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1 Introduction

Deep inelastic lepton-nucleon scattering has been one of the key testing grounds in the devel-
opment of the Standard Model (SM) in the past. Measurements of the nucleon and nuclear
structure functions have not only tested the short-distance properties of QCD -— such as scaling
properties — but they have also illuminated the nonperturbative bound state structure of the
nucleon and nuclei in terms of their quark and gluon degrees of freedom. In the electroweak
sector fixed target lepton-nucleon experiments have provided one of the major quantitative tests
of the Standard Model through measurements of the weak neutral (NC) and charged currents
(CC). In fact, such experiments gave the first evidence, in 1961, for the separate identity of
electron and muon neutrinos and for the existence of the weak neutral currents in 1973. The
kinematic area that has been explored to date in lepton-nucleon scattering is Q% up to a few
hundred GeV? and z above about 0.03. Similarly, photoproduction experiments have reached
cms energies up to about 20 GeV.

HERA [1] presently under construction at DESY will be the first electron-proton collider.
With the planned beam energies, E, = 15-30 GeV and E, = 300-820 GeV, cms energies between
V& = 134 GeV and /s = 314 GeV will become available. The maximum possible momentum
transfer is Q2 __ = s ~ 10° GeV?, In practice, Q2 is probably limited by the event statistics to
~ 4+10*GeV?. Thus HERA will extend the Q2 range by a factor hundred. Also, due to the
large crs energy the z-measurements can be greatly improved: even in the z-region between
107%-10"3 several million neutral current events are expected. Clearly, as for every collider,
the physics potential of HERA will depend on its luminosity. The design luminosity is £ = 1-
2%10% cm~ 25! leading to 100-200 pb~? per year. This results e.g.in O(107) NC and 0(10%) CC
events in a deep inelastic scattering (DIS) region defined by Q2 > 4 GeV?, z > 1073, and squared
total hadronic energy W2 = (1 — 2)Q@%/z > 5 GeV?. Furthermore, both electron and positron
beams will become available and a longitudinal lepton polarization of up to 80% is expected.
Since ei g all have different weak interactions with protons, the longitudinal polarization will
greatly improve the possibility to disentangle different quark structure functions as well as to
perform high precision measurements in the electroweak sector. The relevant experimental
information will, for the most part, be obtained from inclusive measurements. Perspectives on
tests of the SM at HERA will be discussed in the next sections.

Besides the deep inelastic regime HERA offers a wide variety of physics at low @%. Pheo-
toproduction cross sections are large and well measurable through forward electron detectors.
The kinematical range of present day photoproduction experiments will be extended by an or-
der of magnitude. Photoproduction cross sections obtain contributions from reactions involving
the pointlike couplings of the photon to the partons in the proton, the anomalous photon com-
ponent, the VDM component, and from diffractive reactions. Interesting physics includes the
production of new heavy particles and the measurement of the photon’s gluonic content.

Studies of the hadronic part of HERA events test both the perturbative and nonpertur-
bative properties of QCD. In jet physics at high Q? one can investigate, for example, the
theoretically challenging processes which are governed by two, a priori equal, mass scales, e.g.
Q? and p? (QCD). The understanding of the hadronization of both the quark and target jets
can be improved in lepton nucleon scattering. Further interesting topics are studies of exclu-
sive channels and of the class of fully contained NC events where besides the scattered lepton
and the current jet a leading proton is measured through a forward proton spectrometer. In
section 2 a more detailed outline of physics opportunities at HERA is given. Section 3 collects



the relevant DIS cross section formulae. Both theoretical uncertainties and constraints arising
from possible experimental limitations of the accessible kinematical region are discussed. The
prospects to determine quark and gluon momentum distributions at HERA are reviewed in
section 4 and 5. QCD analyses, i.e. measurements of the logarithmic scaling violation of DIS
structure functions and the determination of Agcp are the contents of section 6. Possibilities to
search for new particles and to test for new interactions with ep collisions in the HERA energy
range are surveyed in section 7. Finally, in section 8, perspectives on electroweak physics at
HERA are detailed. Experimentation at HERA with the two experiments, H1 and ZEUS {2}, is
scheduled to begin in 1990. Its physics will provide a complementary programme to the physics
presently available and being planned for the future at hadron colliders, et e~ machines and
fixed target experiments.

2 ' Physics opportunities at HERA

To indicate the physics opportunities of HERA it is instructive to consider the various “modes”
under which an ep collider can operate. The factorization formula

1 1
do(ep — X) =Y /0 dz, f(, A2y G fo(2ay i) Goyplsr %) dér{ab — X)) (1)
a,b

has general validity for all hard reactions in electron-proton scattering. As usual, the kinematics
of inclusive ep scattering is characterized by the ep centre-of-mass energy V'8, 8 = (pe+ P)%, the
squared momentum transfer Q% = —¢? = —(p. — pe)?, the Bjorken-variable z = Q?/2P - g, the
variable y = P-q/P-p. = Q*/zs and the total hadronic energy W, W% = (P +¢)* = (1-2)ys. In
these definitions p., p¢ and P denote the four-momenta of the incoming and scattered lepton and
the incoming proton, respectively. pp in eq. (1) is the factorization scale, typically of the order
of the scale which governs the hard scattering process. The primary subprocess is deep inelastic
electron-quark scattering, eq — eg, either through neutral current (NC) or charged current
(CC) exchange. This “DIS mode” produces one quark jet and one recoil lepton at high p, .
The scale in high Q? events is set by the p, of the scattered lepton, ug ~ prs =(1-y)Q*
The well known DIS cross section formula follows from eq. (1) with @ = ¢, G./.(z) = é(1 - z),
and b = ¢,§. Due to the large p, in DIS reactions the kinematics can be reconstructed with
high accuracy from the hadron and/or lepton side so that this mode is ideal for precision tests
of the SM. These include first of all measurements of the shape in Bjorken-z of the structure
functions, F;(z, @?), and of the quark and gluon densities, but also more detailed tests like the
scaling violation of the DIS structure functions, and the determination of the running coupling
constant, a,(Q?), and therefore of Agcp. Also, tests of the electroweak sector of the SM are
best performed in this mode. These inlude the structure of the weak and charged weak currents,
the Z and W propagators as well as real boson production, electroweak radiative effectes and
of extensions of the SM.

The “low-Q? mode” (photoproduction} corresponds to the sacttering of an almost real pho-
ton on the proton. It is the ideal testing ground of the hadronic nature of the photon and its
structure functions. Photoproduction yields the largest cross sections of all ep processes. With
help of the Weizsicker-Williams approximation

7epls) = [ Ay Gope(¥) arplus) @)



where

al+ (1—:*1)21Il (Qma:c)

Grel) = 2= Qumin ®)

one can relate photoproduction cross sections to the corresponding ones for electroproduction.
The bounds on y and Q2 depend on the kinematics of the reaction. Qutside these bounds the
cross section o, becomes negligible. Taking Qmin = Me, Qmar = 1 GeV and In(1/Ymin) = 3,
Ymaz = 1, the untagged photon-proton luminosity can be estimated [3]

Lop = 0.1 Loy (4)

Tagging of electrons reduces the event rate, but allows more detailed studies since the variables
(y,Q?) can be measured. An example is the extraction of the gluon density from J/¥ production
at low Q% A tagger of photoproduction events is e.g. provided by the luminosity detectors.
Virtual photons of energy E, = E - E' can be tagged by measurement of the energy E' and
the emission angle 6, of the scattered electrons and consequently y and Q2 can be evaluated
according to the relation y ~ 1 - E'/E, Q% ~ EE'#? which is valid for 6. — 0. For example, at
ZEUS, the electron can be measured in the range 13 < £’ < 23GeV and 0 < 6, < 6mrad [4].
Thus the accessible range is (3]

2.2
m.y

poor tag: 1.7 x 107% = <Q*<25x1072GeV? | 0.23 <y <0.57 (5)

-t
E~

with an average acceptance off =~ 70%.

The overwhelming majority of tagged electrons will originate from bremsstrahlung (about a
factor ~ 3 x 10* larger). The requirement, 8, > 1 mrad, suppresses this bremsstrahlung back-
ground almost completely. Also, a precise measurement of the scattering angle is only possible
for polar angles above 1 mrad. This defines the region

golden tag: 3.9x107* < Q* <25x107%GeV? | 0.23<y<0.57 (6)

- with an average acceptance of ~ 20%.

The interest in using an ep collider for studying low Q2 processes derives from the large cms
energies that can be obtained in the yp system. The photon-proton cms energy reachable at
HERA is quite impressive, 150 < {/s(yp) < 240 GeV. It corresponds to an equivalent labora-
tory energy in fixed target yp experiments of 12000 < Efj“" < 30000 GeV! The luminosities
corresponding to poor and golden tag are:

Lyp(poor tag) =~ 0.01L,, (7)
L.p(golden tag) =~ 0.001L,,

Hence a reaction with 1ub cross section will yield of the order of 10° events per year for the
poor tag case and 10° with a golden tag. Contributions to the photoproduction cross section
come from reactions where the photon couples pointlike to the partons in the proton and from
subprocesses involving the photon structure function.

Subprocesses based on the pointlike coupling of the photon to the partons within the proton
are QCD compton, 7v*¢ — gg, and photon-gluon fusion, yg — ¢§. They lead to two-jet pro-
duction. These pointlike low Q? subprocesses dominate reactions in which the large transvers
momentum trigger is a hadron rather than the scattered lepton as in the DIS mode: uz ~ p¥¢?,

L
Since the photon propagator rises as 1/Q? at low Q?, see eq. (3), this “pointlike photon mode”
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(a)

Figure 1: (a) Generic Feynman diagram of J/¥ production in ep collisions via photon-gluon
fusion. (b) A typical process of the anomalous (or resolved) photon contributions to the photo-
production of hadrons.

yields cross sections much larger than the DIS mode at fixed hadronic energy W and is thus
the dominating source for the production of heavy objects at HERA. For example, heavy quark
production proceeds dominantly via the reaction yg — Q@ [5]. Only for very heavy quark
masses (a top quark above ~ 55 GeV) single quark production via CC reactions dominates. Be-
sides heavy flavour production also other heavy particles like the W and Z bosons are produced
at low Q2. Furthermore, the pointlike coupling component of the photon gives rise to single
particle production, e.g. ¥ + ¢ — J/¥ + ¢ shown in Figure la, to prompt photon production,
and to the production of high p, jets. All these hard processes involving the pointlike coupling
of the photon are described by eq. (1) witha = 7 and b = ¢,4, 9. In such a process the pointlike
coupling of the photon to the proton’s constituents directly probes the parton densities, and
can give complementary information to the usual deep inelastic structure function methods.

