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Abstract

Measurement of Diffractive Heavy Vector Meson
Photoproduction at HERA with the ZEUS Detector

Bruce Mellado

The central aim of this thesis has been the measurement of the elastic process ep —
eJ/yp, studied through the electronic decay in the photoproduction regime over a
larger energy range than attained in previous measurements. This has been achieved
by the development of a new trigger algorithm, the calibration of the ZEUS calorimeter
in a dynamic range unexplored before, and extensive detector and background studies.
Results have been obtained with data collected during the 1999 and 2000 running
periods. The accuracy of these results largely overshoots that of previous measurements
and allow us to draw two main conclusions: data are consistent with no saturation;
the photoproduction of J/1 is driven by a mixture of “hard” and “soft” physics. The
cross-section ratio, o(y(25))/a(J/v), has been calculated using the electron decay
channel and is consistent with the suppression of the production of ¥(2S) with respect
to that of the J/1, as expected by the quark parton model. Results of the search for
T resonances using the electron decay channel with data taken during the 1996-2000
running periods have been reported. No clear evidence of T resonances has been found.
An overview of VM production at HERA has shown that Q% + M is a good choice of
the scale of the interaction. Data indicate that the dynamics that drive the increase

with energy of the total DIS and VM cross-sections are similar.
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Preface

HERA is an accelerator complex that collides electrons, e (or the anti-matter equivalent
with positive charge, positrons, e*) with protons, p, at very high energies. The electrons
are particles without internal structure. The protons, on the contrary, are known to
have constituents: quarks and gluons (or generically, partons). From ep collisions,
physicists want to learn how quarks and gluons interact with each other. This is a
fundamental question of modern particle physics, that will also shed light on one of the
existing puzzles: why have “bare” quarks and gluons never been observed in nature
but appear to be confined in larger particles like the proton?

In ep collisions the electron interacts with the constituents of the proton via the
emission of a photon. This photon carries a significant fraction of the energy of the
incoming electron and has a certain wavelength. Depending on the wavelength of the
photon two qualitatively different types of interactions are identified: short distance or
“hard” interactions and long distance or “soft” interactions.

The theoretical framework that describes the dynamics of the interactions between
quarks and gluons is Quantum Chromodynamics (QCD). HERA is an ideal scenario to
test and refine QCD, particularly in a kinematic region where theoretical predictions are
difficult or impossible. QCD is well able to describe with high accuracy the dynamics of
“hard” interactions. Quarks and gluons couple to each other with a coupling strength,
a,, which depends on how “hard” the interaction is. The “harder” the interaction,
the smaller o, is. While calculations are reliable for oy < 1, in the regime of “soft”
interactions or large o (s & 1), such calculations are unreliable. The dynamics of

these “soft” interactions are related closely to the dynamics of confinement.

xvi

In collisions, quarks and gluons are likely to radiate other quarks and gluons so that
a high density of partons will exist. The more energy transmitted in the collision, the
more QCD radiation is expected. The density of partons cannot increase indefinitely,
it should saturate at some point. The identification and understanding of high density

QCD (saturation) is a challenge both theoretically and experimentally.

At HERA, electrons and protons are collided at energies much larger than the bind-
ing energy of the constituents of the proton. One can think of an ep collision at HERA
as a solid object violently hitting a fragile bag containing quarks and gluons loosely
bound to each other. One might expect this compound object to radiate a huge number
of partons in such a collision. However, HERA surprised the physics community with
the observation that in a significant fraction of ep collisions the proton does not even
break up. This phenomenon, observed earlier in hadron-hadron collisions, is called
diffraction. The high rate of diffractive reactions at HERA must be a reflection of the

dynamics of confinement.

Diffractive processes at HERA have become an attractive laboratory in which to
attack the challenges mentioned above. In this work, the diffractive production of J/%
mesons in the reaction ep — eJ/yp is reported. The optical theorem predicts that
the energy dependence of the rate of the production of J/4 is steep. This enhances
the sensitivity of the reaction ep — eJ/vp to possible saturation effects. Additionally,
the kinematics of the production of J/i requires that the radiated photon have a
wavelength between the “hard” and “soft” regimes. In conclusion, the reaction ep —
eJ/yp opens a window of opportunity to search for saturation effects and study the
interplay between “hard” and “soft” QCD interactions.

In order to maximally exploit the reaction ep — eJ/yp to study these effects,
it was necessary to extend the energy range of the measurement. This represented
an experimental challenge. An experimental technique was developed to meet this

challenge and results of the rate of the production of J/1) at HERA are reported.



Chapter 1

Introduction

1.1 The Standard Model

The present level of knowledge about the structure of nature is embodied by the Stan-
dard Model (SM). The HERA ! accelerator at DESY 2 and its experiments are primarily
meant to scrutinize the consistency of the Standard Model via the exploration of the
structure of the proton. During its ten years of operation HERA has made an incal-
culable contribution to the present knowledge of the dynamics of the micro-world. In
particular, HERA has driven one part of the Standard Model, QCD, to a higher level
of development. The knowledge of the structure of the proton acquired at HERA is
crucial for the planning and interpreting of future searches for the Higgs boson, one of

the cornerstones of the SM.

1.1.1 Fundamental Particles

The SM provides a classification, Table 1.1, of the fundamental particles known today.
There are six leptons classified according to their electromagnetic charge, Qem, electron

number, muon number and tau number. They fall into three families or generations.

!Hadron-Elektron-Ring-Anlage.
2Deutsches Elektronen-Synchrotron.

There are also six antileptons with all electromagnetic charge signs reversed. The

positron, for instance, carries charge of +1 and electron number -1, etc... Quarks, as

Leptons | Quarks
l QEm q Qem

=

First Generation | e | -1 |d

3

Ve 0 u %

Second Generation | p | -1 |s —%
2

I/“ 0 3

Third Generation | 7 | -1 |b -%
vy 0 %

Table 1.1: Leptons and quarks in the Standard Model are classified in three generations.

leptons, are fermions, particles with spin % and share the similarity that they become
heavier as one goes from the first generation to the third generation. There are six
“flavors” of quarks. Again, all signs would be reversed in the table of antiquarks. Each

quark and antiquark comes in three colors.

1.1.2 Fundamental Forces and Interactions

There are four kinds of fundamental forces known in nature: gravitational, weak,
electromagnetic and strong. Each of these forces is mediated by the exchange of gauge
bosons. The electromagnetic charge and the mass of the gauge bosons are given in
Table 1.2. The electromagnetic and weak forces are unified in the Standard Model.
The fields associated with these forces, as well as the fields associated with the strong
force, are spin-1 fields, describing the photon v, the electroweak gauge bosons W* and
Z, and the gluons g. The interactions of the force fields with the fermionic constituents
of matter as well as their self-interactions are described by Abelian and non-Abelian

SU(3) x SU(2) x U(1) gauge theories.



Gauge Bosons

B | Qem | M (GeV/c?)
v 0 0
W | +1 80.42
A 0 91.19
gluon [ O 0

Table 1.2: Gauge Bosons in the Standard Model.

1.1.3 Strong Interaction and QCD

The theory of strong interactions, Quantum Chromodynamics (QCD), relies on the

idea of quarks and the color degree of freedom.

The theory of strong interactions needed to accommodate the fact that quarks be-
have as free particles in collisions, referred to as asymptotic freedom. The solution of
the problem came with the renormalibility of non-Abelian gauge theories. The coupling
of QCD can be expressed in leading order as:

1
—Po/ (4r) log(Q?/ Agzco)

where Q? sets the scale of the interaction (see Section 1.2.1) and 3 is a parameter.

(@) = (L.1)

The coupling a,(Q?) decreases with @* and approaches zero in the limit of a very large

energy (or momentum transfer):
(@*) = 0 for @ — oo (1.2)

For Q% much larger than A% p, the value of the coupling constant, e, is small and
a perturbation description is valid for the strong interactions. Such calculations break
down for @ < Adcp as the value of a, grows large. The value of A}y marks the
boundary between a world of quasi-free quarks and gluons and a world of hadrons.

This scale has to be determined experimentally and turns out to be &~ 300 MeV?2.

Interactions at a scale much larger than A%y, are called “hard” interactions. In-

teractions which are at a scale comparable to or smaller than A2, are considered

“soft” and are generally not calculable with perturbative QCD. The problem of non-
perturbative QCD is closely related to the question of confinement . The study of the
intermediate region between these two kinds of processes, the transition region, is a

major motivation behind this work.

1.2 Deep Inelastic Scattering (DIS)

With the construction of the linear accelerator at SLAC *, experiments on ep deep
inelastic scattering (DIS) gave direct evidence that protons have internal structure [1].
The deep inelastic structure functions were found to be independent of the momentum
transfer between the incoming electron and the target proton and only depend on the
Bjorken scaling variable z (2] (Scaling).

Feynman introduced the parton model, a picture to understand the data at SLAC [3].
The model assumes the proton to consist of point-like constituents, or partons. It was
suggested [4] that the partons in nucleons were quarks. This is commonly known as
the Quark Parton Model (QPM).

A number of fixed target experiments to study DIS were performed after the ob-
servation of scaling. These experiments collided leptons with hadron targets. HERA
allows the extension by two orders of magnitude the kinematic coverage toward very

large values in the momentum transfer and toward very low values in z.

1.2.1 Kinematics of DIS

The scattering of unpolarized electrons (positrons) on unpolarized protons, as found
from leading order in perturbation theory is shown in Figure 1.1 and is described

through the exchange of an electroweak gauge boson. The electron (positron) and

3Confinement is an expression of the fact that “bare” quarks or gluons have never been observed

experimentally.
4Stanford Linear Accelerator Center.



proton in the initial state are denoted by the four vectors e and p, respectively. The
final state consists of the scattered lepton and the hadronic final state system with
four vectors €’ and p/, respectively. Depending on the type of the exchanged elec-
troweak gauge boson, one distinguishes two classes of events: Neutral Current (NC)
(electroweak gauge boson: virtual photon ¥* or Z° boson) and Charged Current (CC)
(electroweak gauge boson: W* boson) events.

The following variables provide a relativistically-invariant formulation of the unpo-

larized inelastic ep event kinematics ®:

s = (e+p)? ~ 4E.Ep (1.3)
Q@ = —(e-e¢P=-(-p)P=-¢ (14)
z = ;& 0<z<1 (1.5)
y = 2 0<y<1 (1.6)
W2 = (p+q? = (¢) = mi+L(1-2) ~ ys .7)

s is the square of the center-of-mass energy of the electron-proton system. With E, =
27.5GeV and Ep = 820,920 GeV, the center-of-mass energy at HERA is 300, 320 GeV.
W is the center-of-mass energy of the gauge boson proton system. The kinematically
accessible region is W < y/s. The Bjorken scaling variable, z, is interpreted in the QPM
as the fraction of the proton momentum carried by the struck parton. The fraction
of the incoming electron energy carried by the exchanged gauge boson, y, in the rest
frame of the proton, is also known as inelasticity. The momentum transfer squared,

Q?, is related to z and y in DIS by Q> ~ s z y.

51n this work, the natural system of units is used, i.e. Ai=1and ¢= 1.

A 4

Figure 1.1: Feynman diagram describing unpolarized ep scattering to lowest order

perturbation theory.
1.2.2 Structure Functions and Parton Densities

NC scattering is considered first. The cross-section, o, in terms of y and Q? is related

to the proton structure function, F5 [5]:

d’c \ 2mo?Y, y?
(dde2> oy (F2 _EFL) 4

where @, is the electromagnetic coupling, Y, =1+ (1 —y)? and F, = F, — 2zF, is

known as the longitudinal structure function.

Additionally, one can interpret the ep cross-section as the product of a flux of vir-
tual photons and the total cross-section o}, for the scattering of virtual photons on

protons [5]. At small enough Q? the following relation holds:

2
y'p o 4T Cem

oty Q2 F2(I) Q’l) (19)

At fixed @2, o7, oc W, where A is a parameter extracted from data. From Equa-
tion (1.9) it follows:
Fyocz™ (1.10)

The kinematic plane available in z and Q? of the proton structure function for various

fixed target experiments and HERA collider experiments, H1 and ZEUS, is shown
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in Figure 1.2. The fixed target experiments contributing to this plot are NMC ¢,
BCDMS 7, E665 &, SLAC, CCFR °.

5
0
< ! F ] ZEUS 19967 Bl ZEUS 1994
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Figure 1.2: Kinematic plane in the Q@ —z of the measurement of the structure function
of the proton for various fixed target experiments and HERA collider experiments, H1
and ZEUS.

DIS may be viewed within the framework of the QPM where the proton consists
of point-like constituents that move freely inside it. If one views ep scattering as

incoherent electromagnetic scattering of electron-partons, then

Fy(z) =2} _efi() (1.11)

SNew Muon Collaboration, experiment at CERN.
"Bologna, CERN, Dubna, Munich, Saclay.
8Collaboration at FNAL.

9Columbia, Chicago, FNAL, Rochester.

where e; is the charge of parton i in units of the proton charge, and f; is the distribution
of probability density '© of finding a parton i with a fractional momentum z.

The parton densities in the hadron cannot be calculated from QCD with the tools
available today. However, based on the factorization theorem (6], QCD can tell us
how the parton distributions evolve with Q2. The Dokshitzer-Gribov-Lipatov-Altarelli-

Parisi (DGLAP) evolution equations [7] describe the evolution of quark ¢ and gluon g
probability density distributions:

0 q _as(Qz) Py, P, q
()-SR e(1)  am

where the splitting functions, P;;, provide the probability of finding parton 7 in parton

j with a given fraction of parton j momentum. These functions are calculable in QCD.

In leading order of perturbation QCD, it can be shown that at small z [8]:

OFy(z,Q?
2A2D) o (@)roln, ) (113
The strong increase of F as z — 0 (see Expression (1.10)) observed at HERA may

be interpreted as the growth of the gluon density in the proton in the low = regime.

1.2.3 The Dipole Model

Some properties of the high density parton cloud are clearer in the frame where the
proton is at rest. In this frame, the virtual photon fluctuates into a quark-antiquark
pair, qg, upstream of the proton target, and this pair then interacts with the proton.
In this frame, the fluctuation is long-lived, with 7 ~ 1/(mgz), where mgg is the mass

of the quark-antiquark system.
As shown in Figure 1.3 the problem of the interaction is reduced to the scattering
of a dipole (the quark-antiquark pair acts as a QCD color dipole) from the intact

proton. The size of the color dipole, or the transverse distance, r, of the quark-

10Probability density distributions are usually referred to as parton densities.



antiquark pair is a convenient degree of freedom from the point of view of the QCD

interaction [9, 10, 11, 12, 13]. The average 7, (), is related to @* as (r) o 1/Q>.

¥ 1-z Y
z

P p

Figure 1.3: Diagrammatical representation of the basic process underlying yp scattering
in the rest frame of the proton. The photon fluctuates into a quark-antiquark pair long

upstream of the proton, a color dipole that subsequently scatters on the proton.

Central is the ansatz that the dissociation of the photon and the subsequent scat-
tering can be factorized and written in terms of the wave function of the photon con-
voluted with the cross-section of the scattering of a quark-antiquark system from the
proton [14]: 1

or,.(z,Q%) :/dzr/(; dz |Or,1(2,7) "0 (1.14)
where o7, is the 7*p ! cross-section for transverse and longitudinally polarized pho-
tons, respectively. The momentum fraction of the quark-antiquark pair with respect
to the four-momentum of the incoming photon are z and 1 — 2. &7, is the wave
function of the transverse and longitudinally polarized photons, respectively. These
photon wave functions are well known [11, 13, 15]. The color dipole scattering cross-
section, ogz_p, in general, a function of z and 7, is the underlying quantity of interest
to us. The properties of o5, may be outlined qualitatively from simple arguments.
For values of r smaller than the typical distance between partons in the proton, Ry,
0gg-p o ()% ox 1/Q%. As the transverse size of the color dipole becomes greater than

Ry, the cross-section should saturate and reach a plateau *2. This qualitative behavior

Photon with non-zero virtuality, @2, is also referred to as y*.
12This type of saturation follows from the fact that the total photoproduction cross-section is finite.

10

is depicted in Figure 1.4. The effects of saturation will be felt for values of r 2 Rg. If
the value of Ry is large the effects of saturation will be felt at relatively large values
of 7 or small virtualities, Q?, as depicted in Figure 1.4 (a). If the value of Ry is small
the effects of saturation will be felt at relatively small values of  or relatively large

virtualities, Q?, as depicted in Figure 1.4 (b).

212 : , : . o12 : . : ,
A (a) L (b)
08| ] . 08| I :
08| 1 06| ]
04| 1 04} 1
02} 1 02| ]

Figure 1.4: Qualitative behavior of the color dipole cross-section, ogz_p, as a function
of the transverse distance between quarks. Plot (a) and (b) correspond the ratio of
d43-p to the asymptotic oo for two different values of the average distance between

partons in the proton, Rg.

A. H. Mueller was the first to suggest [11] that the dipole cross-section is sensitive
to the gluon density distribution in the proton. The scattering of the color dipole from
the proton may occur through the exchange of two gluons connecting each quark in

the dipole with the proton target.

1.2.4 Saturation of Parton Densities

The z and Q* behaviors of the parton density distributions in the proton at very small
values of z is one of the most challenging and appealing problems of QCD. The issue of
possible sensitivity of HERA data to saturation of the energy dependence of the cross-

sections at high energy has become a central one. Saturation of the energy dependence
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of cross-section may be viewed due to the saturation of parton densities in the proton at
low z: if the density of partons in the proton stops growing as z — 0, the cross-section
will stop growing with energy (see Expression (1.10)).

About twenty years ago it was suggested that the parton distributions might cease
to grow at small values of z and fixed @* [16]. QCD calculations show that the density
of gluon fields grows rapidly with In(z) at fixed Q2. It is expected that the gluon fields
begin to overlap. If one moves to even lower values of z one may expect annihilation
or recombination of gluons. The same considerations apply to the quark fields.

One can introduce a gluon density damping factor, or screening correction to QCD
inspired parameterizations of the corresponding parton density distributions [17] (for
a review of this approach see [18]).

