is a buncher cavity [16] followed by a drift
space in order to reduce the phase spread of the 202.56 MHz bunches from £13° to £4° as it
is required for the matching conditions at the entrance of the upgraded linac. The TR must
contain at least four quadrupoles to match the transverse phase space parameters. The buncher
length and its electric field strength are determined from the bunch length and longitudinal
emittance of the 50 MeV beam. These values have been taken from experimental data (see
table 7. first tow). The general parameters of the transition region and the elements are listed
in the table 10.

The buncher tf-power supply must have some reserve for the matching of unusual beam
parameters. In our proposal the rf field can be increased approximately by 20% which re-
quires =200 kW peak power. In the table 51 the general beam matching specifications are
presented. The longitudinal dynamics design of the transition region has been performed using
the 90% emittances in the 2-dimensional phase space ( A¢ — AW/W). However the TR can
transport 100 % of the incoming beam particles.

8.4.8 Generation of the Initial Particle Distribution

I'he present LINAC 111 beam emittance values found from experiments are presented in the first
paragraph of this chapter. If we assume that real beam in the 6-dimensional phase space has an
ellipsoidal structure, it is possible to reproduce this distribution using a 6- dimensional uniform
distribution. Practically, for beams without intra-heam interaction two or three 6-dimensional
uniform distributions will be enough to achieve a sufficiently smoothed 2-dimensional projected
phase space. According to the above mentioned assumptions a model of the initial particle
distribution has been created. The projections of the 6-dimensional distribution have the
same value as compared to the two dimensional emittances mentioned which are listed in
table reftab3nl. For further studies particle distributions consisting of the 90% emittance
is called a main distribution, whereas the particles outside of this ellipsoid are part of the
background distribution. The total number of particles in the model distribution is 25.000.
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Kinetic energy

Pulse current

Longitudinal emittance (90%) e,
Transverse emittance (90 %, unnorm.) ¢,
€y

Drift tube linac

frequency

effective gradient EoT (exit)
equilibrium phase ¢,

FODO half-period (linac exit )
aperture radius

structure parameters

By

227

By

ay

Upgrade linac

frequency

effective gradient EoT (entrance)
equilibrium phase &,

FODO half-period (entrance )
aperture radius

structure parameters (entrance )
JER

Qx

ij

Oy

50 MeV

20 mA

20.46m x° x(S10M Hz) x %(AW/W)
9.67 x mm x mrad

417 x mm x mrad

202.56 MHz
1.57 MV/m
-25°

46.46 ¢cm
1.5 cm

1.692 m/rad
- 0.01

0.636 m/rad
0.00

810.24 MHz
5.526 MV/m
-35°

94.62 cm

1.5 em

3.716 m/rad
3.946

0.809 m/rad
- 0.908

Table 11: The 50 MeV beam matching specifications.
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Normalized emittance growth factor

x-x y-y
By rms | 90% | rms [ 90%
TR exit 0.33069 | 1.00 | 1.00 | 1.00 | 1.00

Exit of cavity 1 [ 0.43616 | 1.13 | 1.17 | 1.17 | .17
Exit of linac 0.60769 | 1.17 | 1.20 | 1.22 | 1.22

Table 12: Beam performance at the Upgrade Linac.

Parameter Error range
Average accelerating field over a section +3%
Non-uniform distribution of the

accelerating field along a section 3%
Inter-section distance +100 pm
Quadrupole gradient +3%
Quadrupole displacements:

vertical and horizontal directions +50 jtm
longitudinal direction +150 um
Quadrupole axis tilt +0.50°

Table 13: The types of errors included in the studies.

8.4.9 Beam Dynamics Simulation

In figure 50 and figure 52 the beam envelopes (x-plane is solid line. y-plane is dashed line),
the relative velocity spread A3/3 and the phase spread A¢ are presented along the linac
structure for the main and the total (main + background) distributions respectively. In figure 51
and figure 53 the phase space portraits for the main and the total distribution at certain
characteristic points along the linac are plotted. The simulation has been done for all 100 %
particles including the beam halo and the beam loss is less than 0.04%. In tablefeftab6nd the
beam emittance growth in the transverse phase planes is given. The main contribution to the
beam emittance growth is caused by rf defocusing,.

8.4.10 Accelerating Field Distortions and their Effect on Beam Parameters

The imperfections of the accelerating and focusing fields have some influence on the beam
parameters. The beam dynamics has been simulated using a Monte Carlo technique for 1000
random seeds of possible deviations of linac parameters from the design values. The range of
the deviations are shown in the table 13. The simulation results are shown in the Table 14.
which shows that the tolerances given in the Table 13 can be achieved.

In this table the percentage of the particle loss, the emittance (90% of particles) calcu-
lated from all random seeds for all three planes and the energy deviation of the bunch center
(AW/W)c are listed. The subscript 0 corresponds to design values. Another source of accel-
erating field distortions in the long coupled cell structure is:1) a natural drop of the rf power
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Average | The values obtained

values | with 90 % probability
Particle loss, % 0.481 1.032
€x [exo (90 %) 1.073 1.185
e (€0 ((90%) 1.085 1.226
e Jevo ( 90%) 1.009 1.026
&A\V/W)c L1073 | -0.176 3.819

Table 14: The results of the beam dynamics simulation.

along the long cavity containing large number of coupled cells and 2) transient beam loading
and compensation. Under steady state condition a power drop along the cavity containing N
cells produces accelerating field tilts which are given by [16]:

AE _ 2N?
E ~ kQ.0Q.
Where k is the coupling constant and Q. and Q. are the quality factors for the accelerating and

coupling cells correspondingly. For the OCS the following ratio Q. = Q./4 can be assumed.
Therefore:

(9)

AE  8N?