Photoproduction also probes the hadronic nature of the photon. The processes are described
by the photon structure function which is given by the sum of a VDM component and of an
anomalous (resolved photon} component, see e.g. [6]:

Gopalz, ub) = GIEM (2,1d) + GAN (2, 13) (8)

a/y a/y

The anomalous component, proportional to In(u%/A?), is calculable in perturbative QCD and
gives rise to gg, gg and gg initial states where the colliding partons are collinear. A typical
process is shown in Figure 1b. Then electron-proton scattering behaves like a hadronic collider
{“collider mode™). The cross sections are again described by eq. (1), now taking a,b = ¢,4., ¢
and e.g.

1 dz T
Gq/e(:th‘-‘%") = / —Z_G-y/e(z)Gq/':d (;‘#}) (9)

There is a wide variety of processes initiated by parton-parton scatterings like QCD processes
{high p, jet production. minijets), production of heavy objects, prormpt photon and lepton pair
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Hadrons

(a) (b} (c).

Figure 2: (a) Diffractive production of a central hadronic system in ep scattering. (b) A hard
diffractive interaction generated by pomeron exchange. (c) A model of the production of high
p1 jets in diffractive reactions.

production, and the production of vector mesons, e.g. 7p — g¢X — 7.X. In many of these
processes the anomalous photon structure function should clearly be observable, see e.g. [6]
for the case of 7¥ photoproduction. In particular, HERA offers the possibility to explore the
gluon distribution inside the photon G Figure 1b, which is not directly accessible in yv*
experiments.

g/

The VDM contribution in eq. (8) may be estimated as follows:

da’VDM 1 daV oM

E X))~ —E 0 X 10
pE (1p — 1 X) 500 pr (p’p — v X) (10}

The total photon-proton cross section: can be estimated this way:

Trot(7P) = 130 b (11)

Among the reactions (10) leaving the proton intact are elastic Compton scattering, vp — 7p,
and diffractive production of vector mesons. These processes can be studied at HERA. The
ZEUS detector, for example, has a geometrical efficiency for the detection of fast forward protons
which rises to a maximum of 60% for z7 = 0.9, falling to 30% at zr = 1.0. Of particular interest
are hard QCD scatterings in diffractive reactions at HERA. One expects to observe events in
which the proton emerges almost undeflected and isclated in rapidity, and in which there is
evidence from the central detector for a large momentum transfer process. A central cluster
X of hadrons is produced as shown in Figure 2a. At HERA one can study diffractive central
clusters with a mass Mx up to 100 GeV {8}, which is nearly twice as much as the cms energy
at the ISR. The whole variety of hard QCD scatterings, jets, heavy flavour production, etc.,
is expected to take place. These processes can be described by the exchange of a pomeron
which then participates in a hard scattering, see Figure 2b. Hard diffractive processes [7],
therefore, are a device to resolve the partonic structure of the pomeron. Essentially there are
two descriptions of the structure of the pomeron, one assuming the pomeron to couple to quarks
and gluons like an isoscalar C = +1 photon, Figure 2b, and one where the pomeron is mainly
cornposed of gluons, Figure 2c. In the latter approach one can imagine the processes as being
mainly initiated by photon-gluon fusion where the gluon originates from a pomeron which in
turn is emitted by the proton. These hard reactions can therefore also be described by eq. (1)
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with a = v and Gy/p(2) = [ d2/2Gpomeron/p(2) G g/pomeron{®/z). Using this description, it was
shown in [8] that hard diffractive processes processes give non negligible contributions to the
production of high p, jets and heavy flavours. Thus HERA will provide new insight into this
aspect of QCD.

The different modes of ep scattering partly overlap. It is thus important to study their
interrelations and to obtain a smooth matching of the models describing the various modes. As
an example consider the interrelation of the DIS picture with the low Q2 pointlike processes
in more detail. The tree level DIS reaction is the quark-parton model eg — eg scattering
whose description is valid for Q% above a few GeV?. The tree level diagrams for low Q°F
processes are the O(a,) reactions y¢ — ¢g and vg — ¢§. Here Q% can extend to extremely
low values, Q2 > m2(3/s)® ~ 1071 GeV?. Now it is exactly these processes which make the
O(a,) corrections to the QPM scattering. Though DIS scattering occurs at high Q2. there is
a region where theses O(a,) processes contribute to both pictures. Thus there is the potential
problem of double counting certain contributions. A solution where one simply introduces a
cut to separate different contributions runs into the problem of how to match smoothly the
individual contributions. Closely related is the problem of scales. As long as the final state
is unresolved, there is just one scale, namely Q2. However, the production of high p, jets in
DIS is governed by two scales, Q% and W2, which can be of same size. Reactions involving two
scales are a still largely unexplored phenomenon and their study is a challenge of ep scattering.

Another interesting task is the reconstruction of the final state in electroproduction. It will
improve our understanding of the final state hadronization of both the quark and proton spec-
tator jets. According to QCD factorization, the recoiling quark jet, together with the gluonic
radiation produced in the scattering process, produces hadrons in a universal way, independent
of the target or particular hard scattering. In contrast, the hadronization of the spectator sys-
tem depends in detail on the target properties. Unlike the quark jet, the leading particles of the
target spectator system do not evolve and thus should not depend on the momentum transfer
Q? {at fixed W?2). While in most ep events the proton remnants are lost in the beam pipe it
is possible to obtain information for a class of events which contains a leading proton via the
forward proton detector of ZEUS. Protons with z; > 0.3 can be detected with a momentum
resolution of o(p)/p ~ 1%. As is well known the features of the standard leading twist descrip-
tion of lepton-nucleon scattering are modified by coherent or nonperturbative effects at low Q2.
Experimentation at HERA might help to clarify the distinction between logarithmic and power-
law scale breaking effects and the effect of higher-twist contributions to ep cross sections. The
interrelations between the various modes described above (diffractive processes, vector meson
dominance, anomalous photon contributions, pointlike photon coupling contributions), Regge
behavior in non-singlet structure functions, and other phenomena at the boundary between
perturbative and non-perturbative effects — like jet-coalescense {9}, intrinsic charm [10], etc.
— are further topics that can be studied in ep scattering.

3 DIS cross sections

The fundamental quantities for precision measurements of the SM in DIS are the inclusive
differential cross sections, d°c/dzdQ?, for charged and neutral current interations of electron
and proton beams. In the lowest order of the electroweak couplings and leading order QCD the



differential cross sections for NC scattering, e¥p — eT X, can be written as

d*oNC(eFp) 27t -
*“my— T 790? Yyonc(e™) (12)
Y_
énc(e™) = FR(z,Q%) 4 ——~a:F3(:c %

The structure function F; has been eliminated through the Callan-Gross relation, 225 = F,.
The quantities Y are defined by: Y. = 14 (1 — y)?, and the quantity « in eq. {12) is the
electromagnetic finestructure constant.

Effects of a nonzero proton mass and of primordial transverse momenta of the partons as
well as higher twist operators can safely be neglected taking Q2 > 100 GeVZ2. Contributions of
this kind are suppressed by inverse powers of Q2. Also, thresholds from heavy quarks do not
play a role in contrast to fixed target experiments. It has been shown that, at Q2 > 100 GeV?
and z > 0.01, contributions from ¢ production have a leading-logarithmic behaviour similar to
that of light quarks, while contaminations from b5, tf and presumably also from b production
are negligible [11]. Therefore, it is justified to take four massless quark flavours (u,d,s,c).

Using the above approximations the NC structure functjons, F;(z,Q%?), can be expressed in
terms of the quark and antiquark (number) density distributions g7(z, Q%) and g4(z, Q%)

Fi(z,Q ZAf z [g5(2, Q%) + g5(, Q%)) (13)

z Fi(z,Q%) ZBJ' )z [gs(2, Q%) - qs(z, Q%))

The electroweak coupling coefficients A5 and By depend on Q? and the lepton polarization, A,
(+A for e*p and — ] for e~ p scattering), and are different for up and down like quarks

A Q%) = e? ~2efvae(xz)(vei)\ae)+(v?—i—af,) | xz |? (02 + a? & 2v.a.A)  (14)
Bi(Q%) = ~2erasRe(xz) (@ £ ved) + 2vsay | xz | (2veae:i:A(vf+a§))
Here xz is the Z propagator

1 Q*
{2sin20w )% Q2 + M% — Mzl z

xz(Q*) = (15)

and the electroweak couplings are given by v, = —1 + 4sin® 0w, a, = —1, vy = 2ty — 4e; sin® Oy
and a; = 2ty with the convention e, = +2/3,t, = +1/2, ete.

Using the unitary relations of the CKM matrix and restnctmg again to four massless quark
flavours the differential cross section for CC interactions, e*p — ve(.} X, is given by

d*oCC(eFp) zs(1F A)ra?
dzdy 4sin? 8y (Q2 + Mg )?
Foo(e7) = u(2,@%)+¢(2,Q%) + (1 - y)* [d(z,Q%) + 5(z,Q?)]
soe(et) = (e, Q%) + ez, Q%) + (1~ y) [d(2.07) + s(z, QY]

Goc(eT) (16)



The quark distributions introduced above obey the Altarelli-Parisi evolution equations of QCD
in the leading-logarithmic (LL) approximation [12].