Saturation of parton densities may also be expressed in terms of unitarity constraints

on the growth of the cross-section, as embodied by the Froissart bound [19]:
<L (In 1)2 (1.15)
where m, is the mass of the pion and sq is an unknown scale factor. The cross-section
of proton-proton scattering keeps growing up to the highest energies provided by the
Tevatron, suggesting that saturation effects are not visible at that energy. However,
data taken by the ISR [20] was reviewed and interpreted in terms of the impact pa-
rameter of proton-proton scattering showing evidence of saturation of the growth of
the cross-sections with energy [21].
Unitarity effects leading to saturation of parton densities have been also studied
within the framework of the dipole model by separating the small size and large size
components of the transverse distance between the quark and antiquark [22].

Golec-Biernat and Wiisthoff [23] proposed a simple ansatz for the dipole cross-

section incorporating saturation behavior at large distances, 7:
"
Og-p(z,7) =00(1—€e") (1.16)

where 1’ = Wr(ﬁ’ Ry o< z* and )\ is a parameter. The z dependence of the characteristic

parameter, Ry, is an additional ingredient introduced by the model.

1.3 Structure of the Thesis

After ten years of operation, HERA has elevated to a new level of development our
knowledge of QCD, the theory of strong interactions. At the same time, HERA physics
has highlighted two challenging topics closely related to the dynamics of strong inter-

actions:

1. Perturbative QCD has been tested with great success at HERA. What about the

transition from perturbative to non-perturbative QCD?

2. HERA discovered the increase of the parton densities in the proton as z — 0.
If the density of partons in the proton stops growing with 1/z, the cross-section
will stop growing with energy (saturation). Has HERA reached a new regime of
high density QCD?

The first look at the scaling violations [24] (see Figure 1.5) suggested a different be-
havior of the scaling violation of the proton structure function (see Expression (1.13))
at low z and low @? at HERA from that observed at higher z with data taken by fixed
target experiments. QCD fits ' are able to accommodate the scaling violation reach-
ing a “plateau” at moderate Q% 15 Q2 < 10GeV? at the expense of the coexistence of
“valence-like” gluon density and singular behavior of the quark densities [25, 26], as

illustrated in Figure 1.6 [25].

In Figure 1.5, z and Q? are correlated. It is necessary to separate z and Q? in order
to disentangle topics 1 and 2. One needs to find a reaction that is able to probe the
gluon density at different values of z at a fixed scale, 2, comparable to the values of
@* in the region of the “plateau”. The reaction ep — eJ/1p meets this requirement
by probing the gluon density at a scale p? = (M2 /y» Where § is a parameter such that
§<1land z = (Mj,, + Q%)/W? (see Section 2.6.2).

13QCD fits are based on the next-to-leading order (NLO) DGLAP formalism (see Section 1.2.2).
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Figure 1.5: The “Caldwell Plots” illustrate the different behavior of the scaling violation
of the proton structure function in two regimes. The left Plot corresponds to HERA
data and the right Plot to data from fixed target experiments. The average values of
Q? for the extraction of each value of ﬁg—; are given on top.

The reaction (ep — eJ/yp) also offers the chance to study certain aspects of the
interface between perturbative and non-perturbative QCD. In particular, it is relevant
to express the results obtained in terms of the parameters of the Pomeron trajectory
(see Chapter 2).

The ZEUS Collaboration measured o(ep — eJ/¢p) in the photoproduction regime
(@* = 0) in the range 40 < W < 140GeV [27]. It is the main focus of this work to
provide a more precise measurement of o(ep — eJ/v) in the photoproduction regime
in an extended W range. This can be achieved by studying the production of J/v
through J/v¢ — ete™. This implies detecting electromagnetic clusters in a regime of
energies, F, (E < 10GeV) unexplored before in the ZEUS detector. Several things

need to be accomplished in order to meet this challenge:

e The development of a trigger selection algorithm highly efficient in the entire W
range. Trigger efficiencies need to be known with relatively high precision. This

is presented in Chapter 5.
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® The error on the contamination from the diffractive process (ep — eJ/¢¥/N) needs
to be understood to a better precision. This is accomplished with the use of the

FPC (see Chapter 8).

o It is necessary that the MC describes well the final state in the entire W range of
the measurement. For this purpose, it is necessary to study the energy scale and
resolution of the UCAL at low energies (see Appendix A), the CTD momentum
scale and resolution (see Appendix B), the alignment of the UCAL and SRTD
(see Appendix C) and the calibration of the energy response of the SRTD (see

Appendix D).
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Figure 1.6: Quark and gluon densities at Q® = 1 GeV2.

Results of o(ep — eVp) with V' = J/1,9(2S), T are reported in Chapters 9, 10
and 11, respectively. The relevance of these results is discussed in Chapter 12.

The reaction (ep — eVp) is a diffractive process. The diffractive production of vector
mesons (VM, V) is viewed in close interconnection with the NC DIS (see Chapters 1
and 2). The dipole approach establishes the interconnection between different reactions
in ep collisions in a straightforward way. The elastic VM production is viewed as a
whole in Chapter 12. It is illustrated that Q* + M% is a good choice of the scale of
the interaction in elastic VM production. This is a necessary step to illustrate the

complementarity of elastic VM production to DIS.
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Chapter 2

Diffractive Vector Meson

Production at HERA

Before tackling the issue of the significance of diffractive VM production at HERA,
it is appropriate to touch upon diffractive processes in general. Diffractive processes
represent a fraction of the total cross-section in collisions at high energy and are re-
lated to it. The study of diffractive processes represents an alternative approach to
the problem of the interface of hard to soft physics and the saturation of parton den-
sities in the proton. These are central aspects of the significance of HERA physics.
Diffractive processes display a number of basic properties which differentiate them from
other processes in high energy collisions. It is useful to briefly review two pre-QCD phe-
nomenological frameworks, Regge phenomenology and vector dominance model. These
two frameworks are useful tools to study the basic properties of diffractive processes

in particular, and collisions at high energy, in general.
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2.1 Diffraction

It has been observed in hadron-hadron scattering that a significant fraction of interac-
tions are elastic ! and quasi-elastic 2. The process underlying diffractive quasi-elastic
scattering is usually referred to as diffractive dissociation. The diffractive scattering of
two particles A and B are either of the type A+ B — A + N (single diffraction), or
A+ B — N +Y (double diffraction). The quantum numbers of the particles N and
Y are strongly correlated with the corresponding quantum numbers of the incoming
particles. It was also observed that the basic features of these processes seem to be
independent of the type of the incoming hadrons, i.e. seem to be universal. The basic

features of these interactions may be summarized as follows:

do

y @ a¢ X Cbt. This

e The differential cross-section ) @

displays a sharp exponential fall
is illustrated in Figure 2.1 ®. As the energy increases, the forward elastic peak
becomes exponential and a second diffractive maximum appears. This behavior
is similar to that observed in optical diffraction. Using this approach, the slope

parameter, b, b = R?/4, where R is the transverse radius of the interaction.

e Large masses of the dissociated system, My, are highly suppressed in single
diffraction. The differential cross-section for M} 2 4 GeV?, is found to behave

like
do
M

Diffractive dissociation may be pictured as quasi-elastic scattering between two

1/M3 (21)

hadrons where one of them is excited into higher mass state [30]. The excitation
of one of the colliding hadrons occurs coherently [28]. The condition for coherence

requires the longitudinal momentum transfer to be smaller than the inverse of

IThe term elastic is used when incoming hadrons remain “intact” in the interaction.
2The term quasi-elastic is used when at least one of the scattered hadrons gets excited into a state

of higher mass, yet the mass of this state is similar to the mass of the incoming hadron.
3This Plot is taken from [28, 29].
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the longitudinal size of the proton. This condition translates into
2
My ™ o015 (2.2)
s My

where m, and m,, are the mass of the pion and the proton, respectively *.

o Rapidity ° “gaps” occur between the final states in diffractive scattering. The lack
of QCD radiation between the final state leads to the conclusion that diffraction
is mediated by a color singlet state commonly called Pomeron, a hypothetical
particle that shares the quantum numbers of the vacuum. The absence of radi-
ation in these rapidity gaps leads to Equation (2.1) [30]. Because of the absence
of radiation the cross-section should be independent of the pseudorapidity ¢, 7,

and n oc —InM3,.

The optical theorem relates the total cross-section to the imaginary part of the

forward elastic amplitude:

oua(s) = 5 Im Tus,)locg (23)

dael 1 2

—_— = —— |Tu(s,0 2.4

2| = o Ta(a.0) (2.4
The optical theorem is represented schematically in Figure 2.2. Dispersion relations

establish the connection between the real and imaginary parts of the forward ampli-

tude. At high energies, the elastic amplitude is mainly imaginary 7. Therefore, from

4The transverse size of the proton is assumed to be ~ 1/m,. This assumption is consistent with

the size of the t-slope observed experimentally in elastic pp scattering.
5In the center of mass system rapidity is defined as y = %ln%’i%f where E and P, are the energy

and longitudinal momentum of the particle in that system.
8Pseudorapidity is usually used in place of rapidity and is defined as 7 = ln—z# where py, and pr

are the longitudinal and transverse components of the particle with respect to the direction of the

beam.
"This argument is used here for qualitatively discussions only. The real part of the amplitude

is proportional to the energy derivative of the amplitude. The stronger the energy dependence is
the larger will be the real part of the amplitude. This effect is not negligible in ep collisions where

cross-section are known to increase relatively steeply.
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Figure 2.1: Differential cross-section, %, for pp elastic scattering for different values of
the center of mass energy of the colliding particles, s. As energy increases a classical

diffraction pattern appears.

Equations (2.3) and (2.4) it follows:
Ta(s) o< Tjy(s) (2.5)

The diffractive elastic cross-section should grow as the square of the total cross-section.
This is a central observation regarding the relevance of the study of the diffractive

elastic processes.

Comprehensive reviews of the physics of diffraction may be found in [28, 31].
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Figure 2.2: Schematic representation of the optical theorem.
2.2 Regge Phenomenology

Before the invention of QCD, the dynamics of hadron interactions were sometimes
viewed as due to exchange of mesons, particularly pions (One Pion Exchange or OPE).
This approach was successful in describing some basic properties of hadron-hadron col-
lisions, but soon it was realized that this picture was far too simplistic. Additionally,
the exchange of resonances with spin J leads to scattering amplitudes proportional
to s”. For high spins, this behavior flagrantly violates the Froissart bound (see Equa-
tion (1.15)).

Regge theory resolved such problems in this approach to hadron-hadron interactions.
Regge theory is based on the analytical continuation of the scattering amplitude into
the complex angular momentum plane. Crucial for the development of this theory was
the use of complex angular momenta by Regge [32]. One views the exchange of all
resonances as an exchange of a new object: the Regge trajectory.

For the reaction A+ B — C + D with ¢t < 0 and s > —t the amplitude of the
scattering should behave like [33]:

T(s, t) ~ F(t) (i) s (2.6)

where a(t) is the Regge trajectory. The Regge trajectory is assumed to be linear with
t, a(t) = a(0) + 't [33]. F(t) is an unknown function that describes the ¢ dependence
of the scattering amplitude. The function F(t) accommodates the exponential form
of the elastic differential cross-section observed experimentally at low |¢|. Assuming a

single exponential form of the ¢ dependence of the elastic differential cross-section and

20
the linear form of the Regge trajectory, from Equation (2.4) it follows:

s 2(a(t)—-1) 5 2(a(0)-1)
o et (—) = Mot (—) (2.7)
t=0 S0 So

b(s) = by + 2'ln (Sio) (2.8)

Expression (2.8) predicts the s dependence of the ¢-slope. This involves the “shrinkage”

do'el
dt

where

of the forward peak. This leads to an effective power of the s dependence of the cross-
section, ¢ o s® with
!
S~ 4 (a(O) - % = 1) (2.9)
Through the optical theorem Regge theory gives a prediction of the behavior of the

total hadron-hadron cross-sections with energy. From Equation (2.3) it follows:

0)—
Ttot(s) ox 5201 (2.10)
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Figure 2.3: The total cross-section as a function of the center-of-mass energy for
PP, PP, mEp scattering. Cross-sections drop with energy at moderately low energies,
s < 10 GeV?2. However, the cross-sections show an universal rise at high energies of the

form of o oc 5998,

This remarkable prediction was successful in describing the behavior of the hadron-

hadron cross-sections when this formalism was invented. Figure 2.3 shows that at



moderately low energies, s < 10 GeV?, hadron-hadron cross-sections drop with energy.
This can be explained by the exchange of a Regge trajectory with a(0) < 1, the Reggeon
trajectory, IR. Already at that time the drop in the hadron-hadron cross-sections was
seen to flatten out indicating a change in the behavior that had initially motivated the
Regge formalism. As proved by Pomeranchuk [34], cross-sections approach a constant
value as the energy of the collision approaches infinity 8. From the point of view of
Regge formalism, this behavior of the hadron-hadron cross-sections would be consistent
with a trajectory with (0) ~ 1. This type of trajectory was called the Pomeron °
trajectory, IP.

The appearance of the Pomeron changed as experiments showed that the hadron-
hadron cross-sections increas with energy at s 2 10 GeV? (see Figure 2.3). In terms of
the Regge formalism, this translates into ap(0) > 1. This is illustrated in Figure 2.4.
Regge trajectories are based on real particles. However, no real particle existed neither
back then nor today that may fit into a trajectory with «(0) > 1. Nowadays, the
term Pomeron is used generically as a hypothetical Regge trajectory with an intercept
greater than unity to accommodate the increase of cross-sections with energy at high
energy.

A global fit of available data on hadron-hadron collisions was performed by Don-
nachie and Landshoff (DL) [35]:

Tiot = Xs*+Ys™ (211)

where X,¢,Y and 7 are free parameters '°.

Parameters € and 7 are related to the
Pomeron and Reggeon trajectories, respectively: ap(0) =1+ € and ar(0) = 1 —17.

The fit yields e = 0.0808 and 7 = 0.4524. The first term in Equation (2.11) is responsible

8Pomeranchuk argued that the strength of strong interactions approaches zero exponentially for

large values of the impact parameter of the colliding particles.
9Pomeranchuk proved that the cross-sections o(AB) = o(AB) in the high energy limit. This

hypothetical particle would share the quantum numbers of the vacuum and its couplings to A and A4

would be the same.
10parameter X is the same for particles and antiparticles in virtue of Pomeranchuk’s theorem.

e nes]

Figure 2.4: Schematic representation of the Reggeon (ap(0) < 1) and Pomeron

(ap(0) > 1) trajectories.

for the growth of the cross-sections at high energies, the second term for the drop at
low energies. Between them there would be a region of transition.

Comprehensive reviews of Regge formalism and phenomenology may be found in [33,

36, 37).

2.3 Vector Dominance Model (VDM)

Basic features of the hadron-hadron interactions are shared by photon-hadron inter-
actions starting at energies of the order of ~ 1GeV. The energy dependence is very
similar, as illustrated in Figure 2.5. This Figure shows the total 4*p cross-section, af’o?’,
as a function of W? at different Q2. Starting from the photoproduction cross-section
it is clearly seen that yp behaves the same way as pp scattering (see Figure 2.3). The
similarity is not only qualitative. The energy dependence of the yp cross-section is de-
scribed by Equation (2.11) up to a normalization factor proportional to ae, = 1/137.
The measurement of the amplitude of the Compton scattering in yv collisions shows

that the latter is purely imaginary as in the case of hadron-hadron collisions. Another



striking similarity is the resonant structure of the cross-section of y—hadron collisions.

ZEUS

oE66S 0000000 ZEUSQCDO1 (prel.)
o SLAC * low W PHP s ZEUS Regaed?
= ¢ NMC « ZEUS p9% (prel.)
% Q' (GeVH)
9
I ) R S il L S AR .- 0.00 (x 2048)
2 Pt &t bt sl - -~ T s 0.085 (x 1024)
5}...
? T T e— poua. 011 (x512)
b! vomust OIS (x256)
sessmey. 020 (x128)
41..
10 3 ..‘.“,.M(K“)
o ¥HE PR . 040 (x32)
A....u..[_,..ﬁ.u.u.o..»-"-"' 050 (x16
{1 [t SRR S o b s
Q... girmae Beo
T R AR Lee 009
102 goam 00° y W ENE 130 (x 2)
%60 00 9 g maos® ° — 190 (x 1
*
e voc s o 0. b W0 B0 PR o 270 (x12)
e 350 (xv4)
L1 OO L e
BN e L 450 (x19)
boo+t oot O S G .—_"‘*_‘_ S0 e
—————————— 4. 650 (xV16)
1 |poeveve-a-fa-tt b__;.)qx‘"'g"»»’_
et
T rrorogodted
-1
10 E aaal n " 1 L saaaal 1
2 3 4 (-
10 10 10 10

Wi(GeV?)
Figure 2.5: The total y*p cross-section, o}, as a function of W2 at different Q2. Various
data sets measured with the ZEUS detector are shown along with data from fixed
target experiments. Also, the photoproduction cross-section from ZEUS is compared
with data from fixed target experiments. The solid line corresponds to a QCD fit and
the dashed line to Regge inspired fit to ZEUS and fixed target data.

The Vector Dominance Model (VDM) [38] embodies a number of ideas that evolved
together with experimental results. Bearing in mind the striking similarities between

the photon-hadron interactions and purely hadronic interactions, the physical photon

may be viewed as a superposition of two states:

17} = Alve) + Vaem|h) (212)
were |yp) stands for a “bare” photon that does not interact hadronicaly, and |h) stands
for the “hadronic component” of the photon. The factor A is introduced to secure the
proper normalization of the photon wave function. The contribution of the interaction
of the “bare” photon is small at high energies. The hadronic part of the photon un-
dergoes hadronic interactions. VDM postulates a specific structure of |h). The photon
couples to a VM field with a strength, (eem M2/ fv), where e.m is the electromagnetic
charge, My is the mass of the VM and fy is a constant specific to each type of VM.
This coupling was initially proposed for real photons. In the general case of photons

of a given virtuality, @?, the “hadronic” wave function may be written as:
eem M7 1

Ve [R) =" y WW) (213)
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where |V) ! stands for the wave function of the VM. The yh interaction is translated
into the sum of Vh interactions. The cross-section of the interaction yh for transverse
and longitudinally polarized <y is expressed in terms of the cross-section of the Vh

scattering. If one assumes that the VM conserves the helicity of the photon one can

write [41]:
emM2 2 2
#=-2(*%) (mva) A8
v
and e ) -
" P €em My, 1 _9_ Vh
o ‘XV:( v ) <M3+Q2) ”(Ma) * (213)

where a’}'h and al" are the total yh cross-sections for transverse and longitudinally
polarized photons with virtuality @2, respectively. o and o}* are the total Vh pho-
toabsorbtion (@? = 0) cross-sections for longitudinal and transverse polarized VM’s,

respectively and 7 = o}/* /o}%" is determined experimentally .