E T RQ?
Using a MAFIA simulation a value of @, ~ 2.1 10® and k& = 0.15 was calculated. From these
values and the previous formulae we can conclude for the second and the third cavity of the
linac, that the energy spread is:AE/E =0.1%. This value is negligible for our application.

(10)

The transient beam loading causes electric field distortions on the cavity axis due to exci-
tation of modes from the complete passband. The beam is turned on after the steady state
condition of the accelerating field is achieved. In order to compensate the beam loading the gen-
erator power to resonator increases simultaneously with the beam pulse. During the transient
the whole spectrum of the non-operating modes is excited while the beam loads the operating
mode only. The total electric field distortion is determined as a complex sum of the electric
fields of all excited modes. The total electric field on the axis and the distortions can be found
analytically under the following assumptions [17]:

e for the beam loading compensation the generator power F, is increased by the amount of
power extracted from the beam Py: P, = P+ B

e a linear dispersion law in the range of 0 to 7 mode instead of sinusoidal law

e only consider a time scale larger than power propagation time along the cavity length L.
The filling time is =~ 1 psec.

For the linac parameters we can obtain 2.7% of maximum field distortion for 20mA beam
during the transient. A numerical simulation of the field distortion has been done on the
base of a coupled oscillators model. The small field amplitude distortion from the cell to cell
inside a section has been ignored and the average value of the field over the section has been
calculated during the transient. This model shows 1.6% for the distortion of the accelerating
field amplitude. We expect that the filed distortion results in a small increase of the momentum
spread for a very small part of the beam, but detailed studies of the beam dynamics are required.
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Part Section | EOT IE) Lijec Lar G Pey Py
MV/m | output m m kG/em | kW | kW

Transition 0.200"
region
Buncher 4.6 0.31397 | 0.174 | 2.355 | 2.6158 | 140.1 -

1.8620

2.2392

2.1529
Cavity 1 1 5.526 | 0.31857 | 0.707 | 0.239 | 2.4800 | 757.7 | 64.03
2 5.536 | 0.32765 | 0.727 | 0.246 | 2.4800 | 774.4 | 65.97
3 5.538 | 0.33665 | 0.747 | 0.252 | 2.4800 | 793.3 | 67.81
4 5.528 | 0.34555 | 0.767 | 0.259 | 2.4800 | 811.3 | 69.47
5 5.501 | 0.35433 | 0.786 | 0.265 | 2.4800 | 827.4 | 70.90
6 5.460 | 0.36297 | 0.806 | 0.272 | 2.4800 | 841.3 | 72.08
7 5498 | 0.37145 | 0.824 | 0.278 | 2.3949 | 858.4 | 73.33
8 5.371 | 0.37978 | 0.843 | 0.284 | 2.2841 | 867.5 | 74.19
9 5.310 | 0.38792 | 0.861 | 0.290 | 2.4000 | 875.4 | 74.92
10 5.246 | 0.39588 | 0.879 | 0.296 | 2.2590 | 882.9 | 75.53
Cavity 2 1 5.344 | 0.40512 | 1.199 | 0.228 | 2.3700 | 1235 | 105.0
2 5.400 | 0.41564 | 1.230 | 0.234 | 2.3700 | 1260 | 108.8
3 5.458 | 0.42611 | 1.261 | 0.239 | 2.3700 | 1287 | 112.8
1 5.524 | 0.43652 | 1.292 | 0.245 | 2.3700 | 1319 | 116.9
5 5.574 | 0.44687 | 1.323 | 0.251 | 2.3700 | 1345 | 120.8
6 5.622 | 0.45713 | 1.353 | 0.257 | 2.3700 | 1370 | 124.6
Cavity 3 1 5.491 | 0.46714 | 1.383 | 0.262 | 2.3700 | 1310 | 124.4
2 5521 | 0.48652 | 1.412 | 0.267 | 2.3700 | 1329 | 127.7
3 5.566 | 0.48652 | 1.440 | 0.273 | 2.3700 | 1355 | 131.3
4 5.603 | 0.49600 | 1.468 | 0.278 | 2.3700 | 1378 | 134.8
5 5.631 | 0.50500 | 1.496 | 0.283 | 2.3700 | 1398 | 138.0
6 5.675 | 0.51475 | 1.524 2.3700 | 1426 | 141.7

Table 15: Summary of parameters for the high energy part of the LINACIIT .
(1) distance to the last quadrupole of the LINACIII .

8.4.11 Summary of Beam Dynamics Design

A detailed list of the parameters for the high energy part of the LINACIII above 50 MeV is
presented in table 15.

In table 14 the following definitions are used: EoT is the effective accelerating field; Ly is
the section length; Lq, is the drift space between the sections: G is the gradient of quadrupole
located downstream of the section; P., is the power loss in the copper surface of the section;
P, is the power transmitted to the beam in the section. In order to keep the total power
consumption in each cavity less than 9 MW the maximum possible electric field in the first
and third cavity has been reduced by a factor of 0.984 and 0.967 respectively. The effective
magnetic length for all quadrupoles is equal to 8.2 cm in the beam dynamics simulation. The
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total number of quads is 26.
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8.5 Radio Frequency Power System
8.5.1 Power Requirements

The 810 MHz Linac IIT upgrade high power f system consists of three high power klystron
and modulator systems. The copper loss and beam power for each of the three modules and
the matching cavity are shown in table 15. Table 16 gives a more complete specification for
the power requirements, which takes into account additional items (waveguide loss and reserve
for feedback loop regulation). This adds up to 11.5MW total peak power required for the
present design. For example, a Litton L-5859 klystron specification together with the Linac [11
upgrade requirements are shown in Table 17. Since the peak power requirement for the Linac
IIT upgrade is slightly below the nominal klystron rating, the Litton L-5859 klystron should be
an adequate power tube. The RF power requirement for the transition section is only 200 kW
which can be supplied by different today available tubes. The WR975 waveguide lines will

Typical power, accelerating 20 mA beam | 9.8 MW
Waveguide run (WR 975), VSWR 0.65 MW
10% for feedback loop regulation 1.05 MW

Table 16: Power specifications for the LINAC 11 upgrade program.