The dominating next-to-leading-log (NLL) QCD corrections arise from a non-vanishing lon-
gitudinal structure function, Fr, = F; — 22F;, which in O{a,) is given by:

Re.@Y=cr % [ 9 (2) {Fz(mQ2)+ (Z Af(c;ﬂ)) 22 (-2 WG‘(T},Q2)}
: =

T n \7
(17)

Here G(z,Q?) is the gluon number density distribution, Cp = 4/3, and Tp = 1/2. F) can be
approximated at small z by

Fifz.Q)) = & (4TRZ AJ‘(Qz)) [2E) (1-2)memey a9
f :

AT

The effect of NLL terms reaches a few percent at small z and large Q* {or large ¥), and exceeds
10% at z < 0.01 and y > 0.8 [13]. This behaviour has its origin in the important contribution
of the gluon density, see eq. (18). It can be kept small either by avoiding the small z and large
Q? ranges or by averaging over suitable ranges in y. Then the resulting structure functions
and quark densities are only shifted insignificantly and, as far as QCD is concerned, the LL
approximation is certainly sufficient for most purposes.

In contrast, higher order electroweak corrections, particularly the electromagnetic radiative
effects, are sizeable and must be taken into account. Complete one-loop calculations have been
performed by different groups and, although some differences are still being discussed, there is
a general consensus on the results [14]. For a phenomenological study not investigating higher
order electroweak effects it is then convenient to assume that the analysis is applied to data
that have been corrected for the electroweak radiative effects.

Compared to present day fixed target experiments a series of new features appears in the
cross sections formulae (12-16) of high energy ep collisions. The effect of the rising strength
of the weak neutral current interactions with increasing Q2 is twofold. First, a new structure
function, x F3, appears in the cross-sections for ep — eX. Secondly, the F; structure function
deviates from the familiar expression valid at present-day energies

F™@,QY) = Y. ¢} [205(2,Q%) + 235(x, Q7)) (19)

f=u,d,sc

Moreover, the Z boson propagator, eq. (15), induces scaling violations by powers of Q%/m?%
which cannot simply be factored out, in contrast to the W propagator which enters the CC
cross-section as an overall factor. In the upper @ region accessible at HERA energies, these
scale dependences become much stronger than the logarithmic scaling violations predicted by
QCD, and therefore complicate QCD tests as discussed in refs. [15,16]. Also, the shape in
z of structure functions averaged over y or Q? is affected. As a consequence, one must be
quite careful when comparing measurements from future ep collider experiments with existing

(low-Q?) data.

Measurements of the structure functions and of the electroweak sector are based on the
inclusive NC and CC cross sections differential in z and y or Q%. The precision of these
measurements is largely determined by the accuracy of the kinematics reconstruction and the
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Figure 3: Domains where systematic errors are below 10% for electron measurement (full line)
and hadron flow measurement (dashed line). From ref. [18].

quality of the NC/CC separation. While the kinematical variables can only be reconstructed
from the hadronic system in CC events, they can also be measured from the scattered electron
in NC events. The kinematics is obtained in bins of (z, @?) (or (z, y)) with sizes suitably chosen
with respect to the available event statistics. The problems of event classification and kinematics
reconstruction give rise to impure samples and migrations of events between different bins.

Signatures for NC/CC event separation are related to the appearance of a scattered electron
in the NC case and an undetected neutrino in the CC case. Due to the escaping neutrino
CC events are unbalanced in transverse momentum and deposit a smaller total energy in the
calorimeter. In [17] it was shown that criteria based on the total energy, missing transverse
momentum, and searches for an isolated lepton allow a very clean separation. Thus losses and
contarmination due to imperfect NC/CC separation are quite small and can usually be neglected.

The dominating source of errors in the cross section measurements are related to migrations
due to erroneously measured event kinematics. The main limiting factors are calibrations of
energies and, in the forward direction, granularity and the beam hole of the hadronic calorime-
ters. The resulting shifts in the kinematical variables can only partly be corrected for. A useful
region can be defined by the requirement that the smeared acceptance is close to one. These
problems are investigated in detail in [18]. Assuming a minimum scattering angle of about 4°
for the electron measurement and requiring a p; > 10 GeV for the jet the following domains
were found where the systematic errors can be kept below 10%:

electron measurement : 5x107° < 2 < 0.6 , Q% >5GeV? | y> 0.1 {20)
hadron measurement : 0.0l <z < 0.5 , Q%> 100GeV? |, y > 0.03

The accessible regions are shown in Figure 3. If analyses of structure functions and electroweak

10



studies are restricted to the above defined safe regions, then the systematic errors on the differ-
ential cross sections are usually small compared to the statistical errors and can be negelected,
at least to a first approximation. At 200 pb~! one can expect the following number of events in
the hadronic domain:

NC(e™) NC(et) CC(e”) CCle™)

5% 10° 5x%10° 1x10% 5x 10° (21)

For NC events the safe region can be enlarged by combining the information from the lepton
and the hadronic flow. In particular one has access to the low z regime. Assuming the LL QCD
evolution to be valid down to z = 5 x 107° one can expect over five millions NC events in the
additional range 5 x 107° < z < 0.01 and 0.1 < y.

The strongest constraint in defining the safe domains, eq. (20), arises from the lower limit
in y. In fact, it results in a gap between the kinematical range accessible at HERA and the one
presenly explored by fixed target experiments, see Figure 3. For a given value of z the smallest
measurable Q? at HERA is about 10 times the highest Q2 reached in H2 target experiments at
CERN. This gap can be bridged in part by running HERA at lower energies.

4 Quark momentum distributions

Deep-inelastic lepton-nucleon scattering is the most direct way of exploring the substructure of
hadronic matter. At HERA, distances as small as 1072 fm can be probed, indirectly even down
to ~ 5 x 107%fm. Structure function measurements, thus far restricted to ranges z > 0.03 and
Q* < 0(100) GeV?, can be extended both down to the low-z region and up to high Q* values.
For example, O(10%) CC events can be expected with Q% > M, and more than one million NC
events in the interval 107* < z < 1073 (for @2 > 5 GeV? and y > 0.01). A fundamental theo-
retical test is to check that the measured structure functions are consistent with the prediction
of QCD evolution of structure functions measured at lower Q2. Theoretically very challenging
is the low = domain which will become accessible. Here In(1/z) contributions are expected
[19] to modify the standard QCD evolution based on the LL Altarelli-Parisi formalism. One
should also note that a precisce determination of the parton demnsities (in particular of the gluon
at small z) has profound implications for physics at the next generation of very high energy
proton proton colliders. Furthermore, structure function measurements can reveal a possible
substructure of quarks and leptons.

Two aspects of structure function analysis can be distinguished: (i the determination of
the shape of structure functions and quark momentum distributions in the Bjorken-variable
z, and (ii} a detailed analysis of their Q? dependence. For the QCD tests (section 6) cross
sections differential in # and Q? are required. In the former case one can average the resulting
z distributions over suitable ranges in y or Q2 in order to exploit the available statistics. At
fixed c.m. energy there are essentially two different procedures [15,20,21] to determine the z
shape, an approximative method and one based on exact unfolding of distributions. In the first
method one considers a single cross section {or a cross section combiantion) and restricts the
kinematical region such that certain structure functions or quark distributions dominate.

The highest statistical precision is achieved for structure functions that can be extracted
from just a single NC cross section. The pure electromagnetic structure function, F§™, can be
approximated this way, either by the NC electron or positron cross section. For sufficiently small
values of @2, Z-exchange can be neglected relative to y-exchange in eq. (12) and consequently
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zF3 vanishes, while F, approaches the electromagnetic structure function F§™ as can be seen
from egs. (13), (14) and {19). In [21] it was shown that, for ¢ < 0.7 and y < 0.3, the
approximation with a positron beam

F5™ =Y ed(zgr + 2dp) ~ dnelet) (22)
f

is accurate to better than 5% . Similarly as NC cross sections single CC cross sections can be
used to approximate quark distributions in restricted kinematical regions. The smaller statistics
compared to the NC cross sections is partly compensated by the fact that the W propagator
enters the CC cross sections as an overall factor, see eq. (16). Feasible limits are y -~ 0 and
7 — 1. For example, at sufficiently large = one can neglect the sea gquarks and make use of the
valence quark approximations like in

zu, = &ocle”) (23)

Sums and differences of NC and CC cross-sections for e"p and etp scattering allow further
separations of individual quark densities.

A more complete separation and determination of structure functions requires the use of all
four NC and CC cross-sections measurable in e*p scattering [15,21,22]. At least formally, one
can solve the four equations (12) and (16) for four particular quark distributions. A convenient
basis is provided by the valence quark densities u, = u ~ @ and d, = d — d, and the structure
functions U = u+ @+ ¢+ ¢éand D = d+ d+ s + 5. The solution is of the form

Uy Gncle™)
d, _ N Focle™)
o | = (4s) &:_Z(eﬂ (24)
D Feelet)

Explicit expressions for the coeflicients A;; are given in [21]. The practicability of this method
depends on the properties of the transformation matrix A, in particular on its singular be-
haviour. Since A is a function of z and y containing terms like [(1 — y)24.,(Q?) — 44(Q?)] in the
denominator there will be certain regions where the unfolding procedure is not applicable. This
means that certain distributions can only by unfolded with limited statistics. The necessity to
combine (up to) four different cross-sections makes this procedure also subject to larger sta-
tistical uncertainties and relative normalization errors compared to the approximate method.
Depending on the kinematical region and the considered distribution one or the other method
is favourable.