"The sum runs over all existing VM. The dominant contribution comes from light VM’s (p°,w, ¢)

discovered in early 60’s. Heavier VM's (J/4, T) were found some ten years later [39, 40].
2In principle, 7 is a function of the center of mass energy of the interaction. It has been observed

from elastic p° production at HERA that at high energies 7 is constant with energy [42]
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VDM has a strong predictive power of the yh cross-section. Formulae (2.14)-(2.15)
relate the cross-section of yh scattering at any photon virtuality to the total photoab-
sorbtion VM cross-sections. Using the optical theorem one can relate the total pho-

toabsorbtion cross-section of Vh scattering to the diffractive production of VM’s [43]:

2 do

€,
=3y f16r ( f;") L (yh - vh)
v

where %(7h - Vh)| 1o Tefers to the diffractive yh — V'h cross-section extrapolated

(2.16)

t=0

tot =0.

The VDM approach proved successful in describing photoproduction and even low
Q? electroproduction, but failed to describe the @* dependence of the cross-section
in DIS [44]. Also, the ratio of longitudinal to transverse cross-sections in DIS grew
much slower than predicted in VDM, as illustrated in Equations (2.14)-(2.15). In
order to solve this problem the Generalized Vector Dominance Model [45] (GVDM)
was formulated. It was observed that the total photoabsorbtion cross-section was not
completely saturated by the VM resonances '*. It was proposed that the missing
fraction of o7 not accounted for by the resonances known at that time would come
from a continuum tail coupled to the photon [46]. One should add to the sum in the
right hand side of Equation (2.15) an integral [45]. The GVDM approach has been

revived in recent years in the analysis of DIS at low z [47].

2.4 Kinematics of Elastic Vector Meson Production

The schematic representation of elastic VM production is displayed in Figure 2.6. The
kinematic variables relevant to the reaction have been defined in Section 1.2.1: s, the
center of mass energy of the ep system; W, center of mass energy of the yp system;

—@?, the square of the momentum transfer at the electron vertex; ¢, the square of the

13Careful analysis of experimental data showed that the first three terms in the sum in Equa-
tion (2.16) account for 78% of o} Some 22% was missing. The contribution from J/1 would account

for no more than 3%.

momentum transfer at the proton vertex. At low Q2 electrons interact with the proton
via the radiation of a photon. The reaction may be treated effectively as yp — Vp. The
four vector of the exchanged photon is determined by the four vectors of the incoming
(e) and scattered (e’) electron ™. A fraction of the energy of the incoming electron is

transferred to the radiated photon. Relevant to the yp — Vp reaction is W.

Figure 2.6: Representation of diffractive vector meson production at HERA.

The measurement of VM’s at HERA is done exclusively. Events with a certain
topology that correspond to the decay of VM’s are chosen. Light VM’s are searched
in events where a specific final state is observed: p° in 7*7~, w in 7*7 7 and ¢
in K*K~. Heavy VM’s (J/v,%(2S) and T) are usually searched for through their
leptonic decays (utpu~ and ete~) 5. The four vector of the VM observed in the final

state is equal to the sum of the four vectors of the decaying particles:
v=>d (2.17)

where the sum runs over all the decay products of the VM, d; are the four vector of the

decay products of the VM, V' is the four vector of the VM. The reconstruction of the

MHERA collides e~ p and e*p. In the regime of photoproduction, or Q% « M2,, the sign of the

incoming lepton is irrelevant.
5The mass of the J/1 and (25) are below the threshold of the creation of 7. T is heavy enough.

However, 7 decays before reaching the tracking system, therefore, this decay is not useful for the

search of T resonances.



kinematics of the event relies on the reconstruction of the four-vector of the decaying
particles. The reconstruction of the kinematics in the production of heavy VM’s in the

regime of photoproduction (Q* ~ 0) will be covered in detail in Section 7.3.1.

2.5 Decay Angular Distributions

The decay angular distributions of the VM are of great relevance to this analysis.
It is necessary to establish experimentally that the VM conserves the helicity of the
photon. Formula (2.24) assumes that the VM retains the helicity of the photon (see
Section 2.6.2). The calculation of the VM production ratio would be more compli-
cated otherwise and it would require the knowledge of the probability with which the
VM changes helicity with respect to the helicity of the incoming photon. Non-zero
probabilities of helicity flip would lead to mixing of the transverse and longitudinal
amplitudes.

For the purpose of studying the helicity of the final state and the mixing probability
a formalism was developed [48] within the formalism of sequential multi-body decay.
This formalism is built in the so called helicity s-channel. When the decay angles are
viewed in this frame and the helicity of the VM conserves the helicity of the photon it
is said that the s-channel helicity conservation (SCHC) holds.

The VM is boosted to the rest frame of the yp center of mass system. The quanti-
zation axis is defined in that rest frame along the direction of flight of the VM. This
is illustrated in Figure 2.7. Three planes are defined in the yp center of mass system,
the scattering plane, or the plane formed by the incoming and outgoing electrons, the
production plane, or the plane formed by the outgoing VM and proton, and the decay
plane made by the products of the decay of the VM. Three relevant angles are defined.
The angle 65, is the angle between one of the decaying particles 6 and the quantization

axis in the VM rest frame, ¢y, is the angle between the decay plane and the production

16Usually the positron in V — ete™ is used to define .

y'p center of mass system

Scattering Production Decay
Plane Plane Plane

V direction in
Y pecms

Decoy Plane

vector meson V rest frame

Figure 2.7: The definition of decay angles in the helicity system. The VM is boosted to
the rest frame of the yp system. The quantization axis is defined in that frame along

the direction of flight of the VM.

plane and @}, is the angle between the production plane and the scattering plane.

In the case of the decay of the VM into two spin—% particles, the probability distri-
bution of decay angles in the rest frame of the VM may be expressed in terms of the

elements of the VM spin matrix:
3 L 04 1 04 2
W(On,¥n) = 7 | 5(1 —7o0) + 5(3re0 — 1) cos” O (2.18)
+ 784 sin? 0, cos 2y, + VZR{r%} sin 26, cos 1/),,]

where ¥y, = ¢p, — ®, 185, 7% and r¥, are spin matrix elements. 73 is related to the

probability of the VM to be produced in helicity zero state, r{3 to the interference



between helicity non-flip and single flip amplitudes and 7{3 to the interference if the
helicity non-flip and double flip amplitudes.

Taking the one dimensional projections in cos 6, and ¢, (fixing one and integrat-

ing over the other) one obtains the following Expressions for the differential distribu-

tions [49]:
1 dN 3
N dcosb, =3 [1 +ro0+ (1 - 37‘88) cos® 0,,] (2.19)
and
1 dN 1
Nag, = 2n |1+ rircos 2] (2.20)

If s-channel helicity is conserved (SCHC) then the spin density matrix parameters
733 and 7%, should be zero. Assuming SCHC, 733 can be related to the ratio of the
cross-sections for longitudinal and transverse photons, R:

04

1 7y
= - 221
el—r8 (2:21)

where € is the virtual photon polarization, i.e. the ratio of the flux of longitudinally
polarized photons to the flux of transversely polarized photons. The mean value of €

over the kinematic range sampled by the ZEUS experiment is € = 1.043.

2.6 Theoretical Models

2.6.1 Models Based on VDM and Regge Theory

Figure 2.8 shows the schematic representation of elastic VM production at HERA
from the point of view of a combination of VDM and Regge formalisms. The photon
fluctuates into a VM which scatters on the proton via the exchange of the Pomeron.
The parameters of the Pomeron trajectory were determined by DL from a global
fit to photoproduction data (see Expression (2.11)), yielding a(t) = 1.08 + 0.25¢ [35].
This trajectory is referred to as “soft” Pomeron because it reproduces the behavior of

the cross-sections at small values of Q?, a regime governed by soft physics.
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Figure 2.8: Elastic VM production at HERA in the combined VDM and Regge ap-
proach. The photon fluctuates into a VM which scatters on the proton via the exchange

of a Pomeron.

The production of VM’s via the exchange of the “soft” Pomeron predicts a weak
W dependence of the cross-section (o o< W°) with § ~ 0.22 (see Expression (2.9)).
It also predicts a strong dependence of the ¢-slope with W (shrinkage) according to
Expression (2.8).

The predictions made above are applicable to the production of light VM’s (p°, w
and ¢) for which M3 $1GeV2.

As Q? grows, the rise of the total ep cross-section with energy is no longer compatible
with the “soft” Pomeron [26]. In order to explain the new data, DL proposed the so
called two-Pomeron model [50], a second, “hard” Pomeron, would arise with o(t) =
1.4+-0.1¢. The cross-section is the sum of the two Pomeron terms plus their interference.
The predictions made above will be different for heavy VM’s (J/ and Y) for which
M > 1GeV?, because of the inclusion of the “hard” Pomeron.

The intercept of the “hard” Pomeron may be calculated in pQCD within the Balitski-
Fadin-Kuraev-Lipatov (BFKL) formalism [51]. Next-to-leading order calculations yield

aprkr(0) ~ 1.165 [52]. 1t is assumed that the value of a/gpy; = 0.
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2.6.2 Models Based on the Dipole Approach

As pointed out in Section 1.2.3, the dipole approach is a handy framework for the study
the dynamics of the gg — p scattering. Within the QPM a VM is considered to be a
bound state of a gg. The photon and the ¢g couple electromagnetically. Once the quark
structure of the VM is established, one can easily figure out what is the production

rate of a given VM with respect to others:
V) o |qq) (2.22)

The production rate of a given VM is related to the square of the charges of the ¢g.
These relative rates, commonly called SU(5) !7 ratios, are shown in Table 2.1. The
QPM was able to explain the suppression of the photoproduction rate of the ¢ and w
with respect to the p° [53].

V) e}
A | 1/V2(wm) — |dd)) | 1/2
1/V2(jua) + |dd)) | 1/18

2
€ag

1l
© |~ é‘n;l{

¢ |53) 1/9 |[9/2
J/ |cE) 4/9 |9/8
T | bb) 1/9 |9/2

Table 2.1: The wave function of the elastic VM is expressed as a linear combination
of qg wave functions. The square of the charges of the gg make up the so called SU(5)
ratios. The last column correspond to the expected rate of the production of VM’s

with respect to the p°.

The basics of the process from the point of view of the dipole approach is illustrated
in Figure 2.9. The photon fluctuates into a ¢g pair long upstream of the proton, forming

a color dipole that subsequently scatters on the proton. The ¢g pair forms a bound

17SU(n) symmetry, where n is the number of flavors. The number of known flavors is 6, however,

the bound state of the heaviest ¢ quark has not been found yet.

state, the VM, after scattering on the proton. In other words, the process is factorized.

The amplitude of the process may be written as a convolution of three components [54]:

1
Aryp = /er/ dz Y7 (2,1)05-,8TE (2,1) (2.23)
0
In analogy to Equation (1.14), the indexes T, L correspond to transverse and longitu-
dinally polarized v and VM, ®y is the wave function of the VM. Equation (2.23) leads

to the following Expression for the cross-section of the VM production:

orL(yp — Vp) « '/ d’r /01 dz By (2, 1)o7 (2, T) ) (2.24)
The total yp and diffractive yp — Vp cross-section, expressed in the dipole approach,
Equations (2.24)-(1.14), are closely interrelated through the dynamics that dwell within
0g5-p 8. The complementarity of elastic VM production to the total cross-sections
measured in DIS comes out explicitly in these Expressions. The energy behavior of
both cross-sections depends little on the details of the photon and VM wave functions.

This crucial aspect of the analysis will be covered in Section 12.4.

Y VM

’

p p

Figure 2.9: Diagrammatical representation of the basic process of yp — Vp in the rest
frame of the proton. The photon fluctuates into a ¢g pair long upstream of the proton,
forming a color dipole that subsequently scatters on the proton. The ¢g pair forms a

bound state, the VM, after scattering on the proton.

Within pQCD the q7 — p scattering is understood through colorless exchange of
gluons. This is depicted in Figure 2.10 in which the ¢g exchanges two gluons with the

8Formula (2.23) assumes that the VM carries the helicity of the photon. More on this in Sections 2.5
and 9.6.
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proton. Hence, in the elastic production the gluon density in the proton is “probed”
at a scale, p, where p? = £(Q® + M) such that perturbative calculations may be

performed '°. ¢ is a numerical factor. It has been shown [55]:
p—Vp 2112
P o [zg(a, 1) (229)

where z is the average momentum fraction of the two gluons, such that z = (Q* +
M2)/W? and £ = 1/4. From Expression (2.25) a value of § (¢ oc W?) follows & ~
0.8, which is significantly larger than the one obtained with the exchange of a “soft”
Pomeron (see Section 2.6.1).

It is claimed that only the cross-section for longitudinally polarized (for non-zero Q?)
VM may be derived with rigor in pQCD. In the leading o In A—Qq:—n lni approximation
calculations lead to [56]:

do} VP

> o o2 |(1 + iB)zg(z, )| (2.26)

t=0

where f3 is the ratio of the real to the imaginary part of the scattering amplitude.

Figure 2.10: Elastic VM production at HERA in the perturbative QCD approach.
The photon fluctuates into a ¢g pair. These couple to the proton via exchange of two
gluons. The VM is created after the interaction.

1911 general, p is a function of ¢ too, however, in the elastic production of heavy VM’s [t| <« M.

The t dependence of p may be neglected in this case.
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Two sets of theoretical calculations are compared to data (see Section 12.1.2):
Martin-Ryskin-Teubner (MRT) [57] and Frankfurt-Koepf-Strikman (FKS) 2 [59]. The
main differences lie in the way both groups deal with higher order QCD corrections

and the VM final state.

The uncertainty of the theoretical calculations affects mainly the absolute normal-
ization of the predictions. This is due to the choice of the value of the mass of the

quarks, the parameter £ and the lack of full NLO corrections.

Two corrections are relevant in the production of T: the contribution from skewed
parton distributions and off-diagonal matrix elements, and 3. Skewedness is defined
as the difference in momentum fractions between the outgoing (z;) and returning
(z2) gluon (see Figure 2.10). Skewedness is significant for the production of T as
T — 2o = (Q* + M) /W2 In the case of the T production skewedness is of the same
order of magnitude as the momentum fraction, z. The replacement of gluon densities
by skewed parton distributions increases the predicted cross-section by more than a

factor of two [60, 61].

20The last update to FKS calculations has been performed by Frankfurt-McDermott-Strikman
(FMS) [58].
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Chapter 3

HERA

3.1 The Electron-Proton Collider HER A

HERA, the Hadron Elektron Ring Anlage [62], is the world’s first lepton proton collider,
located at the DESY laboratory in Hamburg, Germany. Construction began in 1984.
It was commissioned in 1991 and data taking started in spring 1992.

In the two collider experiments, H1 and ZEUS, the beams are brought to collision at
zero crossing angle. Two fixed-target experiments, HERMES and HERA-B, make use
of the electron and proton beams, respectively. HERMES studies the spin structure of
the nucleon by scattering longitudinally polarized electrons off polarized gas jet targets
such as hydrogen, deuterium or *He. Transversely polarized electrons are turned into
longitudinally polarized electrons using spin rotators. The HERA-B experiment is
designed to measure CP-violation in the B BO-system. It uses collisions of the proton
beam halo with a wire target for the production of B-mesons.

Figure 3.1 shows a schematic layout of the HERA accelerator complex. Two separate
rings for electrons and protons, located in a 6.3 km long tunnel 15-30 m underground,
use conventional and superconducting magnets respectively.

The proton accelerator chain starts with a 50 MeV H~ linear accelerator. Before

injection into the DESY III synchrotron ring, the electrons are stripped off the H~
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- Electrons / Positrons
-~ Protons
= Synchrotron Radiation

Figure 3.1: The HERA accelerator complex. Four experiments are located in the

experimental halls South (ZEUS), West (HERA-B), North (H1), and East (HERMES).

ions. After subsequent acceleration to 7.5 GeV and 40 GeV in DESY III and PETRA
11, respectively, the protons are injected into the HERA storage ring where they are
accelerated to their final energies.

The electron injection starts with a 500 MeV linear accelerator filling the positron
injection accumulator (PTA). In DESY 1I and PETRA II the electrons are accelerated
to 7.5GeV and 12GeV, respectively, and then transferred to HERA where they are
accelerated to 27.5 GeV.

HERA can be filled with up to 210 electron and 210 proton bunches with 96 ns
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Figure 3.2: Integrated luminosity delivered by HERA during data taking periods 1993
- 2000 (until September 2000). From 1994 to 1997 protons were accelerated to 820 GeV.
During the period 1998-2000 920 GeV protons were used.

spacing. In practice not all bunches are filled !. Noncolliding (unpaired) bunches allow
to estimate the beam related background and empty bunches can be used to measure
cosmic ray background rates and for other purposes. For instance events taken by the
experiments in coincidence with empty bunches, i.e. events in which no activity from
ep collisions is expected in the detectors, are used to study their response due to noise
activity.

From mid 1994 to 1997 HERA accelerated positrons instead of electrons due to

lifetime problems which were attributed to capturing of positively charged dust. During

1In 1999-2000 HERA was operated with typically 174 colliding bunches.

38

HERA parameters Design Values | Values of 1999-2000

e | » | & | »
Circumference (m) 6336
Energy (GeV) 30 [ &0 [ ore | o2
Center-of-mass energy (GeV) 314 318
Injection energy (GeV) 14 40 12 40
Maximum current (mA) 58 160 37 99
Number of bunches 210 210 | 174415 | 174+6"
Time between bunch crossings (ns) 96
Horizontal beam size (mm) 0.301 | 0.276 0.200 0.200
Vertical beam size (mm) 0.067 | 0.087 0.054 0.054
Longitudinal beam size (mm) 8 110 8 170
Max. specific luminosity (cm_zs‘lmA*z) 3.6-10%° 9.9-10%
Max. inst. luminosity (cm—2s~!) 1.5.10%1 2-10%
Integrated luminosity per year (pb—1) 35 56

Table 3.1: HERA design parameters and performance during 1999-2000 running.

the 1997-1998 shutdown new vacuum pumps were installed which significantly reduced
this problem. This allowed HERA to run with electrons during a part of the data
taking period used for this analysis. Also in 1998, HERA increased the proton beam
energy from the design value of 820 GeV to 920 GeV. The integrated luminosities for

these 3 running periods are shown in Figure 3.2.