Parameter Klystron specification | Linac requirements
Peak power output 12 MW 11.5 MW
Pulse length 125 msec 60 msec
Pulse repetition rate 15 Hz | Hz
Duty factor 0.1875% 0.006 %
Average RF power 22.5 kW 0.69 kW
Efficiency 50
Gain 50 db
Voltage 170 kV 170 kV
Current 141 A 141 A
RF output WRI75 waveguide

Table 17: L-5859 klystron specifications and linac requirements.

transport RF power from the klystron to the accelerator. A total length of the waveguide
system for three RI stations is about 80m. Waveguide lines include directional couplers and
cavity vacuum windows. Careful design of the transmission line between the klystron and the
cavity is necessary. Microwave windows should be placed at the minima of the VSWR in both
the klystron and the coupler. The reflection during cavity field build-up should present a low
impedance to the klystron output gap.
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8.5.2 The RF Modulator

The Fermi lab RF modulator specifications along with the Linac [1T upgrade requirements are
shown in Table 18. The main difference is the average power requirement which is approximately
a factor of 30 lower, which decreases the DC power supply. The number of PFN {pulse forming
network) sections can be reduced by a factor of two, due to the shorter RF pulse. The main

Parameter Fermi lab modulator | Linac requirements
Peak power 24 MW 24 MW
Voltage 170 kV 170 kV
Current 141 A 141 A
Pulse repetition rate 15 Hz 1 Hz
Pulse length 125 ps 60 ps
Rise time 9 us 7 ps
Fall time 18 usec 12 psec
Average power 50 kW 1.53 kW
Pulse flatness +0.5% +0.5%
Voltage regulation +0.05% +0.05 %
DC power supply 9.0 kV 9.0 kV
DC average current 6.5 A 0.22 A
DC average power 58.5 kW 1.98 kW

Table 18: Modulator specifications and Linac requirement.

parameters calculated for the LINACIII upgrade are: 1) a load impedance of 1206 2) a
pulse transformer ratio of 20:1 and 3) a total capacitance of the PFN of 9.4 uF. The pulse
transformer primary voltage is 9kV, the charging voltage across the PFN capacitors is 18kV
and the primary current of pulse transformer is 2820 A. With Lp the primary inductance, Tcy
the charging time of the PFN and w the circuit resonance frequency the parameters for the
charging circuit are given in table 19, The average charging current from the power supply is

Ipc /A[Lp /H|Tcy /ms|w/1/sec|[R/Q
2 194 135 23 225
4 48.6 68 46 110
6 21.6 45 69 75
8 12.2 34 92 56
10 7.8 27 115 15

Table 19: Calculated charging circuit parameters at different DC peak current.

0.18 A and the DC power consumption will only be 1.6 kW. The modulator consists of three
main units: the PFN, the charging supply and the HV assembly, which includes the oil tank,
the pulse transformer and the klystron. Figure 54 and 55 contain the schematics.
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Figure 54: RF modulator circuit.

8.5.3 Low-Level RF System

The RF drive/distribution system consist of the 202.56 MHz master oscillator, a factor of four
frequency multiplier, transistor preamplifiers and 810.24 MHz and 202.56 MHz reference lines.
Special phase locking schemes and a motor driven mechanical, trombone type, phase shifter
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Figure 55: Simplified layout for the charging supply.

keeps the phase difference between RF signals in two reference lines constant. It provides
a stable capture of the accelerated beam into the first 810.24 MHz accelerating tank. As
mentioned above, the amplitude and phase of the accelerating fields within the cavities are
regulated using a feedback control system. The system includes two feedback loops, one for
the phase and another one for amplitude of cavity field. Both controlling loops use a feedback
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signal from a small measuring loop probe placed in one of the accelerating section, The system

is compatible to the one installed at the LINAC II1 already and is described in more in [18]. Ape.rtm"e radius ‘ 2cm
Beam pipe inside radius 1.7 em
Beam pipe outside radius 1.8 cm
8.5.4 The Cooling System Maximum transversal size 20 em
Iron core length 7.0 cm
Each klystron dissipates ~6.1kW of heat (5kW for the solenoid, 1 kW collector and 0.1 kW Effective magnetic length 8.2 cm
klystron body), which is 18.3kW in total for the three stations. A separate cooling system Field gradient 3.1 kG/em
for each station will be used for individual control of the stations. The main components are Field nonlinearity at radius 1.5 cm 0.1 %
the heat exchanger, the electronically controlled valve to mix the required water temperature, Number of turns per pole 20
water flow meters and thermometers. The full amount of heat from the secondary of the heat Half-Sine pulse current 250 A
exchanger flows into the primary water circuit and is removed by the main laboratory cooling Resistance per quad 65 mW
circuit. The temperature of the cooling water can be changed within a range of 23 - 30C°. Inductance per quad 1.0 mH
A temperature stabilization system is introduced into the cooling system to feedback on the Peak voltage 600 V
measured temperature of the cavities. A remote controlled valve will keep the temperature at Stored energy 36 J
the output of the secondary of the heat exchanger at 33 C° with an accuracy of +1 C°. Apart Duty factor 0.14 %
from the fast mixing valve and a comparatively fast and flexible temperature regulation system, Pulse power 2000 W
this part is very conventional. Average power 28 W

Table 20: Magnetic field parameters of the quadrupole lens.