Analyses of structure measurements at HERA have been performed in {15,20,21,22]. They
are based on sets of NC and CC Monte Carlo events that correspond to collisions of 30 GeV
electrons and positrons with 820 GeV protons for an integrated luminosity of 100-200 pb~?
per lepton beam. Systematic uncertainties are only considered through cuts on the kinematical
variables as specified in the safe regions eqs. (20). The results are:

o The valence up-quark density can be obtained at 2 (.25, i.e. in the valence quark region,
directly from the CC e~ p cross-section (Fig. 4a), while for smaller values of z the more
demanding unfolding procedure based on eq. (24) has to be used (Fig. 4b). The statistical
accuracy of the latter is somewhat worse than the accuracy of the approximate, but direct
extraction {in spite of the twice as long running time needed for the exact unfolding). Note
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Figure 4: The valence up-quark distribution zu,{z}: {a) Approzimate determination from the
CC e~ p cross-section, eq. (23), averaged over 0.03 < y < 0.3; (b) Eztraction from the NC
and CC e€Tp cross-sections, eq. (24}, averaged over 0.15 < y < 1. The Monte Carlo results
correspond to an integrated luminosity of 200 pb=* for e~ p and equally for et p collisions, and
are drawn as full circles in case the phase space restrictions eq. (20) are satisfied. The curves
represent zu,{z, Q%) evaluated from the input distributions [23] for Q% = 10 (long-dashed), -
10% (dash-dotted), 10° (dashed), 10* (dotted) GeV? and Q2 = zYs (full), T being the average
average value of y associated with the MC data. Also plotted are existing measurements of zu,
in neutrino scattering at Q% = 11 GeV? [2/] (open squares) and Q2 = 15 GeV? [25] (open
triangles) with statistical and systematic errors added in quadrature.

that both methods yield u, at high values of Q?, typicaliv around 10* GeV?, i.e. two to
three orders of magnitude above presently accessible scales. As illustrated in Fig. 4, it
should be possible to check the evolution of ru, predicted by QCD at least in a rough
way.

e A separate determination of the valence down quark density is difficult. However, useful
constraints can be derived in the valence quark regions and {rom the sum and differences
of the valence up and down gquark distributions, r{wu, = d.), which can be extracied in
various ways.

e The total flavour singlet structure fanction, F, = ¥ s z{gs = ¢¢), can be measured rather
o _..f \QJ 2,000
good at average values of Q°. The best possibility is provided by a combination of the
CC cross sections for eTp and e p scattering.

e 1t is also possibie to separate the charge 2/3 from the charge 1/3 quark distributions,
zU and 2D, respectively, using the exact unfolding relations {24). On the other hand, a
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Figure 5: Determination of the electromagnetic struciure function F5™ from the NC eTp
cross-section, eg. (22), averaged over 0.03 < y < 0.3. Further explanations on the MC re-
sult and the curves are given in Fig. 4. Also plotted is an ezisting measurement of Fi™ in
muon scettering at Q% = 11.5 Gel? [26] (open iriangles) with statistical and systematic errors
added in quadrature.

. separation of sea quarks from valence quarks is more difficult. Such a separation appears
possible only at large y. Nevertheless, the charge 2/3 quark sea distribution zU,., and
the total quark sea distribution 2§ (§ = 25 (gs + 4s)~u, —d,) can be obtained with sat-
isfactory statistical accuracy. However, no way was found for a meaningful determination
of the charge 1/3 quark sea distribution z.D,.,.

¢ Finally. F§™ is the structure function that can be determined most accurately. The
statistical errors for a run of 200 pb~! are, in fact, so small that the corresponding error
bars lie inside the MC data symbols drawn in Fig. 5. Moreover, the departure of F§f™
from the actually measured distribution &xc(e*) is smaller than the statistical errors as
long as Q% < 3000 GeV? or y < 0.3. This can be seen from the precise agreement between
the theoretical expectation on Ff’"(m,fﬁ) represented by the full curve in Fig. 5 and the
MC data on dxc(e¥). The clear change in shape of the MC result as compared to the
existing EMC data on F§™ at Q% ~ 10 GeV? shows rather impressively the observability
of the QCD evolution. Thus F§™ will play the most important role for more quantitative
QCD tests [15,16]. In addition, F§™ can also be measured very well in the region 1074 <
T < 1072 as discussed in [15,20], and thus may serve as a sensitive probe of low-z physics.
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5 Gluon momentum distribution

An important conclusion from all attempts to derive parton distributions from current data is
-that the gluon distribution is very poorly determined at small = (< O(1071)) [27]. Apart from
the intrinsic interest of a measurement of the gluon distribution at small z, such a measurement
will also have important consequences for other physics topics at HERA. For example, the
prospects to determine Agcp at HERA can be substantially improved by a better knowledge
of the gluon below z < 0.01 [15]. We note in passing that the size of the gluon distribution at
small # is of great importance for physics at the next generation of very high energy proton
proton colliders. For example, cross sections for bb production depend sensitively on the gluon
at small . Several methods have been proposed by which HERA can provide information on
this important question.

An accurate measurement of the longitudinal structure function, F(z,@?), in the small =
region can lead to an accurate determination of the gluon distribution in the same z region.
The key theoretical input is the fact that at small ¢ the dominant contribution to Fr comes
from the gluon distribution, see eq. (18). At HERA one will be able to reach very small z values
and still have large enough Q7 values that QCD calculations at leading twist are applicable. In
[28] a full analysis of the experimental systematic errors and the measurement requirements has
been performed. It was shown that the final state electron can be clearly identified and well
measured for events at small z (107 < z < 0.05) and moderate Q2 (25 < Q* < 150 GeV?) over
a broad range of proton beam energies. Provided that HERA is run at a reduced c.m. energy,
for example with a proton beam energy of 500 GeV, for an integrated luminosity > 30pb~1,
one will be able to obtain measurements of Fz(x, Q%) which are accurate enough to extract the
gluon distribution at small z, and hence to distinguish between the widely differing forms which
are currently proposed, all of which are consistent with present data.

An entirely different way of obtaining information on the small z gluon distribution is
provided by inelastic J/ ¥ production at low Q?, Figure la. Here one makes use of the theoretical
result

99 p— TJU X) = 2Ga, ML) 22 ¢ (o, S22 (25)

dz('TP / ) = zG(z, My M‘g "JM‘%
with f a known function which is sharply peaked at small values of z. Eq. (25) is expected to be
valid for z = ppy /pg < 0.8 and p2 > 0.1MZ. It follows that the inelastic photoproduction cross
section, yp — J/¥ X, integrated over z is, to a very good approximation, proportional to the
gluon distribution at a particular value of 2 of order M{ /s.,. The forward electron spectrometer
in the ZEUS experiment permits measurements of Q% ~ 0 photons in the range eq. {6) which
means that z values of order of 107 can be probed. The cross section o(ep — J/¥ X; J/¥ —
*17) is O(10pb). A full detector simulation and error analysis has been performed in [29]. It
~was found that a good discrimination between different sets of gluon distributions should be
achievable.

Bottom quark production provides another mechanism for J/¥ production via the decay
b — J/¥ X. The bb production process yp — bb — b X has a harder p, distribution and is more
shifted towards small values of z. Thus it seems feasible to distinguish the two mechanisms for
producing J/¥’s [30,31]. Useful are cuts on the kimenatical variables p, and z, and signatures
exploiting the different event topology. J/¥’s are within a jet for bb events and more isolated
in inelastic production.
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Both methods presented so far require a rather long running time: the J/¥ cross section is
rather small, and the method based on the measurements of Fr requires two runs at different
C1a1s energies. In contrast, the NC boson-gluon cross sections, 4 /Z +g — g+4§, are large, of the
order oy several ub. The problem here is how to tag these events. One can use for instance heavy
quark events. In {5] it was shown that photon-gluon fusion is the dominant source of charm and
hottom production at HERA. One expects O(10%) charm and O(10%) bottom events per vear.
These events are photoproduced and for a fair fraction the scattered electron might be seen in
the forward electron /photon detector. Obvious tags of heavy flavour events are large p, lepions
iron: their semileptonic decays. For example. requiring an isolated lepton with p, > 3.5 GeV\
(V{11%} tagged bottom events are estimated. Since heavy quarks are mainly produced closed to
threstold. the z of the gluon can be approximated by 2, = (Q2 + §)/(ys) ~ 4mf?/(ys). Thus
the zluon density will be mainly probed in the low z (z < 0.01) region at a scale of the order
of tlie heavy quark mass. The main problem is the determination of the invariant mass, §, of
the heavy quark subsystem.

Light quark events can also be used to extract the gluon distribution, beth in photoproduc-
tion and in DIS. The signature of photoproduced yp — ¢gX events are two recoiling jets at
high p, . The gluon will then be probed at 2, = O(p? /s) and with a scale of order p,. Serious
backgrounds will not only come from the pointlike QCD compton process, ¢ -~ gg, but also
fiom the anomalous photon contributions. Signatures based on differences in the distributions
of jet-p, , rapidity, and the angular of the dijet system as a function of the dijet mass have to be
exploited to identify the gluon initiated process. For DIS events the background from resolved
photon contributions is absent. Here the mass scale governing the gluon density is Q? which
can he measured with help of the scattered lepton. Problems are the z of the gluon which is
not directly accessible, z, = #(1 + §/Q%), and the background processes v¢ — ¢, v¢ — qg as
well as higher order processes. An attempt to measure the gluon density from DIS photon-
gluon events has heen made in [32] using a numerical unfolding procedure applied to a Monte
Carlo data sample enriched in these events using topological criteria. In particular, correlations
between the gluon momentum fraction z, and ohservable quantities were established. Again a
distinction between different gluon densiiy parametrization seems feasible.

A constraint on the gluon momentum distribution can also be obtained from a QCD analysis
of the Q7 evolution of structure functions. The analysis of F$™ in [15] shows that the fitted value
of Agcp depends crucially on the choice of the parametrization for the input gluon density,
2G(z.Q%). The prospects to obtain a useful result on zG(z) depend on the minimum =z value.
Considering HERA data with z > 0.01, where the normal LL QCD formalism is expected ot
be valid, a simultaneous measurement of the gluon distribution and A from the Q? variation of
F3™ cannot be made with errors small enough to be of interest, even if HERA is run at lower
energy. At r below 0.01 events are abundant and well measurable at HERA. Higher order QCD
effects, involving In{1/z) terms, are expected to be relevant in this region [19]. A calculation
performed in [33] seems to indicate that the effect of these contributions on the gluon density
is less than 15% even if = ~ 1074, By extending the LL analysis down to z = 102 a reliable
determination of zG seems feasible [15]. It was found that the error contours at low a are
sufficiently separated to allow a discrimination between different parametrizations of the gluon.