The design parameters and performance of HERA during the 1999-2000 electron

data taking period are summarized in Table 3.1.

INon-colliding bunches.
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Chapter 4

ZEUS a Detector at HERA

The ZEUS detector at HERA is a general purpose magnetic detector which has been
in operation since 1992 [63]. It has been designed to study various aspects of electron-
proton scattering. The design incorporates the large forward-backward asymmetry of
the ep final state system due to the significant difference in the energy of the electron
and proton beams which results in a center-of-mass system which is moving in the
direction of the proton beam relative to the lab frame system. The ZEUS detector
consists of various subcomponents to characterize the ep final state in terms of energy,
direction and type of the produced final state particles, i.e. hadrons and leptons.

The coordinate system of the ZEUS detector is a right handed coordinate system
with the origin (X =Y = Z = 0) at the nominal interaction point, the Z axis pointing
in the proton beam direction, the Y axis pointing upwards and the X axis pointing
horizontally towards the center of HERA. The polar angle 6 is measured with respect
to the positive Z axis and the azimuthal angle ¢ relative to the positive X axis. Thus,

the polar angle of the proton and electron beam is equal to 0° and 180°, respectively.
Figures 4.1 and 4.2 show a cross-section of the ZEUS detector along and perpendic-
ular to the beam direction, respectively.

In the center of ZEUS, the central tracking detector (CTD) [64] surrounds the in-

teraction point. In the forward and rear directions additional tracking information is
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Figure 4.1: Cross-section of the ZEUS detector along the beam direction.

provided by the FTD/TRD and RTD chambers. The FTD consists of three sets of
planar drift chambers with transition radiation detectors (TRD). The RTD is made
of one planar drift chamber with three layers. Until 1995 a vertex detector (VXD)
was installed around the beam pipe. In the 2000/2001 shutdown it was replaced by a
silicon micro vertex detector (MVD) [65]. The whole tracking system is surrounded by
a superconducting magnet providing a 1.43 T magnetic field.

A high resolution uranium calorimeter (UCAL) [66, 67, 68] is the prime device
for the energy measurement of electrons and hadrons. It is subdivided into three
parts: the forward calorimeter (FCAL), the barrel calorimeter (BCAL) and the rear
calorimeter (RCAL). In order to detect electrons at very low scattering angles, a beam
pipe calorimeter (BPC) [69, 70] has been installed on two sides of the beam pipe
in the rear direction. In 1998 in the forward direction a Forward Plug Calorimeter
(FPC) [71, 72, 73] has been installed in the beam pipe hole of the FCAL, extending

the calorimetric coverage by one unit in pseudorapidity.

A small angle rear tracking detector (SRTD) in mounted in front of the RCAL and
covers an area of 68 x 68 cm?. Presampler detectors, RPRES and FPRES, which consist
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Overview of the ZEUS Detector
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Figure 4.2: Cross-section of the ZEUS detector perpendicular to the beam direction.

of single layers of scintillator [74] plates, are installed in front of the RCAL and FCAL
modules. In RCAL and FCAL a hadron-electron separator (HES) [75] consisting of a

plane of 3 x 3 cm? silicon diodes is installed after 3 radiation lengths.

An iron yoke made of 7.3 cm thick iron plates surrounds the main calorimeter
(UCAL) which provides a return path for the solenoid magnetic field lux. It is instru-
mented with proportional chambers to provide a measurement of energy leakage from
the main calorimeter and serves, therefore, as a backing calorimeter (BAC). The iron
yoke itself is magnetized to 1.6 T by copper coils to deflect muons. Limited streamer
tubes are mounted inside and outside of the barrel (BMUI, BMUO) and the rear
(RMUI, RMUO) iron yoke and are used for the muon momentum measurement. In the

forward direction, limited streamer tubes which are mounted on the inside of the iron

yoke (FMUI) as well as drift chambers and limited streamer tubes (FMUO) mounted
outside the iron yoke are used for the forward muon momentum measurement within

a toroidal magnetic field of 1.7 T which is produced by two iron toroids.

An iron/scintillator veto wall at Z = —7.3m is used to reject beam related back-
ground. Two lead/scintillator electromagnetic calorimeters in the electron beam direc-
tion at Z = —34m and Z = —107 m are used to measure electrons from bremsstrahlung
and photoproduction events and photons from bremsstrahlung events, used for the lu-
minosity determination at ZEUS, and radiative events, respectively.

In the forward direction, a lead/scintillator counter at Z = 5.1m, the proton rem-
nant tagger (PRT), allows to obtain information about the hadronic final state in the
forward direction for a range in pseudorapidity of 4.3 < 7 < 5.8. A leading proton
spectrometer (LPS) [76] at Z = 26 — 96 m is used to measure very forward scattered
protons (transverse momentum < 1GeV) using six stations of silicon strip detectors
which are mounted very close to the beam. A forward neutron calorimeter (FNC) [77]
of a lead/scintillator sandwich type is installed at Z = 105.6 m to detect very forward
produced neutrons.

The most significant parameters of the ZEUS detector are summarized in Table 4.1.
The following sections provide a brief description of those detector components which

are relevant to the physics analysis presented in this thesis.

4.1 The Uranium Calorimeter (UCAL)

The main ZEUS calorimeter is a high resolution sampling uranium /scintillator calorime-
ter (UCAL) [66, 67, 68] *. It is the most essential detector for the reconstruction of
the ep scattering final state and plays a crucial role together with the tracking system

in the present analysis.

1Extensive literature about the development and optimization of the UCAL, history of test and

calorimeters performance may be found in [80] and references therein.



Table 4.1: The principal ZEUS central detector parameters (1999-2000 status).

Comment

Value
26 <0< 176.2°

0.18//E(GeV) ® 0.02

Component Parameter

Extended to 178.4° in 1995
test beam (78]

[68]

Angular coverage

Calorimeter

o/ E(EM showers)

(78]

1-3%

0.35/\/E(GeV) ©0.03  test beam [66]

EM E scale uncertainty

o/ E(Hadronic showers)

(68]

(78]

3%

~ lcm

had E scale uncertainty

EM showers, (79

position resolution

for £ > 4.5GeV

<1lms

time resolution
B-field (Tesla)

1.43

11° < 0 < 168°
0.005 - pr(GeV) © 0.016  Full length tracks [78]

Central

Tracking

angular coverage
o/pr

0.4cm Full length tracks, pr > 5 GeV

z vertex resolution

0.1cm Full length tracks, pr > 5 GeV

1.8-225%

R — ¢ vertex resolution

Luminosity normalization uncertainty
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Figure 4.3: Schematic layout of the ZEUS UCAL. The UCAL surrounds the solenoid

of the Central Tracking System (see Section 4.2) and it is subdivided in three sections,
a forward (FCAL), a barrel (BCAL) and a rear (RCAL). The angular coverage, the

depth in m and in interaction lengths, A, are given for the three sections of the UCAL.

Figure 4.3 displays an schematic representation of the layout of the ZEUS Uranium

Calorimeter. Taking into account the 20 x 20 cm? hole for the HERA beam pipe in
the FCAL and the 8 x 20 cm? beam hole in the RCAL, the calorimetric coverage is >

99.8% of 4 sr.

The calorimeter is vertically (FCAL and RCAL) and radially (BCAL) subdivided

FCAL BCAL RCAL
n-range 38-10 [ 1.1-(-0.74) | (-0.72) - (-4.2)
f-range 2.5° - 39.9° | 36.7° - 129.1° | 128.1° - 178.4°
EMC rad. length Xg 25.9 22.7 25.9
total abs. length A 7.14 4.92 3.99

Table 4.2: Angular acceptance and longitudinal depth of the UCAL.



45

back beam

lension strap |

PARTICLEV

silicon detector

scintillalor plate

Figure 4.4: Layout of a FCAL module. It is longitudinally subdivided into one EMC
and two HAC sections, which in turn are divided into cells. Each cell is read out by

two wavelength shifter bars on opposite sides.

into modules (Figure 4.4), which themselves are subdivided into towers. Longitudinally,
the towers are segmented into an electromagnetic (EMC) and two (RCAL only one)
hadronic sections. The cells placed around the beam pipe conform are referred to as
inner ring.

The thickness of the uranium and scintillator plates of the UCAL has been opti-
mized to give equal signals for electrons and hadrons of equal energy (e/h = 1). Such
a calorimeter is called compensating calorimeter. It has the advantage that for all jets
of the same energy (ignoring muons and neutrinos in the jet) it produces the same sig-

nal size irrespective of their electromagnetic (electrons, photons) and hadronic (pions,
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protons, etc) composition.

In order to achieve the desired characteristics of the final ZEUS calorimeter, in par-
ticular the excellent energy resolution for hadrons and particle jets, extreme care has
been taken in the design and fabrication of all individual components: the optical read-
out comprising of scintillator plates, wave length shifters (WLS), light guides, photo-
multiplier tubes (PMT), PMT shielding against magnetic field and also the calorimeter
electronics, depleted uranium plates, etc... As a result, the UCAL energy resolution

measured under test beam conditions achieved for electrons is:

OF 18%

— =0 2% 4.1

B JEGeW (4.1)
and for hadrons

oE 35%

— =0 1% 4.2

B BRI - 42
The scintillator light is collected from the two opposite sides of the cells is transported
to two PMT’s via separate WLS plates. This experimental technique was developed

first in [81] and further applied in the conditions of the ZEUS calorimeter [82].

A precise calibration of the UCAL is as important as an excellent energy resolution
for hadrons and jets. The design and production of the calorimeter were aimed at
ensuring that the ratio of measured signal to deposited particle energy be independent
of position and time at the level of 1%. To achieve this aim the calorimeter has to fulfill
the following characteristics: uniform response as a function of the position in each
calorimeter from tower to tower, uniformity from module to module, signal stability in

time and linearity of the signal with the particle energy.

The primary method of precise calibration makes use of the constant signal resulting
from the radioactive decay of *8U (half life 4.5 - 10° years) and is used as a reference
to calibrate the calorimeter to better than 1%. The uranium signal (UNO) is used
for monitoring photomultipliers (a total of 12000), perform the inter-calibration of the

calorimeter sections and the absolute calibration scale.

In the present work the energy response and resolution at energies, F, E < 10 GeV

has been studied (see Appendix A).
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Figure 4.5: Layout of a CTD octant.

4.2 The Central Tracking Detector (CTD)

The central tracking detector (CTD) [64] provides a measurement of the direction
and momentum of charged particles with high precision. A measurement of the mean
energy loss dE/dz of charged particles within the gas chamber volume of the CTD

provides in addition a means of particle identification.

The CTD is a cylindrical drift chamber. Its active volume has a length of 205 cm, an
inner radius of 18.2 cm and an outer radius of 79.4 cm. It has a polar angle coverage of
15° < 6 < 164° and a full coverage of the azimuthal angle ¢. The chamber is filled with
a mixture of argon, CO, and ethane. Figure 4.5 shows the cross-section of an octant
of the CTD. The CTD is designed as a multi-cell stereo superlayer chamber (SL). It
consists of nine superlayers which are built out of single cells with eight sense wires
each. The number of cells increases from the first superlayer having 32 cells to 96 cells
for the last superlayer. The CTD in total consists of 576 cells with 4608 sense wires
and 24192 field wires. Superlayers labelled with odd numbers as shown in Figure 4.5
have sense wires which run parallel to the beam axis whereas even labelled superlayers

have sense wires which are declined by a certain angle with respect to the beam axis.
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Figure 4.6: Longitudinal cut of the inner part of the ZEUS detector and front view of
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the forward calorimeter. The FPC is installed into the 20 x 20 cm? beam hole of the
FCAL.

The angles of inclination are drawn on the bottom of each superlayer, as shown in
Figure 4.5. The superlayers 1, 3 and 5 are instrumented with a z-by-timing system for
trigger purposes (0z =~ 4cm). The resolution of the CTD in » — ¢ is about 230 um.
The momentum resolution amounts to ﬂ’?)— = 0.005- p® 0.0016 (p in GeV) for long
tracks. The interaction vertex is measured on an event-by-event basis with a typical

resolution along (transverse) to the beam direction of 0.4(0.1) cm.

In the present work the scale momentum reconstruction and resolution were deter-

mined independently from MC simulations (see Appendix B).

4.3 The Forward Plug Calorimeter (FPC)

The FPC, a sampling lead/scintillator calorimeters, was installed in 1998 into the
forward beam hole of the UCAL. It extends the calorimetric coverage in pseudorapidity

from n < 4.0 to 7 < 5.0. This is illustrated in Figure 4.6 The FPC was optimized to
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detect particles of coming from the break up the proton in ep collisions.

Based on the results obtained with a lead /scintillator calorimeter of similar compo-
sition [83] the FPC is expected to be compensating (e/h = 1).

The energy resolution for electrons was found to be o/E = 34%/VE ® 7% and for
pions the energy resolution of the combined signal from the FPC and the surrounding
FCAL was determined to be o/E = 53%/VE ® 11% @ 3%In(E) [73]. The last term
in the expression of the energy resolution for hadrons of the FPC is due to longitudinal
energy leakage.

The FPC plays a central role in the analysis of the major source of systematic
error in the present work, the contamination from production of vector mesons via the
dissociation of the proton. (see Section 8.1.1). The inclusion in the analysis of the
FPC is one of the highlights of the contribution of the present work to the production

of vector mesons at HERA.

4.4 The Small Angle Tracking Detector (SRTD)

In order to improve the measurement of the energy and angle of the scattered elec-
tromagnetic showers in the rear region of the ZEUS detector, a Small Angle Tracking
Detector (SRTD) has been installed in 1994 [84]. It is attached to the front face of
the RCAL and covers approximately an area of 34 cm radius around the beam pipe
(Figure 4.7).

The SRTD consists of a horizontal and a vertical layer of 1 cm wide and 0.5 cm
thick scintillator strips. Position and pulse height information is provided via optical
fiber and photomultiplier readout. The SRTD is used to measure the electron impact
position. A position resolution of ~ 0.3 cm has been achieved.

Electrons which lose energy through showers in the inactive material in front of the
calorimeter, in general, deposit more energy in the SRTD than non-showering electrons.

The measured energy deposit in the SRTD can be used to correct for this energy loss.
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Figure 4.7: Orientation and numbering scheme of the strips of the two SRTD planes.
The strip size is 0.98 cm x 24(44) cm. The asymmetric shape is due to the movement

of the RCAL modules in 1995 in order to reduce the beam hole size.

The SRTD also provides a fast time measurement (resolution ~ 2 ns), which is used
to reject background events at the trigger level.

For details of the alignment and calibration of the SRTD in the conditions of the
1999 and 2000 running periods see Appendixes C and D.

4.5 The Luminosity Measurement (LUMI)

The determination of the luminosity is a major ingredient to measure a cross-section
in a high energy physics experiment. Knowing the theoretical cross-section for a cer-
tain process, one can determine the luminosity by measuring the rate with which this

particular process occurs.
The luminosity of ep collisions is measured at ZEUS by the rate of hard bremsstrahlung
photons form the Bethe-Heitler process ep — eyp [85]. From QED, this cross-section is

known to an accuracy of 0.5%. Thus, a precise measurement of the photon rate allows
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to precisely determine the ep luminosity at HERA.

Photons of the Bethe-Heitler process are detected at by a lead/scintillator calorime-
ter (LUMIG) [86, 87] (see Figure 4.8). The energy resolution amounts to 18%/vE
under test beam conditions. A carbon/lead filter which is installed in front of the LU-
MIG detector for shielding against synchrotron radiation reduces the achieved energy
resolution under test beam conditions to 23%/ VE. Two layers of orthogonal 1 cm wide
scintillator strips are installed within the LUMIG provide a means of position recon-
struction of the incoming photon. The position resolution has been determined to be

0.2cm in X and Y.
Cerm> LUMI System 95

s0

os os os
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Figure 4.8: Layout of the luminosity monitor.

4.6 The ZEUS Data Acquisition System

The ZEUS data acquisition system (DAQ) takes care of reading out and processing the
information from the complex ZEUS detector. The ZEUS detector with its subcom-
ponents has a total of 250000 readout channels. The majority of events which leave a
detectable signal in these subcomponents are not ep events. The total interaction rate
is dominated by interactions of the proton beam with the residual gas in the beam pipe

(beam gas interactions). This interaction yields activity in the ZEUS detector with a

[
3]

rate on the order of 10 — 100 kHz whereas the rate for ep physics events is only a few

Hz.

HERA: ZEUS:
96us bunch 250.000
crossing interval Readout Channels

10.5 MEvts/s 500 kByte/Evt

>5 TBytes/s

1000 Evts/s 150 kBytes/Evt

100 Evts's

15 MBytes's

Third Level Trigger

SEvts/s <0.5 MBytes/s

e Data

= = = = g Trigger decisions

Figure 4.9: Schematic diagram of the ZEUS trigger and data acquisition system.

The ZEUS DAQ system consists of pipelined readout and a three level trigger struc-
ture (88, 89, 90]. The structure of the ZEUS DAQ is depicted in Figure 4.9.

4.6.1 Pipeline Readout System

Collisions at HERA happen every 96 ns. This is too fast so that any detector compo-
nent may make the decision of taking or throwing out the event. Additionally, trigger

decisions may be made on the basis of the combined information of various detectors.
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The signal collection and transfer to the decision making system depends on the detec-
tor device. As a solution the data are kept in a pipeline and the decision of the FLT is
adjourned by 4.4 us after the collision [89].

Central for the ZEUS DAQ is the pipelining of the ZEUS Calorimeter. If the trigger
decision is positive the data must be recovered from the pipeline. If negative the data

will be overwritten as the pipeline is continuously recording data information.

A detailed description of the functioning and calibration of the front end electronics

of the ZEUS calorimeter is available in [91].