8.6 Focusing System and Magnets

The focusing of the H~ beam will be provided with magnetic quadrupoles which are placed in
each drift interval between the accelerating sections as well as between the cavities. The total
number of quadrupoles is 26. Four of them are installed in the 50 MeV matching region between
the existing LINACIII and the new part. The quadrupoles are powered with pulsed power
supplies. Two options for the repetition rate are foreseen - 1 [z for tuning and commissioning
and 0.25 Hz for injection into the DESY 111 synchrotron,

Quadrupoles Due to the restricted space between sections and cavities the quadrupoles are
operated with a gradient of 3kG/cm with an aperture radius of 4 cm. Comparable designs have
been realized for Fermi lab Linac Upgrade project [3]. Due to the significantly smaller duty
cycle the design for the LINAC IIT upgrade could be even more compact. The main parameters
for the quadrupole are shown in Table 20.

Equipment imperfections, instabilities. alignment errors and geometrical displacements will
excite coherent oscillations. Overall nine standard type corrector magnets are foreseen to correct
the beam orbit. With a maximum energy of 170 MeV the required dipole field is 0.026 T for a
magnetic length of 7.5cm.

8.7 Beam Instrumentation
For the successful commissioning and operation of the machine it is very important to have
a good, reliable beam diagnostics. A rather delicate study should be done especially in the

transition region (TR). Good beam matching has to be performed at the entrance of the
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A momentum spectrometer which is currently used for the 50 MeV beam provides very good

momentum resolution: Ap/p=0.0526x Az, where Ap/p is in units of % and Az is in units

Figure 56: Diagnostics equipment in the upgraded part of the LINACIII . of mm. In the beam line a H~ ions are scattered on a wire and the positive ijons are detected
on screen behind the bending magnet. It is desirable to raise spatial resolution of the harp
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by adding wires or replacing the harp by wire scanners for precise detection of the momentum
halo with the high energy beam.

In order to control the longitudinal emittance and matching, Beam Shape Monitors will be
used [18]. In addition Bunch length and Velocity detectors will be installed, to determine the
momentum of the particles [18]. This type of monitors has been successfully operated in many
proton accelerators already and will be installed in the 50 MeV part of the LINACTII in 1996.

8.8 Vacuum System

Accelerating sections are combined in cavities using resonant bridge couplers. There are 10
accelerating sections, each having four resonant (accelerating + coupling) cells in the first
cavity and 6 accelerating sections each having sixteen resonant (accelerating + coupling) cells
in the second and third cavities 57. To decrease the number of titanium pumps a vacuum

Figure 57: Vacuum system layout.

manifold will be used for each cavity. The vacuum manifold will be connected to the br idge
couplers as well as to quarter wavelength shorts which have high vacuum conductivity. Five
ion pumps are connected to each cavity plus one pump for the matching cavity. The manifold
pipe diameter is 180 mm. The diameter of the pipes connected is 60 mm. Estimates for the
vacuum conductivity of a single ( accelerating + coupling) cell deliver a value 851/s. The
effective pumping speecl will therefore be &~ 10.61/s. With the out gassing rate of a single cell of
approximately 2.6:1077 |-torr/sec the calculated pressure is 2.5-10~% torr. The debuncher should
operate at 202.54 MHz and allows to decrease the beam momentum spread approximately 10
times in order to fit to the £120 keV energy window of the synchrotron bucket.
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Polarized Protons in HERA
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Abstract: This article outlines the implications of obtaining polarized protons at
high energy in HERA and presents some results of calculations of the equilibrium
spin distribution at high energy.

1 Introduction

In May 1994 longitudinal spin polarization was achieved at the HERA electron ring [1] and
longitudinal polarization is now provided on a regular basis for the HERMES experiment.

Following this success one should investigate whether we can complement the polarized e*
beam with polarized protons. For the high energy physics justification see the contributions by
the Polarized Protons and Electrons Working Group in these Proceedings.

However, owing to their high mass in comparison to electrons, protons at HERA-p emit
almost no synchrotron radiation so that there is no natural polarization process analogous to
the Sokolov-Ternov effect, which is used to generate the e* polarization [2]. So the attainment
of polarized protons in storage rings must proceed along lines very different from those for
electrons.

The first ideas on how to approach this task emerged at DESY in 1994 and since then
extensive studies of spin motion at high energy in HERA have been made by DESY [3,4.5,6,7]
and by the Institute for Nuclear Research, Troitsk. Russia [8].

Early in 1996 we were joined by the SPIN Collaboration, a very large group dedicated to
topics in the high energy physics of proton polarization and the machine physics of providing
polarized protons and accelerating them [9]. The results of a study by the SPIN collaboration
and the DESY team will appear soon [10]. In addition, polarization specialists from the Budker
Institute of Nuclear Physics in Novosibirsk are participating.