6 QCD analyses

Present measurements of the logarithmic scaling violation of DIS structure functions as pre-
dicted by (massless) QUD in fixed target experiments are strongly Hmited by power-behaved
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Figure 6: F5™(z,Q?) for 1 < Q% < 10° GeV? as measured by different fized target ezperiments
compared with HERA. The dashed curves are for y = 1 at /s = 314 GeV and for y = 0.03
at /s = 110 GeV. Note that even at the lowest cms energy /s = 110 GeV HERA data will
have no overlap with SPS measurements. The Monte Carlo results for HERA correspond to an

integrated luminosity of 100 pb™! for e~ p collisions. From [15].

corrections in Q7 like finite mass effects and higher twist operators. Due to the higher Q? at
ep colliders the In(Q?) QCD effects will clearly dominate over the non asymptotic background.
Also, a larger lever arm in Q% can be expected. In contrast to this there are new complications
like a reduced sensitivity to A at high Q2, power behaved @?/M2 effects from the Z propagator,
additional structure functions entering the differential cross section formula, and the restricted
accessible kinematical range. Examinations of the possibilities and requirements of testing QCD
through scaling violation in structure function at HERA have been performed in [15,16].

In Figure 6 [15] two measurements of F, as expected at HERA at /s = 314 GeV and
v/s = 110 GeV are superimposed on charged lepton-proton scattering data from SLAC and the
CERN SPS muon experiments [26,34,35], suppressing a few data points at low z. Though the
combined measurements extend over almost five orders of magnitude in Q? there remains a
gap between HERA and present day data even when running HERA at lower energy arising
from the severe constraint on y. For a given value of z the available Q¢ range is substantially
reduced, in particular at high /s. It is clear that enlarging the accessible kinematical range
and/or lowering the cms energy would improve a Q2 analysis.

As emphasized in [15,21] F§™ is the structure function best suited for QCD tests. It is
not only the one that can be measured with the highest statistical precision at HERA but
depends moreover only on two input distributions besides the gluon distribution. Furthermore,
the weight factors of its decomposition into a singlet and non-singlet component are simple

numbers:

N )“‘ ~Ay(z,Q%) + ‘"ng(z,QQ) (28)
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Data glz, 2) Agpar A

CIns energy | Ymin | Trmin (MeV]

| high s | 0.03 | 0.01 fitted 135
highs | 0.03 | 0.01 | fixed 25
high s ! 0.03 | 0.25 | non-singlet 176
high s 0.01 { 0,01 fitted 76

L low s 0.03 | 0.C1 fitted 58
high s 0.03 | 1074 fitted 25

Table 1: Statistical error on Agcp from QCD fits of F§™ from data at the nomimal HERA
energy {“high s”) of /s = 314 GeV and from data at lower energy of V5 = 134 GeV. The
integrated luminosity is 200 pb~! for /s = 314 GeV and 100 pb~' for /s = 134 GeV. From
115,16].

Here A, is the non-singlet distribution A, = 3, (w; + @ — d; — d;)and Fs = Y, l¢i + @) In
contrast, the full NC cross section, eq. {12), which could be analyzed in the full kinematic
range is a superposition of a singlet and three non-singlet functions (besides zG) and the
Altarelli-Parisi equations have to be modified to take the (y,Q?%) dependence of the weight
factors into account. An analysis of the Q% evolution of F§f™ in the LL approxiamtion has
been performed in [15,16] based on the Laguerre technique developed in [36]. This method has
the advantage that the input distributions Ap(z, Q3), Fs(z,Q3) and G(z, Q) can be extracted
from the data without any prejudices concerning their particular analytic form. Furthermore
the necessary multiparameter fit can be reduced to solving a system of linear equations and
to one parameter minimization for A. The Monte Carlo data sample were generated using the
parton density parametrization of {37]. The result of the statistical precision for A corresponding
to an integrated luminosity of 200 pb~? is given in Table 1 [15,16]. Systematic uncertainties are
only considered through cuts on the kinematical variables. A first analysis of the systematical
uncertainties in [16] indicates that the systematic error on A approximately equals the respective
statistical error on A given in Table 1. The main points of the statistical analyses are:

o The determination of A from the high energv data alone with « > 0.01 yields AA of about
135 MeV. The main limitation is the unknown gluon density.

e As discussed in section 5 there may exist different possibilities to measure zG at HERA. If
the gluon distribution would be known exactly the statistical error were reduced to about
25 MeV.

o Another way to avoid the gluon density is a non-singlet analysis in the valenece guark
region. Since this restricts ¢ > 0.25 the uncertainty in A does not improve for y > 0.03,
AA = 176 MeV,

e The lever arm in Q2 is strongly limited by the lower cut in ¥ > 0.03. A possible extension
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Contact: Ay

4-7 TeV47)

excited e* 200 GeVI44
leptoquarks 300 GeV04Z

leptogluons 280 GeVis? |
€+§ 180 Ge Vsl

Z° | 200-300 Gevl4ll

300-400 GeV/[4li

7% | 350-470 GeVitl]

70-80 GeVI4?]

0.5[40]

Table 2: Estimated limits on new particles and interactions at HERA.

of the safe region to y > 0.01 improves the statistical precision in general. For example,
from 135 MeV to about 76 MeV at z > 0.01.

.e A larger range in Q% can also be obtained by running HERA at lower cms energy. Data
at low /s = 134 GeV give AA = 58 MeV at = > 0.01 and y > 0.03.

o Due to the dominant role of the gluon distribution at low & the error of A depends strongly
on the lower limit z,,;,- Extending the LL analysis to # < 0.01 one obtains impressive
small statistical errors, 25 MeV for 2, = 107% at y > 0.03 and /s = 314 GeV. This
underlines the importance of studies of the low z domain at HERA.

7 New physics possibilities

{7
Vi

HERA, like any other accelerator exploring a new energy domain, has certain opportunity
windows for discovering “new physics”. Given the cms energy of /314 GeV and momentum
transfers up to Q% ~ 4 x 10* GeV?2, it will be possible to produce new particles with masses
up to 300 GeV and to test for new interactions down to distances rpin ~ (200 GeV)l ~
107 ¢m. The highest masses of new (and known) particles are accessible in single particle
resonance production. The list of particles includes leptoquarks, leptogiuons, excited quarks
and leptons, the W and Z bosons, and a heavy top quark (m; > 55 GeV). If the particles
carry a conserved quantum number they can only be produced in pairs. An example is the
production of supersymmetric particles. Exploiting indirect signals one can of course set Limits
on new physics far above the HERA cms energy. These indirect effects of physics beyend the
SM, well below its own threshold, show up as deviations of suitable quantities from their SM
values. Prospects at HERA are the measurement of a possible anomalous magnetic moment of
the W, anomalous effects in B°-B° mixing, new weak currents and last not least a new level of
substructure below that of quarks and leptons. A summary of the physics reach of HERA is
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Figure 7: Dominant graphs in W+ production at HERA.

given in Table 2. The individual items will be discussed in more detail in the following.

The computational work on the production of bosons with ep colliders is extensive, see [38]
for references. The weak W and Z bosons can be produced by bremsstrahlung from a lepton
or quark line and by boson fusion, YW, WW, WZ, exhibiting a triple gauge boson vertex.
The NC photon exchange diagrams give the largest contribution. Thus the dominant subsets
are given by the photon exchange diagrams with emission from the quark lines and the yW
fusion diagrams (to preserve gauge invariance), see Figure 7. Since the total cross section is
dominated by small Q2, pointlike and resolved photon contributions have to be considered with
an appropriate caveat of double counting. Including the small contribution from quasi-elastic
scattering the following numbers of weak bosons can be expected at 108 pb-? [38]: 53 W~
events, 40 W+ events, and 25 Z° events.

As was pointed out in [39] a large cancellation occurs between the non-Abelian contributions
and the leptonic (or hadronic depending on the process under consideration) contributions,
compare Figure 7. Thus a small deviation of the triple gauge boson coupling in the SM will
suppress or remove this compensating effect. Measurements of the triple gauge boson couplings
could not be performed so far. Both the ete~ machines LEP 1 and SLC and the hadron collider
Tevatron can only place weak limits on the parameter x and A quantifying the deviation of the
gauge boson couplings from their SM values x = 1,A = 0. At the Tevatron a bound not
better than -3 < k& < 5 is expected. In W pair production at LEP2 it is a combination of
WW+y and WW Z couplings which is measured. Thus the independent measurements of WW~
couplings is a challenge for HERA, feasible several years before LEP will reach sufficiently
high energies to produce W pairs. A first study on the sensitivity of W production at HERA
to a possible anomalous magnetic moment of the W was performed in [40] using as signature
inclusive W event rates within certain cuts. The signal of W events consists of a high transverse
momentum (p, } electron or muon plus large missing transverse momentum ( 4, ) due to the
associated neutrino in W leptonic decay, a jet produced by the quark struck inside the proton
and, possibly, the original beam electron. Hence the cuts are based on a jet +I4+ 4, signal.
If the normalization of the SM rate within cuts is known within ~ 15% then, at 200pb=?
and to 1o, the following limits on x and A can be reached at HERA: —~1.8 < XA < +1.8, and
—0.5< k£~ 1 < +40.4. The limits on « look indeed promising.

The prospects for SM Higgs-boson physics at HERA are poor [38]. The WW fusion diagram
yvields the main contribution to the Higgs boson, H°, production. Over a wide range of the
Higgs boson mass the CC productjon is about a factor seven larger than the NC production.
For the latter the contribution from v fusion amounts only to about 10% of the ZZ fusion
contribution. The total cross section for producing a Higgs boson at HERA is of the order of
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Figure 8: Direct channel production of leptoquarks LQ (a) and leptogluons LG (b), and associ-
ated production of heavy leptoquarks (cj in ep scattering.