4.6.2 First Level Trigger

In order to reach a decision, the trigger system receives part of the detected signal. In
the case of the calorimeter trigger some 5% of the current produced by the PMT’s is
driven to the input of the trigger sum cards. In these devices the analog sum of currents
is performed resulting in the addition if deposited energy deposited in different sections
of the calorimeter. These sums are digitized by Flash ADC’s (FADC) operating at the
frequency of 10.4 MHz.

The calorimeter is divided into 16 regions [92]. At this point various hard wire
digital operations are performed: quantities like energy, z and y component of the
transverse energy of electromagnetic and hadronic sections of the UCAL, etc... These
quantities calculates for various regions are transferred for global analysis and a regional
comparison to a processing system which calculates and records some meaningful global
information.

The description of the functioning of other ZEUS subcomponents FLT may be found
in [93, 94, 63, 95].

The trigger information sent from the components of the ZEUS detector are sent
to the GFLT. The component data include the regional information from the UCAL
and tracking detectors. The data from the components are classified into 8 categories.

Logical operations are generated from Yes/No bits to generate individual sub-triggers.
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The final GFLT decision is issued from the logical OR of these sub-triggers. For each
sub-trigger there is a pre-scaler to reduce the trigger rate or veto the sub-trigger whem

necessary.

4.6.3 Event Buffer and the Second Level Trigger

Triggered by the decision of the GFLT the main stream of analog signal coming from
various subcomponents of the ZEUS detector is digitized. The results of the digitization
are stored at the digitizer buffer and sent to the SLT. The SLT is subdivided in two
sections, as a follow up of the structure of the FLT: the local SLT and the global SLT*
(GSLT). The digitized signals proceeding from the various ZEUS subcomponents are
processed in the local SLT. As opposed to the FLT, the local SLT can make use of the
full set of information produced by the sampling of the analog signals. The SLT is able
to perform iterative calculations that are not possible in the pipelined structure of the
FLT.

When the GSLT issues a positive decision data are further passed on the Event
Builder (EVB). At this stage data from different subcomponents is collected and put
into a tables, a format that will be used in future states for further data processing.

Detailed documentation of the structure and functioning of the SLT may be found

in 96, 97, 98].

4.6.4 The Third Level Trigger and Data Recording

The TLT is meant to further reduce the rate of selected events to a level acceptable
for data recording. This rate was set to ~ 5Hz [99]. The TLT consist of a farm of
work stations that perform complex on-line calculations. In a first instance general
veto cuts are applied, like timing cuts, cosmic muon rejection cuts etc. Then a number
of physics filters are applied. This implies performing the reconstruction of the event

and the calculation of kinematic variables. At this level the on-line algorithms are very
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similar to those used off-line, with the difference that looser cuts on kinematic variables
are applied.

The TLT performs the last decision in the chain of the ZEUS trigger system. An
event that is accepted by the TLT is finally driven for recording to the DESY Computer

Center, where data will be stored for further off-line analysis.

Chapter 5

Extension of Energy Range of the
Measurement of the Production of

Heavy VM'’s

A major motivation behind the present work is to extend the energy range of the
measurement of the production of heavy VM’s. So far, the products of the decay of
vector mesons have been measured by the ZEUS Collaboration mainly with the CTD.
Since the CTD has limited acceptance in the forward and backward regions, the W
range accessible was restricted in the case of the J/v¢ photoproduction to 40 < W <
140 GeV [27]). The studies performed to develop a trigger that would provide high
efficiency in an extended W range are presented in this Chapter. Considerations below
have been derived for the case of the production of the J/9 (see Chapter 9) , but they
are applicable to the case of heavier VM’s (see Chapters 10 and 11).

5.1 Kinematics of the Extension

The photoproduction regime is defined as the regime in which the angle of the scattered

electron is too small to be seen in the RCAL. The minimum kinematically possible Q?,
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2 15 Qi = T2 10710 GeV?, the maximum allowed Q2, Q2,,,, Q%ar & 1 GeV2,

min) =0
is determined by (the geometry of the RCAL. The median Q?, (Q?) =~ 5x 107°GeV? <«
M}. Since M2 > @2, the Q® dependence of the production cross-section has little
impact and the median of the @* determined mainly by the photon flux radiated by
the incoming electron. Using the conservation of the energy in the reaction one may
write down:

E.+E,=(1-z)E,+Es+ Ey (5.1)

or e

z= % (5.2)
where z is the fraction of the energy of the incoming proton that participates in the
creation of the VM and E, is the energy carried by the photon. Since £, > Ey — E,
x< 1. We may make use of another kinematic constraint, namely the fact that the
final state has a known mass. For simplicity, we may consider the proton scattering

with no transverse momentum (¢ = 0):

M% = (zp + q)? =z’ml+2zp-q+q° ~ 2zp- g~ zW? (5.3)
or ,
M
TR V‘; (5.4)
From Equation (5.2) and (5.4) we get the W dependence of Ey:
E, E, E,
Ey ~ E, + W‘;Ma ~ -s—=w2 + W‘;Ma (5.5)

In this simplification, the VM is produced with no transverse momentum with a longi-
tudinal boost on either direction along the beam axis. The first term in Expression (5.5)
is the energy transmitted by the incoming electron to the VM. This term grows with
W. The second term corresponds to the energy transmitted by the proton and grows
as W gets small. The W dependence of the energy of the produced VM is illustrated
in Figure 5.1. If one derivates the Expression (5.5) with respect to W? in order to find

2
w2 = ,/%& (5.6)

the minimum one gets:

At W < W,, the VM is boosted along the direction of the incoming proton, and at

W > W,, is boosted along the direction of the incoming electron.
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Figure 5.1: The energy of the VM in photoproduction may be approximated to the
Expression (5.5). The J/v is produced in the region of the acceptance in W of the
CTD almost at rest. Outside the acceptance of the CTD, as we go to low and high W
the energy with which the J/v is produced grows. In this region the UCAL may be

used to reconstruct the kinematics of the event.

In the case of the J/4), the value of W,,, & 75 GeV, in the middle of the acceptance in
W of the CTD. As the resolution of the tracking measurement degrades proportionally
to the momentum, we can achieve the best resolution of the invariant mass of the decay
particles when the J/3 is produced with the least energy. This is achieved since the
J/v is produced almost at rest at a value of W for which the acceptance of the CTD
is maximum (see Figure 5.5). As the J/1 is produced at a W > W,, or W < W,, its
decay products start to miss the CTD, but can still be detected in the UCAL since
the latter has a larger angular acceptance. In the case of the J/1 decaying into ete-,

the energy of its decay products may be measured in the UCAL. Since the energy



resolution of clusters in the UCAL improves with energy, the kinematics of the events

will be better reconstructed with the UCAL the further away W is from W,,.

5.2 Feasibility of the Extension

The energy of electromagnetic clusters may be reconstructed reliably by the UCAL
starting from a minimum energy, E,.;,, above which the energy scale of the UCAL is
stable and well known. The value of E,;, has been determined to be around 3 GeV
(see Appendix A). Also, electrons before reaching the UCAL have to cross a non-
negligible amount of inactive material. The existence of inactive material degrades the
energy resolution of such low energy clusters. The resolution of the di-e invariant mass,
M.+ .-, reconstructed with UCAL clusters needs to be no worse than 500 MeV due to
the minimum invariant mass requirement imposed at the trigger level, M +.- > 1.5 GeV
(see Section 5.3). The relative error on the reconstructed M,+.- may be written as
(neglecting the small impact of the uncertainty in the position reconstruction):
%T ~ % (%El‘ ® ‘SEEQ’) (5.7)
where, 6E; and §E, are the uncertainties in the determination of the energy of the
first and second electron, respectively. The energy resolution of an electromagnetic
cluster at low energy behaves as §E ~ 0.27VE (see Appendix A). Therefore, we
can easily calculate the upper bound for the resolution of M,+.- in the analysis; the
resolution obtained by reconstructing an event with two clusters of minimum energy:
M+~ < Mysy0.19/v/E s ~ 300 MeV 1.
In order to see the whether it is possible to implement successfully the UCAL infor-
mation combined with the CTD we need to determine in what ranges of W the UCAL
is necessary to reconstruct the kinematics of the event. It is convenient to divide the

events according to the following topology:

!The resolution in M,+.- and other variables will be discussed in more detail in Chapter 7.
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e Bvents with two CTD tracks 2.

o Events with one CTD track. The event is reconstructed together with the UCAL

cluster created by the second electron.

o Events with no tracks. The event is fully reconstructed using two UCAL clusters.

Very low W Low W
FCAL FCAL
Very high W High W

RCAL RCAL

Figure 5.2: Schematic representation of the topology at very low W (upper left), low
W (upper right), very high W (lower left) and high W (lower right).

The schematic representation of the new different topologies introduced for the
extension of the W range of the measurement of heavy VM’s is given in Figure 5.2.
The relative fraction of these three different topologies change with W and depends
mainly on the geometrical acceptance of the CTD and the mass of the VM. The relative

2Throughout the text the term track should me understood as quality track. The concept of
quality track is defined differently at the trigger level (see Section 5.3) and at the off-line level (see
Section 6.4).



61

fraction of these three different topologies is calculated with the help of MC and it is
illustrated in the Figure 5.3 for the J/v.
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Figure 5.3: The relative fraction of 2 track, 1 track and 0 track topologies as a function
of W for the production of J/v.

The decay particles are mainly balanced in transverse momentum, but their energy
may be asymmetric. The restriction on the minimum energy of the cluster applies
to the electron that misses the acceptance of the CTD. The electron that misses the
acceptance of the CTD tends to have more energy than the first electron. In the case
of the J/4, 1 track configurations are dominant in the range 150 < W < 230 GeV.
The energy of the J/1 ranges between 6 < Ej/y, < 15 GeV. In this W range and in the
worst scenario, the symmetric production of decay particles, the minimum energy of the
electron that misses the acceptance of the CTD will be 3 GeV. The more asymmetric
is the decay, the more energy will be transmitted to the electron that misses the
acceptance of the CTD and the less we will be affected by the requirement on the
minimum energy of the cluster (see Section 5.3.1). The loss of acceptance in the
symmetric decays at 150 < W < 200 GeV is well modelled by the MC. As will be
discussed in Section 9.6, the parameters responsible for the angular distribution of the

decaying particles are determined to a high degree of accuracy. The systematic error

due to this loss of acceptance is negligible (see Section 9.3). At W lower than 40 GeV,
when the acceptance is already dominated by 1 track and zero track configurations
the energy of the J/1 grows rapidly and the events are basically unaffected by the
requirement of the minimum energy of the cluster. Due to trigger considerations (see

Section 5.3) zero track configurations were dropped at low W for the analysis.

Zero track configurations dominate in the range 230 < W < /s GeV. In this range,
the average energy of the J/1 ranges ® 15 < E;/y, < E, = 27.5 GeV. In this case, both
electrons miss the acceptance of the CTD and the energies of both clusters are affected
by the minimum energy requirement. This time the most asymmetric configurations
will be affected, the higher W the less one will be affected by this cut. Again, this

effect is taken into account by the MC to a high degree of accuracy.

These considerations are valid for the production of ¢’ since its mass is very close to
the J/1 and, therefore, its acceptance is similar too. In the case of the T, approximately
three times heavier than the J/1, the acceptance as a function of W behaves somewhat
differently (see Figure 11.3). The first term in Expression (5.5) does not depend on
the mass of the VM, the angle between the decay particles is in the average larger
in order to create the invariant mass of the Y. Therefore, the 2 track configuration
dominate in a wider range of W and one track configurations dominate all the way up
to the kinematic limit. The contribution from zero track configurations is negligible.
The second term in Expression (5.5) is ten times larger than in the case of the J/1.
Since the decay products are very energetic at low W electrons tend to fall into the

first ring of the Forward Calorimeter and the FPC * or escape through the beam pipe

3At very high W > 290 GeV the observation of two clusters in the RCAL is dominated by the QED
Compton process (see Section 8.2.1). For practical purposes, the energy of the J/1 will be limited to

21 GeV.
4Energy depositions in the first ring of the FCAL and the FPC cannot be used for the reconstruction

of the kinematics of the event since this region of the Calorimeter displays too much activity. The
cross-section of the process under study is much smaller than the total cross-section of inelastic ep
collisions in which the proton breaks up and leaves energy depositions in the first ring of the FCAL

and the FPC.
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undetected. As a result, the acceptance of this process is negligible below W < 30 GeV.
In this region the zero track configurations also give a negligible contribution. This

analysis is restricted to the study of events with at least one track.

5.3 Trigger Selection Studies

The trigger configuration was tuned in the past to select events with two tracks in the
CTD with a minimum M,+.-. The implementation of 1 track and 0 track topologies
required the introduction of changes at the three trigger levels. The new trigger logic
had to accommodate not only new topologies of events but also a reduction of the
trigger rate at the FLT (see Section 5.3.1). A central requirement to the trigger config-
uration was to secure running with no pre-scale. The uncertainty in the determination
of the cross-section, o(yp — J/vp), in the central region is dominated by systematic
errors. However, the statistical error in the extended range in W would give a sig-
nificant contribution to the total error if the trigger selection were to be pre-scaled.
The measurement of %(yp — J/¢p) and the determination of the trajectory have
important contributions from the statistical uncertainty.

Another additional requirement on the new trigger configuration was to accommo-
date the elastic electroproduction of heavy VM— e*e™. These type of topologies have
up to three electromagnetic clusters. This new trigger ensures the tagging of other
topologies and, therefore, the extension of the W range of the measurement of the

elastic electroproduction of heavy VM’s [100].

The analysis was allocated a trigger selection with the name HFL06. This trigger
selection slot makes use of slots at the FLT, SLT and TLT. The trigger selection
was modified at the three trigger levels according to the requirements specified above.
After a series of trigger rate tests, the new trigger configuration became operational on
February 16th 1999. This trigger configuration suffered no changes till the end of data
taking in September 2000 °.

5With the exemption of the dedicated runs taken to study the proton dissociative background to
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5.3.1 First Level Trigger

The old trigger configuration at the FLT relied fully on slot 58 5. The logic of this slot

may be summarized as follows:

1. The global UCAL energy, CALg 7, CALE > 2032MeV, OR the total energy in
the FCAL outside the first ring, FCALE out tp stbs FCALE out bp sto > 2500 MeV.
These cuts require some activity in the calorimeter coming from the decay prod-
ucts of the J/4. In the case of J/i — e*e™, all the energy of the VM should be
deposited in the UCAL.

2. The energy in the first ring of the FCAL,FCALgy,, FCALgy, < 3750 MeV. This
is a standard trigger requirement for diffractive processes. It is meant to suppress

events coming from the break up of the proton.

3. The number of quality tracks should be 1 < Ny < 4. This cut is meant to
suppress high multiplicity events coming from the break up of the proton and
reduces most of the solid angle space to a small number of isolated tracks. This
and the previous requirement provide a rapidity gap between the products of the
decay of the VM and the scattered proton, typical for diffractive events. Only
a marginal fraction of events coming from non-diffractive processes will survive

these cuts.

4. The Global electromagnetic energy, CALgyc 8, CALgyc > 660MeV. This
requirement suppresses events with low multiplicity with low energy charged pions

coming from the break up of the proton.

the elastic process (see Section 8.1.1). These runs are not used for the analysis of the elastic process.
SEach level trigger is subdivided in units, or slots. For instance FLT slot 58 will be referred to as

FLT58.
"This quantity is defined as the sum of energy of all UCAL sections except for the cells close to

the beam pipe hole in the RCAL and the FCAL.
8Cells close to the beam pipe hole in the RCAL and the FCAL.
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The rate of the slot FLT58 needed to be reduced as HERA was steadily increasing
the peak luminosity during the 1998 and the beginning of 1999 data taking. The typical
rate of this slot at peak luminosity under the running conditions of the beginning of
1999 was approximately 10-12 Hz, a significant fraction of the total rate, ~ 100 Hz.
This rate needed to be reduced by at least 20%. It was decided to merge requirements
1 and 4 into one, by simply requiring a minimum amount of electromagnetic energy
deposit outside the first rings of the FCAL and RCAL. The threshold would be set
according to the trigger rate. This dependence was studied in a number of test runs.
Initially, the threshold was set to 1052 MeV, yielding an unacceptable rate over 20Hz.
In the second round of test runs the threshold was set to 1640 MeV giving a rate
similar to the rate of the old configuration. As a result, the threshold had to be set to
1836 MeV °. The rate of slot FLT58 was lowered to 6-7 Hz. It was decided to leave

requirement 2 unchanged.

To summarize, the new slot was set to:

1. The requirement 1 < Ny < 4 remains.

2. The threshold on the amount of electromagnetic energy is lowered CALgppc >
1836 MeV.

3. The elasticity requirement FFCALgy, < 3750 MeV.

The efficiency of the new definition of the slot FLT58 compared to that of the old one
is given in Figure 5.4 a). At low W the new trigger configuration is less efficient '°. This
is due to the fact that the first three rings of the FCAL have been effectively “switched
off” due to trigger rate considerations, affecting events in which one of the electrons
falls into one of the first rings and the second is not energetic enough to pass the energy

threshold. This effect is studied in Section 5.4. In the range 50 < W < 100 GeV the new

9The significance of the effect of the threshold on the trigger efficiency will be studied in Section 5.4.
1°Even though the new FLT trigger configuration is less efficient than the old one, thanks to the

improvement of the trigger configuration at the SLT and TLT the overall efficiency of the new trigger

configuration at low W is large than in the old one (see Figure 5.5).
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Figure 5.4: FLT trigger efficiencies as a function of W in MC. In Plot a) the efficiency
of the new configuration is compared to that of the old. In Plot b) The efficiency of
the new configuration of slot FLT58 is compared with the one of slot FLT62.

configuration is more efficient since the energy threshold set in the new configuration
is lower than in the old one. This will result in the reduction of the systematic error
due to uncertainties in the trigger efficiency determination (see Section 5.4). In the
range W > 100 the overall the efficiency of the new configuration is somewhat greater
than the old one.