As we will see in subsequent sections, the attainment of stored high energy protons in
HERA will not be simple and will require extensive additions to the DESY accelerators. Thus
at least four requirements must be fullfilled in order for this project to be realised. It must be
demonstrated by preliminary tests and by simulations that the machine physics is feasible. the
high energy physics community must present a strong case, there must be sufficient luminosity,
and of course the money and infrastructure must be available.
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This article will explore some aspects of the feasibilty and the luminosity. No attempt
will be made to present a final solution — we are still in the process of identifying problems.
Instead, the minimum modifications to the HERA complex likely to be necessary to obtain
polarized protons will be described together with some results of calculations for high energy
spin motion.

2 Obtaining high energy polarized protons

Currently, the only promising way to obtain high energy polarized protons in HERA is to
accelerate polarized protons provided by a source of polarized H~ ions. This is far from being
straightforward, but polarized protons of a few GeV have been in regular use for many years
and polarized protons have been accelerated to above 20 GeV at the Brookhaven AGS [11].
See Table 1.

Table 1: The quest for high energy polarized protons.

Accelerator Energy
7ZGS 12 GeV
KEK PS 12 GeV
AGS 22 GeV
IUCF 1 GeV
Saturn 11 3 GeV
PSI Cyclotron 0.59 GeV
TRIUMF Cyclotron 0.5 MeV
LAMPF 0.8 MeV

So one might claim that acceleration of polarized protons up to a few tens of GeV is
understood, at least in principle. But as we will see in the following sections, acceleration
beyond the top energy of PETRA up to about 1 TeV is a much more demanding exercise.
Fortunately, other studies of the problems have already been made and help to show the way.
These are listed in Table 2.

Table 2: Other high energy accelerators whose polarized proton capability has been analyzed.

Accelerator Energy

Fermilab Main Injector 120 GeV
Fermilab TEVATRON 900 GeV
LISS 20 GeV
RHIC 250 GeV

A key aspect of HERA is the fact that the protons must remain polarized at = 820 GeV,
without replenishment of the polarization, for the lifetime of the beam. namely about ten hours.
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Furthermore, no extensive spin tracking studies of acceleration to the 1 TeV domain have been
made previously. These are now underway at DESY. Therefore the strategy adopted at DESY
is to separate the investigations conceptually into three parts:

o The polarized source and the acceleration process to ~ 39Ge V.
o Acceleration in HERA to high energy.

e The phase space distribution of the polarization at high energy and its lifetime.

Naturally, much effort could be saved if there were a way to polarize the high energy proton
beam in situ. This would also have the potential advantage of continually ‘topping up’ the po-
larization if there were significant depolarization (e.g. by the beam-beam interaction). Indeed.
two alternative concepts based on polarizing the beam at high energy have been suggested [3].
But since the alternatives do not appear to be promising at present we will limit the discussion
to exploration of the conventional route, namely acceleration of a polarized beam from low
energy.

2.1 The source and acceleration from low energy

The acceleration chain for HERA consists of:
SOURCE — RFQ(750KeV) — LINAC 111(50MeV) — DESY 111(7.5GeV/e) —
PETRA I1(39GeV/e) — HERA(320GeV/c).

Now we discuss some of these systems. For polarized protons one needs a new H~ source.
There are two basic types: the ‘atomic beam’ and the ‘optically pumped’ sources [9]. They
supply up to 80 percent polarization. So far currents of 1.6 mA, DC, have been reached with
an optically pumped source [9, 10, 12]. But it is expected that a pulsed current of 20 mA could
be reached after some further development [10]. If the transmission efficiency of the low energy
beam transport line and the LINAC could be brought close to 100%. there would probably be
1o loss of luminosity with respect to the luminosity currently available. Thus the existing radio
frequency quadrupole (RFQ) might have to be replaced with a new version with much greater
acceptance.

Spin precession in electric and magnetic fields is described by the T-BMT equation (13, 14]:

:Il.:zﬁxb.' (1)

where (1 depends on the electric and magnetic fields, the velocity and the energy. In magnetic
fields equation (1) can be written as:

d§ €S = = g—2
g:q‘ . e x ((L +(I)B||+“ 4+ay)BL) . a= (—)—)

(2)

where En and B, are the magnetic fields parallel and perpendicular to the trajectory. The arc
length is denoted by s and the other symbols have the usual meanings. The gyromagnetic
anomaly, -";—2, for protons is about 1.79. The full T-BMT equation contains terms depending
on the electric field but these vanish if the electric field is parallel to the velocity as in a linac.
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The T-BMT equation shows that for motion transverse to the magnetic field. the spin precesses
around the field at a rate which is ay faster than the rate of rotation of the orbit direction.
Thus

Jospm = ‘17600rb11 ('})

in an obvious notation. So in one turn around the design orbit of a flat storage ring a non—
vertical spin makes a7 full precessions. We call this latter quantity the ‘naive spin tune’ and
denote it by vo. It gives the natural spin precession frequency in the vertical dipole fields of the
ring. At 820 GeV, vy is about 1557, Therefore a | mrad orbit deflection will cause about 90
degrees of spin precession. Thus spin is extremely sensitive to perturbing fields and in particular
to the radial fields in the quadrupoles.

To reach DESYIII the spins pass through the off-axis horizontal and vertical fields of the
various quadrupoles in the LINAC and the transfer line only once. But acceleration in DESY,
PETRA. and HERA requires that the spin ensemble passes through the complex structure of
quadrupole fields many millions of times. This is the point at which a detailed understanding
of spin dynamics in storage rings becomes necessary.