0.02 pb for My = 20 GeV weakly decreasing with increasing My. Though some events can be
expected they can hardly be distinguished from the large background of heavy quarks since the
Higgs boson will dominatly decay into bb or, if possisble into a tf pair. Even b production with
m, = 80 GeV is about a factor five larger than the dominant CC signal process e™p — v H°X.
The production rates for non-standard Higgs bosons are somewhat larger but nevertheless too
small to be exploited in the direct channels at HERA.

The prospects of detecting new weak gauge bosons at HERA has been investigated in [41].
Given the low production rates for the ordinary W and Z bosons it seems impossible to observe
the direct production of W' and Z' in some suitable decay channels. Indirect searches will make
use of the fact that the inclusive NC and CC cross sections for e pp scattering will be modified.
Firstly, there are deviations of the interactions involving the lighter (standard) bosons from the
SM due to Z-Z' and W-W' mixing, and secondly there are additional contributions from the
exchange of the heavier bosons. In [41] it was found that the sensitivity to new weak gauge
bosons depends rather strongly on their properties, i.e. on the particular model considered.
With unpolarized cross sections one can reach Z' masses of about 350 GeV and masses of about
300 GeV for an extra W' coupling to right-handed currents. This range can be extended by 10%
to 40% with the help of polarized beams. Polarization experiments are particularly convenient
in determining Z' and W' couplings and distinguishing models. On the other hand it will be
difficult to improve the existing constraints on Z-Z' and W-W' mixing angles at HERA.

BERA can contribute the strongest experimental information on new physics if the exotic
excitations are preferentially connected with the quark-lepton {or gluon-lepton} channel. Lep-
togquarks, objects with the quantum numbers of both leptons and guarks, and leptogluons are
ideal exotic candidates for HERA. Leptoquarks (LQ) arise in a number of theoretical scenarios
(composite models, GUT theories, superstring inspired models), while leptogluons (LG} are
more speculative [42]. LQ’s and LG’s correspond to direct channel resonances, Figure 8a and b.
For masses below the production threshold the large production rates together with a clean
signature, a §-function like peak in the z distribution at z = m?/s, allow a detection up to close
the HERA kinematical limit [42]. A detection above the HERA threshold seems to be difficult
since the interference of the LQ with the NC contributions below the LQ peak is rather small.
At HERA also a different sort of leptoquarks can be produced which couple proportional to the
mass of the relevant quarks and leptons. The Feynman diagrams of their associated production
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Figure 9: Feynman diagrams for ezcited electron production in elastic (a) and inelastic (b) ep
collisions. (c) Squark and selectron production in ep scattering.

with a heavy quark (top or bottom) in electron-gluon scattering are shown in Figure 8c. A
signal up tu a mass of about 100 GeV seems feasible [42].

Excited leptons (I*) and quarks (¢") are a generic prediction of composite models. Their
search is a classical field of interest in ep scattering. ¢* and e* production cross sections are
smaller than LQ cross sections because they require a Bremsstrahlung photon. The cross section
for elastic e production (ep — e*p, Figure 9a) turns out to be of the same order of magnitude as
that for inelastic e* production, Figure 9b {43]. The elastic channel has a very clean signature:
nothing but a wide angle electron-photon pair from the decay of the e* in the detector. The
limiting background comes from wide angle bremsstrahlung, ¢ + p — ¢ + p+ 4. The conclusion

of the analysis in [44] is that an excited electron €* up to a mass of ~ 200 GeV can be discovered
at HERA.

The scalar partners of electrons and quarks, selectrons € and squarks §, predicted by su-
persyminetry, can only be produced in pairs. Ameng ail possible supersymmetric production
processes at HERA the most promising one is the process ep — €GX, shown in Figure 9¢ [43].
The signature is very nice. The produced spartners decay into electrons and quarks plus photi-
nos {which produce missing energy), giving rise to events which are unbalanced in the transverse
plane. Given the present limits on the mass of squarks and selectrons, HERA still has a narrow
window open for the detection of supersymumetric signals, 100-120 GeV < m; + mg < 160-
180 GeV.

The search for a substructure of quarks and leptons was one of the motivations for building
the ep collider HERA. If quarks and leptons are composite at a scale A ~ O(1TeV) then,

clearly, at energies E 2 A their composite nature should become manifest. Yet, one can
also expect observable effects at energies £ < A. An essentially unavoidable consequence of
compositeness are residual interactions induced by the strong binding force. These contact
interactions interfere with the conventional gauge interaction and yield deviations of order
Q?/(aA?) from the SM expectations [46]. Since a < 1 these effects are already observable
at Q7 < A% In ep collisions, one can test lepton-quark contact interactions and bound the
scale parameter A.,. It should be noted that other phenomena beyond the SM, occuring at a
large scale A, will give rise to effective interactions similar to those considered in the case of
substructure. An example are virtual effects of new particles.
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Low energy effects of new physics, characterized by a mass scale A > 1 /+/GF, can be sys-
tematically studied by means of an effective, nonrenormalizable lagrangian L.ss. The most
important operators are four-fermion operators which have dimension 6 and, therefore, dimen-
sionful coupling constants g2/A? yielding the following {helicity conserving) lagrangian [46]

2
g ~ . _ _ -
Lesr= 73 {nr (ézvuer)(@yar) + nrr (ERY.eRN IRV qR) (27}
+nr (Ervuer Wdr77qr) + nrr (ERT.eRNGLY L)}

The coefficients g take the values £1 and 0, and one may plausibly take g%/(47) = 1 leaving
A as a free parameter. The scattering amplitudes obtained from this lagrangian interfere with
the SM amplitude from ~- and Z-exchange and will be observable in the Q? distributions
of the differential cross sections do{eTp — e* X )/dQ? and in various asymmetries A(Q%). A
quantitative analysis shows that the effects of the contact interactions eq. {27) will be observabie
at HERA for values of A up to 4-7 TeV for an integrated luminosity of 100 pb~t {47]. Thus
HERA. will allow insight in the structure of matter down to distances of the order of 107%fm in
this scenario! Moreover, it turns out that polarized beams wili greatly help to disentangle the
helicity structure of contact interactions in case of a positive signal.

Interactions invariant under SU(3)x SU{2) x U(1) symmetry may also change the helicity at
the quark and lepton vertex. In [48] it was demonstrated that a pure tensor contact interaction
is the only interaction consistent with the constraints from rare decays. Contrary to all current-
current interactions it generally leads to a violation of the Callan-Gross relation in ep scattering.
In fact, the chirality changing tensor contact interaction gives a positive contribution to R =
(22 F; — F3)/(2zFy) which is approximately independent of z. In contrast, scalar partons inside
the proton would contribute only to F; and not ot Fy and hence give a negative contribution
to R. Similarly, QCD corrections yield significant deviations from R = 0 only at small values
of z. Hence, a precise determination of structure functions at HERA will provide bounds on
chirality changing contact interactions. If R will be measured with 10% accuracy, a bound on
A of about 2 TeV appears feasible.

Searching for the top quark is a major challenge at every new accelerator giving access to
higher energies in different kinds of interactions. Top quark production at HERA is expected
to be dominated by the process of boson-gluon fusion, which occurs in first-order QCD [50,11].
In neutral current interactions a tf pair is produced, whereas the charged current process gives
rise to.a £b pair. The latter process dominates if the top quark mass is larger than about 55
GeV, due to the lower threshold for single top production as compared to pair production.
Given the present top quark mass limits of about 50-60 GeV, the production cross-section is
unfortunately small and decreases rapidly with increasing mass. At 200 pb~—* one expects, for
instance, about 820 events for m; = 40 GeV, ~ 62 events for m; = 60 GeV and ~ 10 events for
m; = 80 GeV. The statistical limitations with only a few events in the remaining samples, after
cuts to reduce the background, will therefore be a severe problem. We note, however, that the
‘numbers given above are probably to pessimistic. Uncertainties in the cross section calculations
are discussed in {51]. Varying the mass scale that governs the strong coupling constant a, and
the gluon density can lead to a factor two larger top cross section. The full next-to-leading
order corrections, expected to dimish the mass scale uncertainty, have not been calculated so
far. An estimate of next-to-leading effects on tf production in ep scattering was obtained in [51]
based on the inclusive O(a?) calculation of photoproduction of heavy quarks in [52]. According
to this approximation, top quark production increases by roughly a factor of twe and becomes
less sensitive to changes of the mass scale. An estimate of O(a?) effects on tb production can
not be obtained this way and is still an open question.
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Strategies for a top search at HERA have been investigated in [49]. It was found that a
clean signal can be obtained up to a mass of ~ 80 GeV exploiting the signature of semilep-
tonic top decays in tb events. A proper mass determination seems, however, to be limited to
60-70 GeV. On the one hand, the top mass cannot be reconstructed in semileptonic top decays
of th events due to the presence of two high energy neutrinos. On the other hand, the large
multijet background of light quark CC events can produce the same signature as the nonlep-
tonic top decays of tb events and is furthermore rather uncertain in magnitude since it can
(presently) only be treated through leading-logarithm parton cascade methods. In contrast,
both semileptonic and nonleptonic decay channels of ¢f events were shown to peak in suitable
mass distributions allowing thus a top mass determination up to 60-70 GeV. Yet, there are some
perspectives to improve on signatures based on the #b sample: use of a positron beam instead
of an electron beam, longitudinal lepton polarization, a more reliable description of multijet
backgrounds, observation of secondary vertices, possibilities to tag bottom particles, and last
not least increased luminosity and/or higher cms energy.