In order to improve the acceptance for zero track configuration events, it was decided
to make use of an existing trigger slot, FLT62. This slot triggers on two isolated

electromagnetic clusters, ISOE. This slot yields a low rate and was not pre-scaled
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Figure 5.5: The trigger efficiencies of the new trigger selection compared to the old
trigger selection calculated with MC of elastic photoproduction of J/1. Figure a) cor-
responds to the FLT, Figure b) to the SLT, Figure c) to the TLT and Figure d) to the

combined efficiency of the three levels.

throughout the entire period of data taking. The minimum energy of the ISOE, E;soE,
depends on the location of the electromagnetic cluster. If the electromagnetic cluster
is located in the RCAL or in the BCAL, then Ersop > 2000 MeV. If it is located in
the FCAL, the energy threshold increases swiftly as cells come closer to the beam pipe
hole. The efficiency of slot FLT62 as a function of the W calculated with MC is plotted
in Figure 5.4 b). The efficiency of slot FLT62 grows as W increases since the decay

electrons become more energetic.
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The combined efficiency of the new configuration of slots FLT58 and FLT62 is shown
is Figure 5.5 a) and is compared to the old configuration of slot FLT58. Thanks to the

inclusion of slot FLT62 one observes a significant increase of the efficiency at high W.

5.3.2 Second Level Trigger

The trigger selection HFLO6 makes use of the SLT slot SPP13. The old logic of this

slot may be summarized as follows:
1. Trigger on slot FLT58.

2. The ratio P,/E <0.96, where P, and E are the third and fourth component of
the four-vector of the depositions in the UCAL. This requirement is meant to
further cut on beam-gas events. This cut also affects very low W events in which

the decaying particles point to the forward region.

3. The total hadronic energy in the UCAL, CCGetoth, CCGetoth < 1 GeV. This
requirement is meant to further cut on events coming from the break up of the

proton.

4. The total energy in the UCAL, CCGetote, CCGetote > 1.5 GeV. This require-
ment is less strict than the energy threshold implemented at the FLT.

5. The transverse momentum, FP;, of all the tracks in the event P, > 0.45 GeV. This
requirement is means to further cut on low momentum pions in events with low

multiplicity.

The efficiency of the old SLT (requirements 2-5, not including the requirement of a
trigger at the FLT) as a function of W calculated with MC is displayed in Figure 5.5 b).
Overall, the efficiency of this slot is very high, except for the range W < 35 GeV. This
is due to the requirement 2. This requirement does not affect events with W > 35 GeV
and, therefore, did not represent a problem for the old analysis. In order to improve

the efficiency at low W, we needed to implement the necessary changes. Also, the
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requirement 5 needed to be taken away. In one track and zero track topologies one of
the decaying particles may leave a very short track, with some hits in the first Super
layer of the CTD. The measurement of P, is very unreliable for such kind of tracks.
The resolution of the P, of such tracks is not supposed to be described by MC, so the

application of such a requirement would be dangerous for the analysis.

To summarize, the new slot was set to:

1. Trigger on slots FLT58 OR FLT62.

2. The OR of the following logic:
- P,/E <0.96 AND CCGetoth < 1 GeV AND CCGetote > 1.5 GeV (old
logic).
- P,/E <0.96 AND CCGetoth < 4 GeV AND CCGetote > 6 GeV.

- CCGetoth < 1 GeV AND Femc > 5 GeV, where Femc is the electromag-
netic energy deposited in the FCAL.

The efficiency of the new configuration as a function of W is compared to the old
one in Figure 5.5 b). The trigger efficiency increased by more than a factor of 2 at
W < 35 GeV. At middle and high W the efficiency has somewhat increased. The
trigger rate of this new configuration was studied in special trigger rate test runs. The

trigger rate increased to an acceptable level.

5.3.3 Third Level Trigger

The UCAL and CTD response are reliable enough to reconstruct kinematic variables
and apply coarse cuts to reduce further the trigger rate. In particular, at this level
tracking reconstruction is fairly advanced, including the reconstruction of vertexes (see

Section 6.1.1). Also, at the TLT UCAL clusters have been reconstructed.

In the old configuration the invariant mass was reconstructed with two tracks. The

o

W of the event is calculated but no cut is applied on it. The logic of the old configu-

ration may be summarized as follows:
1. Trigger on SLT slot SPP13.
2. The presence of a vertex.
3. The number of quality tracks, Ny, < 4.

4. At least one of the tracks should be matched ! to an electromagnetic cluster 2.

ax,t

5. The largest invariant mass of two tracks out of all possible combinations, e

M™®t 5 1.5 GeV.

ete—

In order to allow one track and zero tracks events we need to compute the invariant
mass with the help of the additional information of UCAL clusters available at this
level. To do this we need to implement a new algorithm that is able to combine the
information of the CTD tracking and UCAL clusters. Prior to that it is necessary to
define at the TLT the concept of quality track and ISOE:

- Quality track: A track that has left hits in at least first 2 superlayers of the CTD.

- ISOE: A cluster with £ > 1 GeV and Egyc/E > 0.9.

The resolution of a quality track is acceptable for the reconstruction of kinematic
variables and it is well enough reproduced by MC. This definition of ISOE is motivated
by the fact that the probability of having a pion fake an electromagnetic cluster is
relatively small. On the other hand, the cross-section of the process under study is
several orders of magnitude smaller than the total DIS cross-section and the presence
of pionic background is sizeable. However, this definition of ISOE plus the requirement

of a minimum invariant mass reduces the trigger rate to acceptable levels.

UThe matching requirement is met when the distance between the location of the cluster and the

intersection of the extrapolated track with the face of the UCAL is less than 30 cm.
12A cluster is considered electromagnetic if the ratio of the fraction of its energy deposited in the

electromagnetic section of the UCAL, Epmc, to the total energy is Eemc/E > 0.9.



The new algorithm should be able to determine an electromagnetic object with
the help of the combined information from the UCAL and the CTD. At this level an

electromagnetic object is defined as:

- A track (no cluster matching required).

- An ISOE with no track matching to it.

In the central W range the energy of electrons decaying from the J/4 is typically 1-
2 GeV. Before the electron reaches the UCAL it needs to cross at least 1 Xj of inactive
material losing a significant fraction of its energy and creating a pre-shower. Clustering
of energy depositions has been tested for energies F > 10 GeV, when the relative loss
of energy due to the presence of inactive material and the effect of pre-showering is
relatively small and the finding efficiency has been determined to be close to 100%.
The cluster matching efficiency is not well known for energies £ < 10 GeV. However,
once an ISOE of whatever energy coming from the decay of the J/v is found in the
angular acceptance of the CTD the probability of finding a track pointing to it is close
to 100% and it is well modelled by the MC (see Section 5.4). In order to further reduce
the trigger rate we may require that any electromagnetic cluster in the BCAL above a
certain energy threshold '* be matched to a track.

The algorithm determines a number electromagnetic objects, a minimum of two,
and calculates the invariant mass of all possible combinations of pairs. In this scheme
it is not necessary to require the presence of a vertex. However, the number of vertex

tracks may be restricted.

The logic of the new configuration may be summarized as follows:

1. Trigger on SLT slot SPP13.

2. The number of quality tracks and ISOE’s, Nrsog, Ngt + Nrsoe > 2.

13The energy threshold may be determined by the minimum energy required for two clusters to

yield an invariant mass of 1.5 GeV. This is approximately equal to 0.7 GeV.
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3. The number of vertex tracks, Ny, Ny < 2.
4. Nisor < 3. This cut allows electroproduction events to be triggered.

5. The largest invariant mass of two electromagnetic objects out of all possible

combinations, M7}%% , M7%% > 1.5 GeV.

The efficiency of the new trigger configuration at the TLT compared to the old one is
displayed in Figure 5.5 c). Overall, the new trigger configuration increases the efficiency,
specially at very low and high W. The rapid loss of efficiency at low W is unavoidable
due to the swift increase of the longitudinal boost of the VM in the direction of the
proton. As a result, one of the electrons escapes through the beam pipe, preventing us
from reconstructing the kinematics of the event. At high W the longitudinal boost is
smaller and the loss of efficiency due to this effect is not so dramatic.

The combined efficiency of the trigger selection HFLO6 (combined FLT, SLT and
TLT efficiencies) is displayed in Figure 5.5 d). Significant is the efficiency gain at low
W but especially at high W where the efficiency is relatively flat.

5.4 Trigger Efficiency Studies

The present Section is devoted to the measurement with data of the efficiency of the
new trigger selection at the FLT. In Section 5.3.1 a new trigger configuration at the
FLT is proposed, consisting of two slots: FLT58 and FLT62. It is necessary to study
the dependence of the efficiency with the energy cuts applied in both slots. Also, we

need to determine the tracking efficiency, in particular, for short tracks.

The present configuration at the FLT is advantageous for this study. The presence

of two independent * trigger slots with certain overlap makes possible a cross check.

4These two slots are independent provided that the energy deposited in the UCAL outside the
inner rings of the FCAL and RCAL is at least two times larger than the energy threshold set in slot
FLT58.



5.4.1 Efficiency of slot FLT58

Events triggered by slot FLT62 are used to study the efficiency of slot FLT58. The
schematic representation of the kind of topologies that are chosen to study the tracking
efficiency is given in Figure 5.6. The left and right cartoons correspond to events with
two ISOE’s triggered by slot FLT62 with either one or two tracks in the CTD. The
efficiency of finding one track and two tracks, e'n%" of slot FLT58 is defined as:

1tr,2tr
N A

1tr,2tr
1tr,2tr
N, G

¢ (5.8)

where Né"’z" is the number of events with two ISOE’s triggered by slot FLT62 with
one track and two tracks, correspondingly and N;"‘z" is the number of those events

that have been triggered by slot FLT58.

FLTS8 FLTS8
One Track + Two Clusters Two Tracks + Two Clusters

FLT62 FLT62
CTD l CTD s
RCAL

Figure 5.6: Schematic representation of the topologies chosen to study the tracking
efficiency (FLT58) for short tracks. The left Plot corresponds to events with one
quality track and two clusters triggered by slot FLT62. The right Plot corresponds to
events with two tracks and two clusters triggered by slot FLT62 (see text).

The efficiency of the energy threshold at the FLT is almost 100% at energies that are
roughly two times greater than the threshold (see below in this Section). This applies
certain restrictions to the event selection if one track and two tracks configurations.

Also, in order to reproduce the conditions of the final off-line analysis, for which the
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acceptance is calculated it is convenient to restrict Me+.- of the two ISOE’s. Common

selection cuts may be summarized as follows:

e The Z component of the vertex, |Zyertez|, | Zvertez| < 50 cm.
e Require all tracks to originate from one vertex.

® 2.5< Mg+~ < 3.7 GeV.

e Trigger on slot FLT62.

o Elasticity requirement (see Section 6.4).
Additionally, one track configurations have to pass the following requirements

o Have hits at least in 3 superlayers 5.

e Distance of closest ISOE to the extrapolation of the track on the face of the
UCAL, D, D < 10 cm.

e Energy of ISOE matched to track, Eaich, Ematen > 4 GeV.
e Energy of second ISOE, Epatch, Fromatch > 3 GeV.

Two track configurations have to pass the following cuts:

o At least one track with hits in 3 superlayers or more 6.

e Energy of two ISOE’s E > 3 GeV.

Due to the restricted overlap between the two FLT slots, the distributions are dom-
inated by tracks with hits in 3 superlayers.

151n the off-line selection a one track event is defined as an event with a quality track, i.e. a track

with hits at least in three superlayers (see Section 6.4).
1811 fact the existence of an additional shorter track in the event is not excluded. The efficiency for

this configuration is different from the events with one quality track alone and, therefore, it is studied

independently.



For the study of the tracking efficiency in MC, the ZEUSVM MC (see Section 7.2.1)
is used. The topologies used in this analysis are mainly produced by QED non-resonant
background (see Section 8.2.1). However, the calculation of the tracking efficiency is
insensitive to the underlying process.

The number of events for each sample in data and MC and the corresponding effi-
ciency are given in Table 5.1. The efficiency for one and two track events in data and

MC agree within statistical errors.

u Nétr N}\" eltr NZ;" N}Z‘zr e2tr
| Data | 409 | 367 | 0.897+0.014 | 550 | 540 | 0.982:+0.006
| mc | 408 | 371 | 0.909+0.014 | 1835 | 1804 | 0.983+0.003

Table 5.1: Numbers for the tracking efficiency study with nominal set of cuts (see text).

In order to determine the systematic bias introduced by the energy cut Eacn >
4 GeV applied in the selection of one track events this cut is changed. Table 5.2 shows
the corresponding numbers after applying Epmacn > 4 GeV. The efficiency in data
changes by some 0.7%.

Né" thr Eltr
Data | 221 | 200 | 0.90540.020
MC | 170 | 154 | 0.906+0.023

Table 5.2: Numbers for the tracking efficiency of one track events with Epn;, = 4.5 GeV.

The same is done for tracks with hits in 3 superlayers only. Numbers are shown in
Table 5.3. The change in the efficiency in both data and MC is insignificant.

Overall, the tracking efficiency at the FLT configurations of short tracks is well
described by MC. The error associated to the determination of the tracking efficiency

for single short tracks is 1.5%, which is dominated by limited statistics in data.

The slot FLT58 requires an energy deposition above a threshold. The efficiency of
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N(l;tr N/I‘tr Eltr
Data | 384 | 344 | 0.89510.016
MC | 398 | 362 | 0.914+0.015

Table 5.3: Numbers for the tracking efficiency of one track events with only for tracks

with hits in 3 superlayers of the CTD.

this threshold needs to be studied, as well. The energy of the produced J/v comes
mainly from the longitudinal boost, and this is dependent on W. In the middle W range
the J/1 is produced almost at rest, therefore, the threshold CALppc > 1836 MeV may
affect the efficiency of the selection significantly. As C ALgpc does not include energy
depositions in cells neighboring the beam hole of the RCAL and FCAL one track

configurations in which one of the electrons falls in these regions are most affected.

The distribution of the sum of the momenta of the tracks in 2 track events, p, as a
function of W is shown in Figure 5.7 a). The same distribution as a function of P? of
the two tracks with 70 < W < 80 GeV, for which the longitudinal boost is smallest is
shown in Figure 5.7 b).

Due to both internal bremsstrahlung and bremsstrahlung radiation while crossing
the beam pipe the average momentum measured in the CTD is systematically smaller
than the energy deposited in the UCALL. In order to determine the efficiency curve in
data and afterwards compare it to the one calculated by MC, it is necessary that the
bremsstrahlung radiation be well simulated by MC. The adequacy of the simulation
of the bremsstrahlung radiation by MC is tested with the help of the distribution of
M+ .-. The comparison of data and MC is satisfactory (see Section 9.1.1).

The following quantity is calculated in bins of the sum of the momenta of the tracks
in the event:

_ Number of events with CALgyc > 1836 MeV
i Total Number of events

e(p) (5.9)

Two different data sets were selected by independent triggers:
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Figure 5.7: Plot a) is the distribution of the sum of the momenta of the tracks in 2
track events as a function of W. Plot b) shows the same distribution as a function of

P? of the two tracks with 70 < W < 80 GeV.

o Elastic QED Compton events with one track pointing to the BCAL and one iso-
lated electromagnetic cluster in the RCAL. The topology of these events is repro-
duced schematically in Figure 5.8. These events are triggered by slot FLT30 '7.
In order to secure that this selection criterium be independent of slot FLT58, it
is necessary to require a minimum deposition 3500 MeV at the FLT in the elec-
tromagnetic section of the RCAL excluding cells neighboring the beam pipe hole.
The momentum distribution of the track is plotted in Figure 5.9 a). Interesting

are tracks with momentum greater than 2 GeV.

1"This trigger slot requires an electromagnetic cluster in the RCAL with a deposition of at least
3750 MeV. Typically, the energy of the photon in the RCAL is greater than 20 GeV. The invariant

mass in these events passes the minimum threshold and make it through the TLT.

QED Compton DIS
/
RCAL RCAL
FLT30 FLT30
BCAL BCAL

Figure 5.8: Schematic representation of the classes of events used to study the efficiency
of the energy threshold required by slot FLT58. The upper Plot corresponds to elastic
QED Compton events with the photon outside the first ring of the RCAL. The lower

corresponds to J/1 produced in electroproduction or DIS events.

e J/1 produced in the electroproduction regime or DIS events. The topology of
these events is reproduced schematically in Figure 5.8. There events are triggered
by the trigger selection DIS05 . The momentum distribution of tracks in these
events is plotted in Figure 5.9 b).

Additionally, the following cuts are applied on both selections:
e The Z component of the vertex, | Zyertez|, | Zvertex| < 50 cm.
e Require all tracks originate from vertex.

o Flasticity requirement (see Section 6.4).

The efficiency ¢(p) as calculated with the QED and DIS samples is shown in Fig-
ure 5.10. It should be noted that the DIS sample is dominated by two track events,

where the QED sample is dominated by one track events. The efficiencies obtained

8The trigger selection requires an electromagnetic cluster of at least 7 GeV, E — P, > 30 GeV and

at least two tracks. These event are mostly triggered by FLT30.
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Figure 5.9: Plots a) and b) show the momentum distribution of CTD tracks in the
QED sample and the J/+ DIS sample, respectively.

with the two samples are consistent within statistical error. The combined efficiency
calculated with both samples is shown and compared to the efficiency obtained with
the ZEUSVM MC in Fig 5.11. The efficiency of slot FLT58 approaches 100% at high
p. However, at lower p the MC is systematically more efficient that data. This effect
needs to be corrected. The efficiency curves in data and MC are parameterized with

the following functional form:
e(p) =1— e 0r" (5.10)

where a; and ay are free parameters. The size of the correction applied on MC as a
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Figure 5.10: €(p) (see text) calculated with the QED and DIS samples. The dashed

line indicates minimum p for signal events.

function of p is shown in Figure 5.12. The size of the correction is less than 10% and
affects a restricted class of events. The error associated to this correction is dominated
by the propagation of the statistical error in the estimation of the efficiency in data
due to limited statistics. The error band is illustrated in Figure 5.12 and is less than

5%.