If a circular accelerator only had vertical (dipole) fields, vertical spins would not be affected.
But the spins ‘see’ radial fields in the quadrupoles or combined function magnets since the beam
has a non-zero height and even in a nominally flat ring the periodic (closed) orbit is offset
vertically owing to unavoidable magnet misalignments. According to the T-BMT equation
these fields tend to tilt the spins away from the vertical. The disturbance is different for each
spin since it depends on the position of the particle. For particles circulating for many turns
the total disturbance can grow to become very big if there is coherence between the natural
spin motion and the oscillatory motion in the beam characterized by the spin-orbit resonance
condition:

Vepin = M + Mz - Qr + M Q.+ my Qy (4)

where the m’s are integers and the Qs are respectively the horizontal, vertical and longitudinal
tunes of the orbital oscillations. Here, vy, is the real (i.e. not naive) spin tune. In the presence
of misalignments. rotators and suakes (see below), the unit vector describing the periodic spin
direction on the closed orbit, fig(s), is not vertical so that the concept of spin tune must be
generalised to be the effective number of spin precessions around 7ig per turn. In general
Vepin # Vo but in a nominally flat ring vy, will not deviate very far from ay. The vector
iio(s) also describes the direction of the average spin vector of a bunch i.e. of the polarization
direction of a bunch.

Now we can see the difficulty: during acceleration, vy passes through the resonance con-
dition many thousands of times since vy increases by one unit for every 523 MeV increase in
energy. There is therefore a good chance that the beam loses polarization at each resonance so
that by full energy the polarization has vanished. Even at fixed nominal beam energy, there are
longitudinal (energy) oscillations due to the presence of the RF cavities installed to keep the
beam bunched, and the consequent oscillations in the spin tune can. if they have large enough
amplitude, also cause resonance crossing.

Thankfully, the situation is not as bad as it might appear: in 1975 Derbenev and Kon-
dratenko proposed an ingenious class of devices which are now called ‘Siberian Snakes’ [15, 16].
They consist of magnet systems designed to rotate spins (and 1ig) by 180 degrees around an
axis in the horizontal plane independently of the particle energy. With such devices it can
be arranged that v, is independent of the particle energy and that at least the first order
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resonance condition, (|mz|+ [m.| + [m,| = 1 in eqn.4) is never satisfied. Thus at one stroke
depolarization during acceleration or due to energy oscillations is eliminated — at least if the
effect of higher order resonances can be ignored. Typically one would arrange to set v, = 1/2.
For detailed sketches of spin motion in the presence of snakes the reader is referred to [17]. From
those sketches one can obtain a helpful view of the resonance suppression mechanism. The spin
perturbations accumulated during one turn tend to be cancelled on the next turn after the
snake has flipped the spins by 180 degrees. This is very reminiscent of the spin echo effect used
in spin-magnetic resonance investigations in materials.

From the T-BMT equation it is clear that at high energy, transverse magnetic fields are
much more efficient than solenoid fields for rotating spins. For transverse fields the T-BMT
equation takes the form - .

S S =

((i—s=:TC x (1/v+a)B, (5)
from which it is clear that for protons at high energy the spin precession rate is essentially
independent of energy and proportional to the field. We have seen that at 820 GeV with
Yo & 1557 the field needed to give a 1 mrad orbit deflection will cause about 90 degrees of
spin precession. Equivalently, a simple rotation of 90 degrees requires a field integral of 2.74
Tesla metres. So at high energy. snakes should be built from strings of interleaved horizontal
and vertical dipoles which generate a small local closed bump in the orbit but produce. via the
noncommutation of large spin precessions, the required overall 180 degree spin rotation. Since
the HERA electron spin rotators operate on this principle, expertise in building such devices
already exists at DESY [18]. Since the snake fields are independent of energy, a key problem
in snake design is to find solutions for which the orbit excursion at low energy is small, i.e. one
or two centimetres. The ultimate in ‘interleaving” is a superconducting helical dipole, as for
example, in the design proposed for RHIC [19. 20]. It is not vet clear how many snakes will be
needed for suppression of depolarization during ramping to 820 GeV in HERA.

An aspect of the HERA proton ring that has nontrivial implications for spin motion is
that there are sets of interleaved vertical and horizontal bends on each side of the North.
South, and East interaction points. These serve to adjust the height of the proton ring to
that of the electron ring at the collision points. Coming from the arc, a proton is first bent
5.74 milliradians downwards, then 60.4 milliradians towards the ring center and finally the
orbit is made horizontal by a 5.74 milliradians upward bend. The structure is repeated with
interchanged vertical bends on the far side of the interaction point at the entrance to the arc.
It is easy to see that with ay = 1557 the interleaved vertical and horizontal bends cause a
large disturbance to the spin motion. In a perfectly aligned ring without vertical bends the
equilibrium spin direction on the design orbit is vertical. With vertical bends iy is no longer
vertical and strongly energy dependent. Thus the vertical bends must be compensated. One
way to do this, proposed by V. Anferov [10]. would be to insert a radial Siberian Snake at the
midpoint of the 60.4 mrad horizontal bends. More details can be found in [10, 7].

Naturally, spin rotators are also needed to provide a choice of spin orientations at the
interaction points.

A suggestion for a snake layout in PETRA can be found in [10].

DESYTII poses a special problem. Down at a few GeV, dipole fields of the magnitude
needed for snakes would cause unacceptable orbit distortions. A detailed discussion of spin
preservation in DESYIII is beyond the intended scope of this article but more details can be
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found in [3, 4]. Suffice it to say that devices called ‘Partial Snakes’ and techniques like orbit
and spin tune jumping are under investigation [10, 19, 21]. We have also not discussed the
transfer lines.