8 Electroweak tests

Though the production rates of real W and Z bosons are non negligible, quantitative tests
will be provided by the charged and neutral weak currents and the W and Z propagators.
Needless to say that measurements of Mz at LEP and SLC are expected to yield sin® &y to
within +0.0005 if m; and Mg were known independently. A precise measurement of just one
quantity is not sufficient. The top and Higgs masses will introduce uncertainties of =~ +0.002
in the extraction of sin® @ from Mz as long as they have not been measured. In order to
test the consistency of the SM at the level of the radiative corrections, to constrain Mg and
m;, to search for mew physics, and to obtain the best average value on e.g. sin’ @y, it is
necessary to combine several high precision experiments. A number of existing and planned
electroweak tests are listed in Table 3. The weak neutral current of lepton-quark scattering has
always provided one of the major quantitaive tests of the SM. In fact, deep inelastic neutrino
scattering on an isoscalar target, v/N, has so far yielded the most precise value on sin? @y,
see Table 3. Comparison of NC data (at low Q%) with the W and Z masses (Q? ~ M)
establishes the existence of radiative corrections at the 1o level. With the ep collider HERA it
will become possible to test the weak current over a wide @ range up to Q% ~ 10*. In view of
the great success of existing (low Q%) NC experiments it is instructive to compare these fixed
target lepton quark scattering experiments with the ep collider HERA. There are essentially
three types of lepton-quark scattering experiments: (i} vN, (anti-) neutrino scattering from
{approximately) isoscalar targets by CDHS and CHARM (CERN), by CCFERR and FMM
{(FNAL), and in a number of earlier experiments; (ii) uC deep inelastic scattering by BCDMS;
and (iii) electron-quark scattering in the SLAC eD experiment. Two features are common to
all these experiments, firstly the high statistics available, cf. Table 3, and secondly the fact
that the maximum Q? « M, such that one is not sensitive to any propagator effects. On
the other hand one can safely neglect terms O(Q?/M3;) which simplifies the analyses and the
calculation of the radiative corrections. The (anti-) neutrino experiments are the most powerful
ones since they proceed via purely weak processes and can thus explore both the NC (¢ — 1)
and the CC (1 — [} which appear with roughly the same size. Using the (experimentally
measurable) antineutrino over neutrino cross section ratio, r = %¢(¥)/a%“(v), or equivalently
QCD evolved structure functions one can extract sin @y from the NC over CC cross section
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ratio via
R,=cNC/oClC = 1/2 - sin’ 0w + 5/9 sin* 0w (1 +7)  (Q? <« M}) (28)

The charged lepton-quark processes {ug and eg) are dominated by the electromagnetic (NC)
photon exchange. Since the CC cross section is practically zero the weak-electromagnetic inter-
ference has been exploited. At BCDMS, where both u* beams with a polarization of A = 0.8
were available, the mixed asymmetry B()) could be used to extract sin® 8w via:

%N = oge(d)
BO) = e S omay = (@A) (QF < M) (29)

At SLAC, where only a polarized electron beam (A = 0.37) was available, the asymmetry A4
was measured:

anc(A) —onc(—2)

AN = o) T one(=N)

x Aay(0w) + aa(6w)Y_/Ys]  (QP < ME)  (30)

Clearly, the smallest statistical error can be gained in deep inelastic vV scattering, c.f. Table 3, it
is even smaller than the theoretical uncertainties. The latter arise mostly from the charm quark
threshold (A sin® f = 0.004}, the relative normalization of the antiquark-to-quark distributions
(A sin? By = 0.002), and higher twist contributions (A sin? 6w = 0.002) [53].

The major advantage at HERA in testing the electroweak sector of the SM is clearly the
large available Q2 range. It not only allows scanning the electroweak parameters over a wide
mass scale range but also to exploit the rise of the boson propagators with @*. Having both
electron and positron beams as well as a longitudinal lepton polarization up to A = 80% at
hand and being able to measure NC and CC cross sections simultaneously each of the following
guantities can be used for precision measurements at HERA: the differential cross sections
Fne,coleTiA), egs. (12,16), the NC over CC cross section ratio, R*, and various asymmetries
like the pure NC asymmetry, A%, and the charge asymmetry, B, defined by:

RE*(\iz,Q?) = %’ 8; (31)
At -4
AT(\2, Q%) = GnclA) —Fncl(—A)
( @) e A} + Fxc(—A)
()~ Fycd)
B()e, Q%) = nel- NC
R N D

A drawback of any ep collider like HER A in comparison with the fixed target lepton-quark-
scattering experiments is the smaller statistics. In section 3 it was shown that about 500000
NC e¥p but only 5000 (10000) CC e~ p (et p) events can be expected in a region where both the
experimental systematic errors are small and the LL QCD description is valid. These numbers
are to be contrasted with 500000 NC and CC events each in vV scattering experiments. An
unavoidable problem when comparing cross section rates with theoretical predictions is caused
by the uncertainty in the luminosity measurement which could hardly be less than 1% [4].
An improvement can be achieved by normalizing to the NC cross section at low Q2 and then
extracting the electroweak parameters at high Q2. This method, however, relies heavily on the
Q?-evolution of the structure functions. The sensitivity to luminosity measurements as well as
to further systematic errors like uncertainties in the quark densities can be reduced by analyses
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function of Q%. The Monte Carlo results correspond to an integrated luminosity of 200 pb~!
which for A~ means 100 pb=! per beam. From [57]. :

of cross section ratios. The achievable experimental precision is then mainly limited by the
available statistics.

The statistical precision of A and R in ep scattering at HERA with a longitudinal eiectron
polarization of A = 0.8 is shown in Figure 10 as a function of Q? [37]. The results of [57] are
obtained using the parton density parametrization of {37] at maximum HERA energy /s =
314 GeV and at 200 pb~! which for A~ means 100 pb~? per beam. Consider first the NC over
CC cross section ratio R, eq. (31). The NC cross section at low Q2 is dominated by photon
exchange which falls off as 1/Q* while at Q° > M2 the v — Z interference and the Z exchange
contributions get larger. The CC cross section, on the other hand, depends only weakly on
Q? and is of the same order as the Z exchange cross section. Thus B~ is large at low @? and
of order umity at high Q% Moreover, since the statistics is limited by the (smaller) CC cross
section the statistical error is approximateis constant over the whole @2 range. As a result the
electroweak parameters can be extracted both at high and at low Q2 with the same statistical
error.

This is in contrast to the quantity 4, eq. (31). The NC asymmetry vanishes at zero @ and
is of order 30% at high Q?, see Figure 10. At low Q% A is proportional to Q%:
Q* V2Gp(1 — Ar)

3
“) A —2 (34 29,)
A™(2) 1+Q°'/M§ \ 2 SibOw STa

(32)
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Figure 11: Statistical error of sin 8w as @ function of the lower limits onz, y and Q* at HERA.
Further ezplanations are given in Fig. 10. From [57].

Thus A is almost insensitive to Mz for small Q2, its slope coincides almost with the one for
an infinitely heavy Z-boson. The sensitivity on the electroweak parameters of A increases with
Q?. But at the same time the statistical error on A increases, compare Figure 10. This is
because both the cross sections of the numerator and the denominator of 4 become small with
increasing ©@*. Thus there is a competition between sensitivity and statistics. The influence
of the kinematical range chosen on the precision on sin® @y has been analyzed in [57] and is
shown in Figure 11 where the +10 statistical error of sin? @ is plotted against the lower limits
in z, y and Q2. The values of A at low Q? are almost insensitive to sir? 8 and moreover have
large statistical errors. Thus including Q% values below =~ 500 GeV? diminishes the accuracy
on sin? @y when using A. Through the relation Q% = zys it is clear that the same pattern
is observed in the corresponding y distribution. It is thus sensible to restrict the ranges in
y and Q? from below. Although extending the z-range to small values increases the cross
section and improves the statistical error these regions should be excluded in order to reduce
the uncertainties in the guark densities which are larger at low z. The results presented in
the following in Table 4 and Figs. 12 and 13) are taken from [57]. The authors in [57] define
a working area for the extraction of electroweak parameters from the measurement of A by
y > 0.01, Q? > 500 GeV? and = > 0.1. From the statistical point of view the small kinematic
parameter values should be included when using R~. Yet, since the experimental reconstruction
of DIS events should be restricted to the safe regions eq. (20) the working area for B~ was chosen
to be same as for A where a slightly better result could be obtained by relaxing the cut on Q2.

Apart from the top quark mass, m,, and the Higgs mass, 7ng, the SM is determined by three
independent parameters which can be chosen from «, Gr, Mz, Mw and sin? 8y (assuming the
p-parameter to be equal one). Fixing two of them the other parameters can be determined by
comparing experimental and theoretical quantities {cross sections, etc.). The resulting sensitiv-
ity relies on the choice of parameters, i.e. when one changes the parametrization the sensitivity
to the parameters changes also *. For example, the dependence on sin? @y of the CC propagator

37This is of course only true if the respective two input parameters are taken from different experiments.
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and the NC interference term is illustrated in the following equations:
CC. propagator:

wa 1 _Gr(1-Ar) My (33)
2sin® 0w Q% + ME, V2 Q? + M
_ ar 1 _arw 1
T2 Q%sinOw + A2 2sin? Ow Q7 + M cos? Oy
NC interference term:
ra® 1 1 _aGp(1—Ar) M7 (34)
Q2z 2sin? Oy cos? Oy Q* + .Mr_% B V2Q%z Q%+ M‘%
a’n 1

= 2Q% A? + Q2 sin? Oy cos? Oy

where A? = 7a/[{GFv2(1— Ar)]. Ar takes into account one-loop electroweak corrections to the
relation between Mgz, sin® By and Gr. The sensitivity of A~ and R~ {at A = 0.8) on sin? Oy is
shown in Figure 12 [57) for the two cases of fixing besides a either Mz or GF- The width of the
dashed regions at constant sin’ @ is given by £10 statistical errors of the average A" and K™,
respectively. It turns out that R~ is better suited than A™ to measure sin? Oy and that fixing
My and not G results in the higher sensitivity. The %2 analysis of the sensitivity of A~ and B~
to a given electroweak parameter performed in [57] is summarized in Table 4. The best result is
provided by the cross section ratio R™, the statistical error being A sin? 8y = £0.002 if Mz is
fixed besides a. Taking G as the second input variable the error is larger, A sin® @y = +0.005.
Fixing Mz instead of Gr still gives a better result even when taking into account the larger
uncertainty of Mz, see below. The error on My is e.g. 100 MeV for fixed Mz. As expected
from Figure 12 the results obtained from the NC asymmetry A~ are worse. While the NC
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€TTOT D | fixed

‘ sin29w§ Mz ; Mw | GF

.
cin? Oy A . 0.005 | 0.005 | 0.007 |
R 0.002 ' 0.002 ' 0.005 |

Mz A | 3.02 025 1109 |
GeV] R~ | 0.51 010 076
 Mw A 283 [ear 138
 GeV]R™ [ 045 0.0 1 0.95 J

Table 4: Statistical error of sin’ 0w, Mz and Mw in one-parameter fits assuming o and either
sin® Oy, Mz, Mw or G to be fized. The upper values refer to A~ and the lower ones to R™.
Further explanations are given in Fig. 12. From [57].

asymmetry A~ vanishes for zero polarization the cross section ratio R~ can still be used to
extract the electroweak parameters. In fact, the statistical errors get only slightly worse when
going from A = 0.8 to A = 0, by about 25% for My [57] and 15% for sin® fy.