5.4.2 Efficiency of slot FLT62

The efficiency of slot FLT62 is studied using events triggered by slot FLT58. The
efficiency of slot FLT62 is the product of the efficiency of finding two ISOE’s of an
energy greater than a certain threshold. One could proceed to determine the efficiency

of tagging on an ISOE and then calculate the efficiency of finding two ISOE’s. However,
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Figure 5.11: The same as in Figure 5.10 is shown after combining the efficiencies ob-
tained with the QED and DIS samples compared to MC. The curves are parameterized

(see text).

due to the kinematics of the decay products of the J/1 the energies of the two ISOE’s
tend to be much different from each other. It was decided to measure the efficiency of
slot FLT62 tagging on two ISOE’s the energy of the least energetic of them is greater
than a certain threshold, F,.,. The efficiency is measured in data and calculated in

MC using the following Expression:

Number of FLT62 tags

Enn‘n == =
e ) Number of events with E< > Epin

(5.11)

where E. is the energy of the least energetic ISOE in the event. The efficiency is
calculated for different values of E,,;, for data and MC independently. It is important

that the energy distributions of the ISOE be similar in data and MC.
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Figure 5.12: The correction applied on MC a function of p (see text). The band

corresponds to the error associated to the correction.

The data sample used to calculate the efficiency passes the following off-line cuts:

e Two electromagnetic clusters in the RCAL with 2.5 < M,+.- < 3.7 GeV and
W < 290 GeV. The requirement on the invariant mass is implemented so that
the energy distributions of the ISOE are similar in data and the resonant MC.
For the same reason, the cut W < 290 GeV is applied, since at higher W data.
are dominated with QED Compton process. This process displays a different
correlation between the energy of the two electromagnetic objects in the final

state.

e The two ISOE’s should be in the fiducial region in the RCAL defined in the
analysis (see Appendix A).

o Trigger on slot FLT'58.

The energy scale of the UCAL is understood within small error down to energies of
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3 GeV (see Appendix A). Interesting for the analysis are events in which E. > 3 GeV.
The data and MC sets are binned in E. for further analysis.
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Figure 5.13: Efficiency of slot FLT62 as a function of the least energetic cluster in zero

track events (see text). Solid circles corresponds to data and solid squares to MC.

The result of the calculation for data and MC according to Equation (5.11) is shown
in Figure 5.13. The efficiency in data and MC are in good agreement for energies

E. >3 GeV.

The efficiency curves in data and MC are parameterized to the functional form
(Be)=1-e™Ee (5.12)

where a; and ay are free parameters. The parameterizations of the efficiency in data
and MC are within 1% at E. > 3 GeV. The choice of the parameterization changes
the result by less than 0.5%. However, the largest source of systematic error is not
due to the different behavior of the efficiency curve in data and MC. It comes from

the uncertainty of the determination of the energy scale of the UCAL at low energies.
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The cut on E. imposed in the analysis off-line is systematically biased because of the
uncertainty in the determination of the energy scale of the response of the UCAL.
This uncertainty in the energy range of the analysis has been determined to be of
the order of 3% (see Appendix A). If one propagates this uncertainty according to the
parameterization of the efficiency of slot FLT62 an estimation of the systematic error on
the cross-section may be determined. The relative error on the efficiency of slot FLT62
due to this systematic bias introduced is plotted as a function of E,,;, in Figure 5.14.
The parameterization of the efficiency of slot FLT62 measured in data has been used
for the calculation. The error on the efficiency of slot FLT62 grows rapidly as Enin
decreases. The choice of E,;, is made in order to reduce the total systematic error of
the cross-section. T'wo competing effects contribute to the systematic error: the error
on the efficiency of slot FLT62 and the error on the acceptance calculation. By cutting
on E. one cuts on the most asymmetric configurations, in which the energy of the two
electromagnetic objects differ most. The level of asymmetry of the events is correlated
with the angular distribution of the decay products of the J/i. The systematic error
due to this effect is larger the large Enin. As a result, an optimal value of E.;, was
determined to be E,;, = 3.5 GeV. The error due to the uncertainty of the efficiency
of slot FLT62 for E,,;, = 3.5 GeV is about 3%. This is reflected in the final systematic

error of the cross-section (see Section 9.3).
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Figure 5.14: The relative error on the efficiency of slot FLT62 as a function of the cut
on the energy of the least energetic cluster in zero track events. A 3% error on the
UCAL energy scale has been assumed (see Appendix A). The parameterization of the

efficiency of slot FLT62 measured in data has been used for the calculation.
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Chapter 6

Data Selection

The data set used in this work was taken during the 1999 and 2000 running periods and
corresponds to a luminosity of 55.34 pb~!. The data selection is a multi-step process
that may be divided into three groups. A schematic diagram of this process is givern
in Figure 6.1. Part of the process is performed on-line, or during data taking, and
off-line, after data taking. The trigger step has been presented in Chapter 5. The
second step is the event reconstruction, performed off-line. The most relevant elements
of the event reconstruction are covered in Section 6.1. Various aspects of the event
reconstruction are further corrected off-line (see Section 6.2). The event reconstruction
opens the way to reconstructing the kinematic variables relevant to the physics analysis
(see Section 6.3). The third step is called the off-line selection, which is specific to the
type of physics analysis performed. The off-line event selection will be covered in

Section 6.4.

An overview of the physics analysis environment of the ZEUS experiment can be

found in [101].
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Figure 6.1: Schematic diagram of the steps involved in obtaining the final event sample

in physics analysis.
6.1 Event Reconstruction

At this stage the data event has been selected by the trigger algorithm corresponding
to the physics analysis. Events now are reconstructed by the ZEUS Physics Recon-
struction program (ZEPHYR) [102]. The data passed from all the components of
the ZEUS detector are reconstructed using calibration constants. Information from all
components are put together by ZEPHYR to make up a reconstructed event. The most
meaningful pieces of information for the reconstruction of the kinematics in the present
analysis are the track and vertex reconstruction, the UCAL energy reconstruction and

the reconstruction of the energy and position with the SRTD.
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6.1.1 Track and Vertex Reconstruction

The track reconstruction is based on the package VCTRACK [103]. The tables created
by this package contain the information about the momenta of the particles associated

to every identified track in the event.

The track reconstruction uses hits in the CTD. Each track candidate begins with
a track “seeds” in the outer superlayer of the CTD and then is extrapolated inward.
An extended version of this package includes information from other tracking detectors

such as RTD, FTD !. The initial identification of a track is based on a fit of all hits.

The determination of the vertex is crucial for the calculation of the kinematics of the
event in the region 40 < W < 140 GeV. The vertex sets the “origin” of the interaction
and the angles of the particles in the events are calculated with respect to it. For the
determination of the vertex of the events only tracks that cross the first superlayer of
the CTD are considered. The fitted trajectories are extrapolated to the beam line. The
extrapolations of all tracks in the event are averaged to obtain the primary vertex. A
new fit is performed to determine the trajectories, now, with the constraint of being
originated from the primary vertex. A x? from the fit of each trajectory is calculated.
Tracks with too large x? are discarded. Tracks that originate from the main vertex are

called vertex tracks.

6.1.2 UCAL Energy Reconstruction
6.1.2.1 Recalibration of the Energy and Time Measurement

The program ZEPHYR performs the recalibration of the energy and time measurements
of each cell in the UCAL. The values of the energy and time measurements are written

in the table called CALTRU. Various are the corrections applied:

e Bad channel suppression. The electronic readout and the response of each chan-

nel are calibrated and monitored on a daily basis. A list of channels which

n this analysis the tracking reconstruction is based solely on the CTD.
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readout does not pass certain performance standards are added into a bad chan-
nel list. The output of these channels is disregarded in the event reconstruction.
ZEPHYR rejects fake energy depositions coming from “sparks”. These “sparks”
are identified when the output difference of the two channels that readout a cell

is very large.

The gain of the PMT of each channel changes with time. This effect is corrected

by measuring the UNO current (see Section 4.1). The variation of the UNO
current is monitored on a daily basis. The energy correction applied on the
output of a channel is equal to the ratio of the nominal UNO current to the one

measured.

o An energy deposition is recorded in the CALTRU table above a certain threshold.
This energy threshold depends on the average level of UNO noise measured for
each section of the UCAL. This threshold is set to 60 MeV for EMC cells, 100 MeV
for HACO cells and 110 MeV for HAC1 and HAC2 cells.

e Time offsets are applied so that the overall time reconstructed with the UCAL
is equal to zero. The time offsets are dependent on the location of the cell and

the constants of the calibration of the readout electronics.

6.1.2.2 Clustering

Energy depositions due to incident particles usually involve several cells. Therefore,
meaningful for physics reconstruction is not the measurement provided by a single
cell but of a group of cells. Cells are grouped into clusters. The grouping of cells is
performed by clustering algorithms.

The program ZEPHYR performs clustering of UCAL cells. The clustering per-
formed by ZEPHYR is not used for the final event selection. The grouping of cells
used is based on the Cone Clustering algorithm [104]. This algorithm performs the
grouping of cells independently of the section of the UCAL. In a first stage, groupings
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Figure 6.2: Schematic representation of the cone clustering algorithm.

of neighboring cells in each section of the UCAL (EMC, HAC1 or HAC2), or cell clus-
ters, are identified. Then these cell clusters are grouped into cone clusters according
to a probability function. This is illustrated in Figure 6.2. This probability function

will depend on the angle of the cell cluster.

6.1.3 Reconstruction of Energy and Position with the SRTD

The measurement provided by the SRTD is used to improve the position and energy
measurement of electromagnetic clusters in the RCAL. In the present analysis, the
SRTD is used to reconstruct J/v candidates at high W where no tracking information
is available. The position reconstruction is given by X and Y strips independently.
Neighboring strips form clusters in the X and Y planes. Then clusters in the X and Y
planes are paired to form hits [105]. SRTD clusters may be matched to UCAL clusters.
The energy response of the SRTD is used to correct the energy of the UCAL cluster
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matched to it according to the “presampler” principle. As the position reconstruction
given by the SRTD is more accurate than that of the UCAL a hierarchy is established:
to reconstruct the position of an electromagnetic cluster the information from the
SRTD is used. If the latter is not available then the information from the RCAL is

used.

6.2 Further Corrections

The following corrections are applied off-line on the energy response of the UCAL
and the momentum reconstruction of the CTD in data and MC after a full event

reconstruction has been performed.

6.2.1 CTD

The momentum and resolution was studied in data and MC independently using the
resonant decay of the J/i — ete™, utpu~ (see Appendix B). The CTD momentum
was scaled up in data by a factor 1.004 so that the reconstructed M+.- peaks at
M,y = 3.097 GeV. The error on the momentum scale is about 0.2%.

6.2.2 UCAL

Electromagnetic clusters are used for the reconstruction of the kinematics of the event
in one track and zero track configurations. The BCAL is not used for the reconstruction
of electrom agnetic clusters.

A fiducial cut in the RCAL is applied, as illustrated in Figure A.1. Areas around the
beam-pipe hole are taken out due to energy leakage and considerable inactive material.
Also, electrons that fall within 1.5 cm of the interface between modules R11 and R12

and modules R12 and R13 are removed because of poor resolution.

The following corrections are applied on the energy and position electromagnetic

clusters:

e Inactive material correction is applied on both data and MC. The size of the
correction is up to 10%. For those electromagnetic clusters that fall into the
region of the SRTD the presampler correction given by this detector is used (see
Appendix D). Additionally, the energy of electromagnetic clusters in the RCAL

are corrected according to Expression (A.4).

o Correction on non-uniformities on electromagnetic clusters in the RCAL in both

data and MC. The size of the correction is typically 1-3%.

The position delivered by the SRTD is corrected. The relative shifts of the
position reconstruction of the SRTD with respect to the ZEUS coordinates are

shown in Section C.2.

o The energy of electromagnetic clusters in the FCAL is scaled up by 5% (see
Section A.1.3).
6.3 Reconstruction of Kinematic Variables

As pointed out in Section 2.4 (see Equation (2.17)), the four vector of the VM is

determined as the sum of the four vector of the decaying particles:

Py=P4++P- (6.1)
Ey =E+ + E.- (6.2)
My ~ \/ 2 (E,+Ee_ " 1+13e_) (6.3)

where Py, Ey, My are the momentum, energy and the mass of the VM candidate,
respectively, and the subscripts e* and e~ correspond to the positron and electron of

the decay of the VM respectively.

The invariant mass squared of the yp system is defined as (see Section 1.2.1):

W2 =(p+q)?= mf, —Q*+2p-qr 2E,(E, — P,,) (6.4)
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where p, ¢ are the four momenta of the incoming proton and photon, respectively, and
W2 > m,, Q%

Further, it is necessary to make use of the conservation of the four momenta in the
reaction. In the photoproduction regime | P,,| ~ E, and |Py.| ~ Ey. The latter is well

substantiated, as the average transverse momentum of the out coming proton, P};"t, is

much smaller than the square its energy:

P2, +m2 Pl +m;

The same applies to the photon, P,, & E., when the inequality @* < Ez holds. Using

the conservation of four momenta in the reaction it can be derived:

B, — Py, & By — Py, (6.6)
If one plugs Equation (6.6) into Equation (6.4) one finally obtains:

W? ~ 2E, (By — Py.) (6.7)

The momentum transfer at the proton vertex, ¢, may be also derived in the case of
photoproduction. As defined in Section 1.2.1, and using the conservation of the four

momenta in the reaction:
t=(P—Py)’=(Pv—qf ~ Mj —Q* - 2Py -q (6.8)
The last term in Equation (6.8) may be re-written:
Py g By (By + P) ~ 5 (B3~ F}.) (6.9)
From Equation (6.9) and (6.8) finally follows:
t~ P2, (6.10)

where P2, is the square of the transverse momentum of the VM 2. @ has been neglected
in Equation (6.8). In general, ¢ will deviate from P2, as Q* increases. This effect is

taken into account by the MC simulation.

2P2, is referred to further in the text as P2.

94

VM production is usually viewed in terms of the energy of the center of mass of the
colliding yp system. Alternatively, this process may be viewed in terms of the fraction

of the proton momentum that participates in the creation of the VM:
M} =(zp+q)’~—-Q +2p-q= @ +zW? (6.11)

where z is the fraction of the momentum carried out from the proton in the reaction.

From Equation (6.11) follows:
M@

= (6.12)

To conclude, the kinematics of the event coming from the reaction yp — Vp, to a
good approximation, may be reconstructed with the help of the measured four-momenta

of the decaying particles of the VM.

6.4 Off-line Selection

The following definitions are relevant at the off-line level:

- A good track is defined as a vertex track with hits in at least 3 superlayers of

the CTD. Shorter tracks or non-vertex tracks are not considered.

Track-cluster matching is defined when a cluster lies within 25 cm of the

extrapolation of the track onto the face of the UCAL.

- A cluster is called electromagnetic if at least 90% of its total energy is concen-

trated in the EMC section of the UCAL and its energy is greater than 1 GeV.

Electromagnetic object is defined as a good track (with or without an elec-

tromagnetic cluster matched to it. If a cluster is matched to the track it must be
electromagnetic) or an electromagnetic cluster without a good track pointing to
it (it may or may not be matched to a track that is not good) with at least 98%
of its energy concentrated in the EMC section of the UCAL (unless the cluster
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is within 1.5 cm of the interfaces of modules in which case the ratio should be at

least 90%).

Off-line, the following requirements were imposed to select candidates for the reac-

tion ep — €Vp:
e The event should be accepted by trigger selection slot HFLO6 (see Section 5.3).

e Every single cluster in the UCAL with energy greater than 1 GeV should be

electromagnetic.

The event should have only two electromagnetic objects.

e The vertex is reconstructed in two and one track events. The Z component of
the vertex is required to be |Zyertez| < 50cm. No cut on the transverse distance
of the vertex to the nominal interaction point was applied. In zero track events

the vertex position is set to the nominal interaction point.
e In two track events tracks are required to be of opposite charge.

e In one track events the energy of the cluster not matched to the track should be
Bosmeich >3 'GeV.

In one track events the momentum of the good track should be greater than

2.8 GeV or the energy associated to the electromagnetic objects outside the first
three things of the FCAL and the first ring of the RCAL should E > 3 GeV.
This is motivated by the efficiency of slot FLT58 (see Section 5.4.1).

e In zero track events the energy of both clusters should be E > 3.5 GeV. This cut
is motivated by the efficiency of slot FLT62 (see Section 5.4.2).

e The sum of the transverse momentum of the two electromagnetic objects should

be Pt2 < 3 GeV2.
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e Disregard events with an electromagnetic object with energy greater than 20 GeV
within a circumference of 20 cm around the beam pipe in the RCAL. This cut is

mean to suppress DIS events with low multiplicity.
e Elasticity requirement:

- FPC veto (see Section 8.1.1).

- All clusters in the BCAL with energy greater than 0.7 GeV need to have a
track matched to them.

- Energy depositions in UCAL cells not associated * to the electromagnetic
objects in the event have some maximum energy depending on its location:

EEMC' < 200 MeV, EHACO < 250 MeV and EHACI < 300 MeV.

® 2< M+~ <20 GeV and 20 < W < 290 GeV.

A total of 37360 events pass the off-line selection cuts in the selected data sample.
This sample is used for the study of the diffractive production of J/4 (see Chapter 9),
1(2S) (see Chapter 10) and T (see Chapter 11).

325 cm away from the electromagnetic objects in the event.
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Chapter 7

Monte Carlo Simulation and

Acceptance Corrections

MC programs are used here primarily to calculate the geometrical acceptance of tagging
the reaction ep — eVp under the conditions of the ZEUS detector (see Section 7.3.2).
Each event generated contains a list of the kinematics particles participating in the re-
action. The MC files generated by the corresponding MC generator are passed through
a detailed simulation of the ZEUS detector based on the program GEANT [106]. Also
relevant to analysis, is the implementation of MC generators that simulate the back-
ground processes to the physics under study. Each relevant background process has a

dedicated MC generator.

7.1 Steps of Monte Carlo Simulation

The ZEUS Monte Carlo simulation consists of the next basic steps:

e Physics Generator. This is a program that generates events coming from the
reaction ep — X. Each event consists of a table of the four momenta of all the

particles involved in the reaction: incoming, intermediate and final state.

e MOZART (Monte Carlo for ZEUS analysis, reconstruction and trigger) is a soft-
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ware that contains the full simulation of the ZEUS detector. The interactior
of particles with the various components of the ZEUS detector is simulated by
GEANT package [106]. The geometrical and material structure of components
of the ZEUS detector as well as the mapping of the magnetic field in the volume
of the CTD is known to MOZART. The program produces two types of tables,
the table that contains the full information of all particles created in the event

and tables that contain the output of various components of the ZEUS detector.