But one topic deserves special mention, namely proton polarimetry. One clearly needs a
polarimeter at the final energy in order to make sense of the measurements of the experimenters
[22]. But polarimeters, each chosen for its suitability to handle its energy range, are needed on
the low energy part of the chain. Otherwise one will be accelerating ‘blindly’.

So far we have dealt only with protons but there is some interest in the particle physics
community in obtaining polarized high energy deuterons [23]. For deuterons, -';—’ is only about
-0.14 and the deuteron mass is about twice that of the proton. So there are far [ewer spin-orbit
resonances to cross. But equivalently, the influence of dipole fields on deuteron spins is very
small and the design of spin rotators would be far from simple. Nevertheless the possiblity
should be kept in mind. In summary, the following modifications, marked by the underlining,
to the acceleration chain will be needed.

® The source: atomic beam or optically pumped source of polarized 1~ ions.

Radio frequency quadrupole (RFQ) to 750 KeV: better optimization.

Proton LINAC to 50 MeV.

o Transfer line to DESY III.

DESY III: stripping foil injection, 50MeV — 7.5Gel partial snake and pulsed quads.

¢ Transfer line DESY II1 to PETRA II: snakelike spin direction tuner,

¢ PETRA II: 7.5GeV/c — 39GeV/e: two Siberian Snakes.

o Transfer line PETRA II to HERA: snakelike spin direction tuner.
e HERA: 39GeV/c — 820GeV/c: Siberian Snakes and spin rotators.
¢ Polarimeters.

This completes the outline of the modifications needed for acceleration from low energy.
More information can be found in [3, 4, 10].

Clearly, before embarking on the kinds of upgrades described above one should make com-
puter simulations of the acceleration from low energy and storage at high energy by integrating
the equations of combined spin-orbit motion for an ensemble of particles. This is currently the
main thrust of the work at DESY. Some results from such calculations are presented in the
next section.
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The gquilibrium polarization distribution

The T L

beamp?rl)a:;d;m“ at a P({‘“t z= (I.pz.y.py.él.éb') in phas? space and azimuth 0 in a spin 1/2

the Polari;;a,‘cce‘em(or 1s df’ﬁllffd by the phase space density distribution p(Z;0), the value of

each point 7-3_0_“ at each point in phase space P(z:0), and the direction of the polarization at

polarization 7;0). Once we know these three functions we have a complete specification of the
itate of the beam.

Sin 3 3 o 1o 5 N -
[24] thiil:h( T-BMT equation Is linear in the spin, P(50)=PP obeys the T-BMT equation
we now write in the form

a
o
trg

—((z.0) xP. (6)

=N
=

Because
S " . 2 5
Quation (6) describes precession. P(,0) is constant along a phase space trajectory.

High e
n ; Jeiee ex y : . .
t Sitn. § e‘*rg} physics experiments require that the particle bunches look the same from turn
polariz o that they are in equilibrium. Thus in this section we will examine the equilibrium
ation at high energy.

the [}I}_g}\uil}ltbri“m -I’(:_: ) 'lsh pf’riodic in 0 Fur'lhermore. at equilibrium 'ﬁ(:‘.O)_not (znly obeys

P a—— ut‘f{ua-h?n. but it 1: alb;o ])E‘l‘lod—l(‘.‘ln 8. We write the equilibrium P as Pey and we

like a spin. Tn}"t \L‘(_tor il"’ng P’““.‘O’ by 7(Z.0). 7i also obeys equation (6) and thus behaves

of radiative el:ct‘:)ﬂor n “aa ﬁrst introduced by Derbenev and Kondratenko [25] in the theory
n polarization.

The :
maximizi o, 7 e
ximizing of the equilibrium polarization of the ensemble implies two conditions:

1. The L
polarization at each point in phase space should be high.

2. Th
2. The equilibe; o
e theq- ilibrium pul.fnmnon vector at each point 1n phase space should be almost parallel
average polarization vector of the beam.

\ve ha\’c See
sensitive tc;(;istl;:;m.ﬂ‘f very high proton energy of HIERA the spin motion is extremely
will see later it c ances and that the quadrupole fields can have a strong influence. As we
!)). taiis &f degrec:nr tlien happen that on 'averagc the equilibrium polariza(ion vector deviates
in phase space “_;‘. , .1 (lﬂn ‘fllt' average polarization vector oit the beam [3]. So even if each point
smaller tha p l[wL]"/H 907\ pOlE\l‘lZEfl '|.he aver'agc polarization could be limited to a value much
that the po g /0. rl.he first condition requires that the source delivers high polarizmiou and
The Sefona TiZation is maintained during acceleration. That was the topic of the last sect ion.
the energy CO(;“:;:IOD is an intrinsic property of the arrangement of the magnets in the ring.
oriented a; cao_l:dingetzptl}:c' At t-he interaction points the average direction should, of course, be
e requirements of the experiments. If it were to be demonstrated that

the rin
g and the optic . : ;
to fulfill comdit u; 1’1“( do not permit a high parallellsm. there would be little point in striving

(Clear] AR
Y- 1t v 1 -
ery important to have accurate and efficient met hods for calculating ii(z.0).
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3.1 Computational techniques

Much of the background to the following material has been covered in ceveral other reports
(3. 4,5, 6) and they should be consulted for mathematical details. Furthermore, an extensive
study based mainly on long term spin-orbit {racking can be found in [8]. This also gives
examples of spin-orbit motion for various Siberian Gnake schemes.