Several sources of uncertainties in the determination of electroweak parameters have to be
considered. Besides the statistical errors, summarized in Table 4, there are systematical exper-
imental uncertainties (section 3}, uncertainties in the theoretical expressions and those coming
from unknown input quantities. While systematic experimental uncertainties are of the order of
the statistical errors when extracting electroweak parameters from cross section measurements
(58], they are reduced by considering cross section ratios like R* and A*, in particular when
restricting the analysis to the safe regions, eq (20). Uncertainties in the theoretical expressions,
i.e. effects of primordial k£, higher twist contributions, thresholds from heavy quarks, higher
order QCD corrections like a nonzero structure function Iy, etc., are small compared to the
statistical error provided Q? > 100 GeV? and z > 0.01. For example, in [57] it was shown, that
varying or,/or from zero to 0.1 introduces an error on sin® 6y which is about 0.3 (0.06) times
smaller than the statistical error from B~ (A7).

Determing one of the three independent electroweak paramneters of the SM requires fixing
of two other parameters (besides m, and Mpg). While a and G are known precisely, fixing
Mz or sin® 8w may induce nonnegligible errors. In [57] it was found that the errors on sin® 8y
and Mw caused by a 50 MeV error on Mz are negligible compared to the respective statistical
errors. On the other hand, an error of 0.001 on sin? Oy results in errors on Mz and Mw of the
order of their statistical errors. Further insufficiently known input quantities are the values of
the CKM matrix elements and structure functions. The influence of the former is small since
m? < @Q%, and o, and o, are negligible at high Q7 (> 100 GeV?). An attempt to estimate the
influence of quark distribution uncertainties on the measured electroweak quantities was made
in [57]. Two sources have to be considered, uncertainties in the relative normalizations {(quark
to antiquark, U7/ D, etc.}, and insufficiently known shapes in . By measuring quantities which
do not depend on the electroweak parameters, like F; at low Q2 or agce(et)/oco(e™), it seems
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possible to reduce the errors induced by structure functions to the order of the statistical errors.
In general, uncertainties can be further reduced by comparing e.g. sin® 8y obtained from A-,
R~ and R* and from measurements using different cuts on the kinematical variables.

In the direct channel the t-quark mass can be probed up to about 50 GeV at HERA [49].
Beyond this limit the top quark mass can still be constrained by studving the electroweak
corrections. If a. Gr and sin® 6y are taken as independent parameters, then the NC and CC
Born (lowest order in a) electroweak cross sections are semsitive to the ¢ quark and the Higgs
boson masses, m; and My, through the Ar term appearing in the CC propagator, eq. (33} and
in the NC interference term, eq. (34) via

=¥ (o ot
ar = 20 e (35)
- “‘ i
r
= 4'—_ {Cz*(‘.gmtz/ﬂ/{%r-}-cl]

The coefficients ¢; = «¢;(sin? @) can e.g. be found in [14). Fixing a. Mz and Gy one can
estimate the sensitivity of A~ and R~ to changes of Ar. This was investigated in [57,59]. For
my = 40 GeV and My = 100 GeV the statistical error of Ar derived from A~ and B~ comes
out to be 0.022 and 0.006, respsectively. Figure 13 illustrates the dependence of Ar on m, and
Mpr. The dashed region indicates the 1o deviation contour of R=(m;,) for My = 100 GeV. As
can be seen, {Ar(my, My = 10 GeV) — Ar{m,, My = 1000 GeV}] is larger than two standard
deviations. This might be translated into a bound on Mg. Also, a constraint on m, can
probably be extracted. In particular with increasing t-quark mass a more precise measurement

of rn; can be performed, e.g. for m, = 100 GeV an error of =20 GeV seems feasible.
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From [59].

In the above analysis higher order electroweak corrections have not been included. These
will modify the tree graph expressions egs. (12, 16). While the corrections for cross sections
can become large, cross section ratios are rather unaffected [14). Important in this context is
the fact that, at fixed Mz and G, the CC propagator becomes practically independent of the
t-quark mass. In the one-loop corrected expression for the W propagator

Gr ML 1 Ar
V2 Q7+ My 1- 2V (-Q%)/(Q + Myy)

# f(m) (36)

Ar (eq. (35)) cancels almost cornpletely against ﬂEW(—Qz)/(Qz + M%), Thus R?* is no longer
sensitive to my for (Mz,Gr) fixed, see Figure 14. The top mass dependence of the Born
expression for R~ is also shown for comparison. Though the distributions are obtained for
¢ = y = 0.3 it has been checked that the qualitative behaviour does not depend on the specific
choice of the z,y values. In contrast, the cross section ratios A% still depend on my since the
A7 term and the Z boson self energy do not completely cancel. At sufficiently low Q? and
restricting to the dominating u quark contributions the following approximation holds [59]

2
oo _ a my 3
A (1-100p) ~ A (BOIII) (1 + Z; -—‘Msv -—*—-—4 ol O + ‘5em+weak) (37)
where Semsweak summarizes all other (small) corrections which do not depend on m,. The
top quark mass dependence of A~ at HERA is shown in Figure 14. Again the sensitivity on
m, is largely independent of the choice z = ¥ = 0.3. The top mass dependence looks indeed
rather promising. The question may be raised whether it is possible to obtain a steep top
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mass dependence also in the one-loop corrected expression for R~. The sensitivity of R~ to m,
can in fact be increased by fixing Mz and My instead of Mz and Gp. The result is shown
in Figure 14. As can be seen the top mass dependence of the one-loop corrected expression
of R~ at fixed Mz and Mw is quite the same as the corresponding dependence of the Born
expression when Mz and Gr are fixed. But the larger experimental uncertainty on My has to
be taken into account which will probably compensate the larger sensitivity to m,. In conclusion
it seems feasible to determine m, through radiative corrections at HERA, most likely through
measurements of 47.

9 Conclusions

Physics opportunities at the ep collider HERA have been reviewed. It has been stressed that
there is a wide variety of physics at low Q% besides the more standard physies in deep inelastic
scattering. The general formula valid for all hard processes at HERA has been given explaining
how it can be applied to the description of the various modes of HERA. These modes are
naturally divided into the deep inelastic mode and those mediated by the exchange of an
almost real photon. The latter processes proceed at low Q% and include contributions coming
from the pointlike couplings of the photon to the partons in the proton, the anomalous photon
component, the VDM component, and from diffractive reactions. Through forward electron
detectors precision measurements can also be performed in photoproduction. Prospects are
production of heavy objects (heavy quarks, weak bosons, new particles, etc.), prompt photon
and Iepton pair production, hard diffractive reactions, measurements of the proton’s structure
function, and explorations of the anomalous photon structure function, in particular of its
gluonic component which is not directly accessible in yv* experiments.

Experimentation at HERA will also help to clarify many phenomena at the boundary be-
tween perturbative and nonperturbative effects. A few topics are final state hadronization
of both the quark and proton rermmnant jets, coherent and higher twist contributions to lepton-
nucleon scattering at low @%, Regge behaviour in non-singlet structure functions, jet coalescence,
and (quasi-) elastic scatterings. The forward proton detector will be useful for these classes of
events.

The deep inelastic mode is best suited for precison tests of the SM. The prospects in de-
terming the = shape of structure functions and quark momentum distributions, extracting the
gluon density and testing QCD scaling violations, as well as measuring electroweak parameters
at HERA have been discussed. The relevant measurements are obtained from inclusive NC and
CC cross sections for electron and positron-proton scattering. Experimental limitations of the
accessible kinematical region in « and y (or Q?) should be kept as small as possible since they
will diminish the physics potential of HERA. An additional run of HERA at a lower cms energy
will improve its physics capacity, like the prospects of measuring the gluon density, determing
Agcp, or bridging a possible gap between structure function measurements possible at HER A
and existing measurements at fixed target experiments.

On the theoretical side, the unknown low z behaviour of structure functions causes further
constraints. In order to use the LL approximation of QCD one usually restricts the analysis to
z > 0.01 and looses thus the high statistics expected at very low £. On the other hand, HERA
might enter the region where In(1/z} terms become important. More theoretical work is needed
to exploit this challenging aspect of QCD, in particular since with e.g. F5™ there are sensitive
probes of low z physics which are well measurable down to z ~ 1074
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In conclusion, HERA offers a rich physics program. A (incomplete} list of topics is: Investi-
gation of the proton structure, in particular at high Q7 and low z, and of the hadronic nature
of the photon, extraction of quark and gluon momentum distributions of both the proton and
the photon, studies of scaling violations of DIS structure functions in a large range of QZ, tests
of perturbative QCD in harc scattering processes and exploration of many nonperturbative
effects, examination of the stricture of weak and charged weak currents, Z and W propagators
within and beyond the SM, electroweak radiative effects, charm, bottom and top quark physics
and last not least searchus for new nhysics. The direct way leptons probe the nucleon structure
together with the large Q? range make HERA complementary to other machines.
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