3.1.1 Straightforward polarization tracking

One can try to get information about the spread of the equilibrium spin directions over phase

space by tracking a completely polarized beam for many turns. This is illustrated in figure
1. There are no geometr')cal distortions and the vertical bends are turned off so that the
simulation represents a perfectly aligned flat ring. Particles at 100 different phases on @ 1
sigma vertical phase spac¢ ellipse and zero longimd'mal and horizontal emittance have been
tracked through HERA for 600 turns while the beam was initially 100% polarized parallel to
io [5. 71 Similar kinds of tracking results have been presented in [8). The polarization of the
ensemble is defined as the average of the unit spin vectors across phase space. We see that
the polarizat.'\on oscillates wildly. This polarization distribution is obviously not an equilibrium
distribution and this implies that the fi-axes are widely spread out away from fio. The bold
horizontal line is the turn by turn polarization obtained when each spin is initially set parallel to
fi(Z,0) (calcu\ated using the code SPRINT-see below) for a particle at its phase space position
= Now the averaged polarization stays constant at 0.765. This latter value is consistent with
the fact that the average deviation of it from g is about 40 degrees. Therefore, by starting
simulations with spins parallel to the fi-axis one can perform & much cleaner analysis of beam
polarization in accelerators. In effect one is now able to study the effect of spin perlurbations
( for example due to field noise, beam-beam effect etc) by searching for small deviations away
from the ‘stationary state’ of the beam instead of having to detect long term drifts in a strongly

fluctuating average polarization.

3.1.2 Stroboscopic averaging

The first estimates of the distribution of the fi-axis were made using the SLIM formalism (31.
Further estimates were made using normal form theory 4. 8l However, those calculations
indicated that in a very high energy accelerator such as HERA. ii can be widely spread oul
away from flo in confirmation of the results presemed in figure 1. Since the SLIM formalism and
the normal form formalism are both hased on perturbation theory and assume that the tilt of n
from 7ig 1S small it was clear that they were pu(emial\y unreliable and that a non-perturbative
algorithm was needed.

Thus, a new method for obt aining 1 called stroboscopic averaging [5] has been developed.
It is based on multi-turn tracking and the averaging of a special choice of spins viewed strobo-
scopically from turn to turn. Since {his innovative approach only requires tracking data from
one particle, it is fast and very easy to implement in existing tracking codes. Probably the
main advantage over other methods is the fact that stroboscopic averaging does not have an

inherent problem with either orbit or spin orbit resonances due to its non-perturbative nature.

This allows the analysis of the periodic spin solution close to resonances. This algorithm has
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igure 1: Propagation of a beam that js initially completely polarized par.allel to 7y leads to
e ctuating average polarizatioy. For another heam that is initially polarized paralle] to the
& ﬂ;lodic spin solution 7 the average polarization stays constant, in this case equal to 0,765,
-
pe

n implemented in the program SPRINT [5], This s the code used to calculate the injtja
l_’.(jxes before propagating the equilibrinm distribution jp figure 1.
7

By means of this new tool weare now able to make reliable calculations of fi-axes. We find

Breneition of the predictions of SLIM and the normal form analysis, for the basic HER A
Cunout that the average tilt of 7 from Mg can be large, of the order of 60 degrees or more,
layout,

However, as mentioned before, Siberian Snakes are not only essential for Suppressing de-
larization during acceleration but asg help at fixeqd beam energy. In par‘txcular_' (l}e_?’ are
,o( tial for suppressing spin flip effects dye to resonance Crossing as the energm.s of m(!n'ldual
i les execute (slow) synchrotron oscillations [8]. Snakes also stabilize the Spin motion dye
af;;i:;o;] oscillation sin}e the orbital tupes can be chosen so as 1ot to coincide with the fixed
tsz,l spin tune generated by properly chosen snake layouts,
e

The next task is then to find snake configurations which indeed counteract the effecys of

chrotron and betatron motion. Towards thjs goal a ‘filter algorithm has been developed
S’w‘ch allows the most effective snake layouts to be selected from starting set [4]. This filtering
“‘h:hod has enabled us to identify configurations which strongly reduce the deviatio
I-I'“‘ Figure 2 shows the energy dependence of the average opening angle of the
”“.-ﬁguration selected by filtering and for two representative orbit amplitud
f;,:.,uils for this example can be found in [7],

n of 7 from
fi-axis for a snake
es. The technjca)

4 Further investigations

rt from the obvious need to find adequate and practical snake schemes, to decide on the

4 ’ . . o .
o way to realize the compensation of the vertica) bends and to design and Position the spin
best Ve )
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Figure 2: T}he average opening angle of the eq
814 and 829 GeV after the installation of the
curves refer to particles with one sigma in the
the vertjcal direction respectively,

uilibrium spin distributiop for energies between
snake arrangement foyyq by filtering. The two
horizontal direction and one or three sigma ip

L. Understand the effects of misalignments.

limitation t¢ the polarization is likely to e
ments, )

Find cures, (The most important additional
the spread ip the 7i-axes caused by misalign-

2. Include linear anq nonlinear synchrotrop oscillations,
3. Determine the maximumn allowe emittances,

4. Study the efficacy of t}e chosen snake scheme

for controlling (}e Spin “equilibriym* during
the adiabatjc acceleratjop,

5. Determine the influence of the beam-beapn, effect.

6. Understapq the influence of noise in power supplies,

7. Calculate with optical nonlinearities an optical coupling,

8. Evaluate the effect of intra-heam scattering, if any,
9, Investigate the relevayce and feasibility of spin matcl

ung [26] and iy, particular the strong
spin matching’ proposed by K. Steffen [27].

10. Evalyate the advantages of incrcasing the symmetry of the ring and the optic,
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