ZGANA (ZG313 Analysis) [107]. This is a program that simulates the three-level
trigger of the ZEUS detector. This program simulates the response of the various

subcomponents of the ZEUS detector, as available at the various trigger levels.

Once the generated MC file has been processed through the steps enumerated it is
ready to go through the event reconstruction by the program ZEPHYR [102]. After

this the MC file undergoes the same off-line treatment as data.

7.2 Monte Carlo Generators

7.2.1 ZEUSVM

ZEUSVM [108] is the physics generator used to produce the basic process ep — eVp
depicted in Figure 2.6. This program generates kinematic distributions according to
basic phenomenological functional relations with a minimal number of free parameters.

The basic steps involved in the generation are [100]:

o The four-vector of the scattered electron is generated. The @? and y distributions

of the scattered electron are generated according to the following parameteriza-

: / -V
tion of the total yp — Vp cross-section, o}% " -

WtS
(M7 + Q)"

o (@ W) o

(7.1

where § and n are parameters of the generation.
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e The four momentum of the scattered proton, with a momentum transfer ¢, is
generated according to a single exponential function:
do VP
tot o et

dt i

where b is a parameter of the generation.

o The distributions of the helicity angles are generated flat. In order to estimate
the acceptance correction the helicity angle distributions are reweighted so as to

preserve SCHC (see Section 2.5).

To summarize, the free parameters of the ZEUSVM generator are §,n and b, which
govern the W, Q% and ¢ distributions, correspondingly. The acceptance correction cal-
culation (see Expression (7.4)) is primarily sensitive to the choice of the parameters
6 and b. The acceptance calculation in bins of W and ¢ is also sensitive to the choice
of n since it affects the way the observed P? and t are related to each other. The
choice of the parameters is a result of an iterative procedure. The parameters § and
b are set so that they coincide with the corresponding parameters obtained from the
fit of the resulting cross-section of the diffractive production of J/1 (see Sections 9.4
and 9.5). This MC program was interfaced with packages to calculate QED radiative

corrections [108, 100]. This aspect of the generation will be covered in Section 7.2.3.

From now on ZEUSVM will refer to the MC program interfaced with the packages

of QED corrections, unless specified otherwise.

7.2.2 DIPSI

DIPSI Monte Carlo program [109] is based on the model of Ryskin [55]. The photon
radiated by the incoming electron fluctuates into a ¢g pair, which then interacts with
the proton via the exchange of gluon ladders. The parameters of the generator are
the parameters of the physics model, the strong coupling constant, the two-gluon form

factor and the gluon momentum density of the proton. Once the parameters of the
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model are fixed the Q% W and t generated distributions are calculated according to
the formalism developed by Ryskin. The helicity angle distributions are generated
according to SCHC.

DIPSI is not interfaced to the packages that calculated QED corrections to the

reaction.

7.2.3 Higher Order QED Radiation

Two types of higher order QED radiation ep — eVp — e(ete™)p are applied: radiative
corrections to the line of the scattered electron and final state radiation to the decaying
electrons of the VM.

The first set of QED radiation is calculated with the package HERACLES [110].
HERACLES calculates QED corrections corresponding to the diagrams displayed in
Figure 7.1: Initial state radiation, final state radiation, vertex correction and Vacuum
polarization. The effect of higher QED radiation on the incoming electron line on the

acceptance calculation is discussed in Section 7.3.4.

a)

ISR FSR Vertex Vacuum

Correction Polarization

g, i 4

Figure 7.1: The leading term a) and higher order QED radiation. Corrections from
diagrams b)-e) are calculated with HERACLES.

The second set of QED radiation corresponds to the final state radiation of leptons
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PHOTOS

Figure 7.2: PHOTOS is interfaced to the ZEUSVM MC program. It calculates QED

final state radiation corrections to the decay of V' — {*l~. In this analysis [ = e.

of the decay of the VM. In the case of | = e, the probability of radiating a hard
photon is not negligible (see Section 7.3.4). The radiation of a photon by a lepton from
the decay of the VM is illustrated in 7.2. This process is also usually called internal
bremsstrahlung. The program that takes care of the calculation of these corrections is
PHOTOS [111].

The intrinsic radiative decay V' — [Tl where v does not come from internal QED
bremsstrahlung is severely suppressed, as it violates C-parity of the VM and is not
simulated by the physics generator. The effect of hard final state radiation of the
electrons of the decay of the J/1 is discussed in Section 7.3.4.

7.2.4 LPAIR

One of the major background contributions to the production of heavy VM’s is the
elastic QED lepton pair, ep — eltl™p (see Section 8.2.1). The Feynman diagram of this
process corresponds to photon-photon fusion, Bethe-Heitler process (see Figure 7.3).
This process cannot be distinguished from the resonant decay V' — {*l~. The contri-

bution from this non-resonant process is subtracted statistically (see Section 8.2.1).

This process is generated by the MC program LPAIR [112], an adaptation to the
ZEUS software environment of the original work [113].

Figure 7.3: Feynman diagrams for the photon-photon fusion, Bethe-Heitler process,

generated by the LPAIR MC. In this analysis | = e.
7.2.5 COMPTON

The major background contribution at W > 230 GeV is the elastic QED Compton
process, ep — eyp (see Section 8.2.1). The lowest order Feynman diagrams of the
QED Compton process are shown in Figure 7.4. This process displays in the final
state a photon and an electron that carry the energy of the incoming electron. Initial
state radiation of the incoming electron will reduce the energy of the outgoing electron
and 7. Therefore, the events in the detector will look like an event coming from the
electronic decay of VM’s at high W. Events of this topology will be boosted toward
the very rear of the ZEUS detector where tracking information is not available, and as
a result, it is not possible to determine the charge of the particles. The contribution
from this non-resonant process is subtracted statistically (see Section 8.2.1).
The elastic QED Compton process is generated by the MC program COMPTON [114].

This program includes QED corrections of higher orders to the diagrams displayed in

Figure 7.4.
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Figure 7.4: Lowest order Feynman diagrams of the QED Compton process. This
process is generated by the COMPTON MC.

7.2.6 EPSOFT

This package is meant to generate events of the diffractive production of VM’s with
dissociation of the proton, ep — eV N, as depicted in Figure 7.5. The production of
VM'’s via the dissociation of the proton into resonant-like states is the largest source
of resonant background in the analysis (see Section 8.1.1). EPSOFT [115] is a MC
program that generates this type of reaction, in which My > m, + m,, where My is

the mass of the dissociative system.

N

N
=
-l —
Ns
=3

Figure 7.5: Diagrammatical representation of diffractive production of VM’s at HERA

with dissociation of the proton into an state V.
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The version of the program used in this analysis is EPSOFT1.1 [116] !. This version
contains a simulation of the particle multiplicity of the proton dissociative system with
My 2 2GeV, tuned to reproduce events in hadron-hadron collisions. This simulation
describes satisfactorily the hadronization of the dissociative final state as observed in

the ZEUS detector.

The generation of My is done according to the following parameterization of the

diffractive proton dissociative cross-section:

d_o‘ o< e_M (7_3)
dtdM?, Mf,

where b and 3 are parameters of the generator. These parameters are chosen so that
the MC simulation describes properly the properties of the final state of the diffractive
dissociative system in data. This parameterization of the diffractive proton dissociative

cross-section is satisfactory for My 2 3 GeV. This is not the case for lower masses. This
will be discussed in Section 8.1.1.

Other MC generators of diffractive production of VM’s via proton dissociation are
used to estimate the model dependence in the studies performed on the contami-
nation from proton dissociation. These MC generators model in different ways the
hadronization of the dissociated proton. These are the EPSOFT MC version 2.0 (EP-
SOFT2.0) [117], and the DIFFVM MC [118]. Two versions of the DIFFVM MC are
used that implement two different schemes of hadronization: the DIFFVM+JETSET
and the DIFFVM+ISO MC. The JETSET package [119)] splits the proton into a ¢ —gg
system, the uncoupled g scatters by emitting a Pomeron. The DIFFVM+ISO MC cor-

responds to a generation of particles according to the isotropic phase space decay [120].

!From now on this version will be referred to as EPSOFT.
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7.3 Monte Carlo Studies

7.3.1 Reconstruction of Kinematic Variables

The nominal MC program used in the analysis is the ZEUSVM MC in the reaction
ep — eJ/ip 2. The resolution of the reconstructed kinematic variables is studied
with the help of this MC. The resolution of the reconstructed kinematic variables for
J/i — e*e” in the regime of photoproduction has been studied in the past for two
track topologies [121]. The basic features of that study have been reproduced here. In
this work, the energy W of the measurement of yp — J/¢p is extended. This implies
the implementation of the UCAL energy and position measurement of the electrons,
decay products of the J/i. The resolution function of the UCAL response behaves
differently than the resolution function of the momentum measurement by the CTD.

This has direct implications in the choice of the off-line cuts.

The conclusions reached in this Section are applicable to the ¥(2S) as its mass
is very close to that of the J/v. Qualitatively, this discussion is applicable to the T
production.

Electrons of the decay of VM’s are likely to radiate. Two are the types of ra-
diation simulated by the MC: internal bremsstrahlung (see Section 7.3.4) and the
bremsstrahlung when traversing material before reaching the UCAL. The momentum
of the electron measured in the CTD will undershoot the momentum of the electron
in the moment of the decay. This will translate into the distortion of the invariant
mass reconstructed in the event. This is evident in the long tail of Me+.- toward
low values of Me+.- in Plot a) in Figure 7.6. The “intrinsic” resolution of the recon-
structed M, +.- with CTD tracks is in the average ~ 35MeV and it ranges between
20 S A(M,+.-) £ 150 MeV depending on the length of the tracks. Details on the deter-

mination of the CTD momentum resolution may be found in Appendix B.

2The DIPSI MC is used for the reactions ep — ey(2S)p and ep — eXp. The ZEUSVM MC (with

full simulation of QED radiation corrections) was not available for these reactions.
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Figure 7.6: Distributions of reconstructed M.+.- with the ZEUSVM MC for J/¢ pro-
duction. Plot a) corresponds to the reconstructed M,+.- with two track topologies.

Plot b) and c) correspond to one track and zero track topologies, respectively.

Studies of the UCAL energy resolution in the regime E.10GeV are presented in
Appendix A. The resolution of M,+.- is expected to degrade in one track and even
more in zero track topologies. This is seen in Plots b) and c) of Figure 7.6. The
resolution of the M,+.- reconstructed with one and zero track configurations ranges
between 100 $ A(Me+e-) S 300 MeV.

Plots a)-c) in Figure 7.7 show the difference between reconstructed W and generated
W with two track, one track and zero track topologies, respectively. Plot d) in Fig-

ure 7.7 shows the difference between reconstructed W and generated W as a function
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Figure 7.7: Distributions of reconstructed W compared with generated W with the
ZEUSVM MC for J/1 production. Plot a) corresponds to the comparison of recon-
structed W with generated W with two track topologies. Plot b) and ¢) correspond to
one track and zero track topologies, respectively. Plot d) shows the difference between
reconstructed W and generated W as a function of W. The error bars correspond to

the spread of the distributions.

of W. The error bars correspond to the spread of the distributions. The resolution of
the reconstructed W varies between 2 S A(W) < 10 GeV.

Similarly, Figure 7.8 shows the distributions of reconstructed P? compared with
generated P?. Plot a) corresponds to two track topologies. Plot b) and c) correspond to

one track and zero track topologies, respectively. Plot d) shows the difference between
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Figure 7.8: Distributions of reconstructed P? compared with generated P? with the
ZEUSVM MC for J/4 production. Plot a) corresponds to two track topologies. Plot
b) and c) correspond to one track and zero track topologies, respectively. Plot d) shows
the difference between reconstructed P? and generated P? as a function of P?. Error

bars correspond to the spread of the distributions.

reconstructed P? and generated P? as a function of P2. The error bars correspond to
the spread of the distributions. The resolution of the reconstructed P? varies between

0.1 5 A(P?) 50.35GeV? and it depends on P? and W.
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7.3.2 Acceptance Correction

The events are generated with a cross-section proportional to W? and with an expo-
nential ¢ distribution proportional to elbt) Good agreement between the generated and
observed distributions is obtained for § = 0.70 and b = 4.2 GeV~2. The @ distribution
are generated according to a parameterization of the cross-section o(y*p — J/1p) given
in Equation (7.1) with n = 2.3 [122]. Events were generated with 10 < W < 320 GeV
and between Q2. and Q® = 1 GeV2. The acceptance calculation is insensitive to the
change of the parameter . The helicity angle, 6, was reweighted to (1 + cos®6y) dis-
tribution (see Section 2.5).

The acceptance correction in a bin of W, Ay is defined as:

_ My
-5

Aw (7.4)

where, Njj, corresponds to the number of events reconstructed with a value of W and
Njy, is the number of events with generated value of W in the bin. The acceptance,
calculated in this way, accounts for the geometric acceptance, for the detector, trigger

and reconstruction efficiencies, and for the detector resolution.

The cross-section is measured in bins of ¢ where as the signal is extracted in bins of

P?2. The acceptance in a bin of W and ¢ is defined as:

Noo
A= it (7.5)
CTONg,

where, N;V, P2 corresponds to the number of events reconstructed with a value of W
and P? in the bin and Ny, is the number of events with generated value of W and ¢
in the bin.

These acceptance corrections take into account the migration of events generated
from other bins into the bin where the acceptance is calculated. In order to determine
the extent of the migration it is convenient to define the concept of purity:

_ M
=

Pw (7.6)
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where Ny is the number of events reconstructed and generated in the bin of W. Purity

in a bin of W and ¢ is defined as:

N
W,PZ,t
Py = (7.7)
Ny,
where Ny ., , is the number of events reconstructed with the value of W and P? in the
P2,

bin and generated with W and ¢ in the bin. The larger is the migration in a bin, the

smaller will be its purity.

7.3.3 Vertex Distribution

The origin of the reaction, or the vertex, in real life is not exactly centered in the origin
of the laboratory system. Since the acceptance calculation is sensitive to the location
of the vertex, it is necessary to have the vertex distribution in MC look like that of

data.

The vertex distribution fed into the version of the detector simulation in the present
analysis corresponds to the conditions of 1998 data taking. The experimental conditions
of 1999 and 2000 are somewhat different than those of 1998. A sample of two track
events that pass the off-line cuts with 50 < W < 200 GeV is chosen both in data and
MC. The distribution of the Z component of the vertex, Z,e tez, as reconstructed with
CTD tracks in MC and data, are plotted in Figure 7.9 a)-b), respectively. The Z,erter
distributions in both data and MC have been fitted to a double Gaussian function. The
first Gaussian is meant to fit the bulk of the distribution, the second broader Gaussian
is meant to describe the tails of the distribution. The results of the fits of the data and

MC to the double Gaussian function are given in Table 7.1.

The mean Zyerter of the bulk of the distribution in the conditions of 1999-2000 is
somewhat shifted by some 1.6 cm toward the nominal Interaction Point with respect to
1998. Also, the central values of the broader Gaussian differ significantly. The Zyertex
in MC is reweighted in the region |Z,ertez| < 50 cm in order to match that of the

data. The Zerse, distribution in MC after reweighting for the same sample of events
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Figure 7.9: The Z coordinate of the vertex in data and MC. Plot a) corresponds to a
fit to a double Gaussian of MC and b) of data. Plot ¢) shows comparison of Zyertes
between data and reweighted MC (see text).

compared with data is shown in Figure 7.9 c¢). The shape of the distributions in MC

and data agree well in the region |Zyertez| < 50 cm.

7.3.4 Effect of Radiation on Acceptance Corrections

Migration is partly due to bremsstrahlung radiation of hard photons by electrons of the
decay of VM’s. Internal bremsstrahlung radiation is modelled by the package PHOTOS
and the bremsstrahlung radiation of electrons as they pass through the walls of the
beam pipe and other components of ZEUS detector before they are detected in the
UCAL is modelled by the ZEUS detector simulation.

98 MC | 99-00 data
Ay /A, | 0.02565 0.0165

Zy (cm) | -1.89 -0.18
oy (em) | 1013 10.45
Zy (cm) | -3.92 7.98

oy (em) | 31.77 38.34

Table 7.1: Results of the fit of the Z, e, distributions in data and in MC to a double
Gaussian function. Parameters A;, A, correspond to the normalization of the narrower
and broader Gaussian functions, respectively. Parameters Z;, Z, correspond to the

means and 0,0y to the widths of the Gaussian functions.

Following the QED formalism of [123] the following Expression for the differential
internal bremsstrahlung decay rate in the e*e~ center of mass frame is adopted, which
is suitable for finite y energies:

200dBy Myro- 01— cos? (1
© E, Mjpy (1— (3 cos? 0,.,)2

i, (18)

er/¢—ve+c_‘y = dI‘J/'[:-—oe*’e'B:i

where

3 d,
dlyjpsete- = I A (1 + Acos? Oe) Tyjprete- —4-7}2

where E, represents the y energy, 3 is the lepton velocity, 6., the angle between the

(7.9)

lepton and the vy directions, §2, the angle of v, 6, and Q, are the lepton angles, all in
the ete™ center of mass frame. The parameter A will be equal to zero for complete
conservation of s-channel helicity. The rate for J/i) — e*e~vy varies as 1/E, and has

a sharp maximum at extremely small value of 6,.

Figure 7.10 a) shows the energy spectrum of the 7 in the lab frame as generated by
PHOTOS in the decay of the J/4. Figure 7.10 b) shows the sin(f,,) in the lab frame
for photons with E, > 100 MeV in the same frame °.

3The peak at large values of sin(f.,) is due to the incorrect assignment of the lepton to the radiated
photon. A photon radiated by a lepton at a large angle has been associated to the other lepton. This
feature of the Plot does not affect the physics analysis.
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Figure 7.10: Internal bremsstrahlung radiation of electrons of the decay of the J/1
calculated by PHOTOS. Plot a) shows the energy spectrum of photons in the lab frame.
Plot b) shows the sinus of the angle between the radiated photon and the electron for
E, > 100 MeV in the lab frame. Plot c) displays the spectrum of true M,+.- after
internal bremsstrahlung radiation. The negative values correspond to events cut out

by elasticity requirements (see text).

The effect of bremsstrahlung radiation in the measurement of M+.- with CTD
tracks is illustrated in Figure 7.11. The spectrum of M,+.- reconstructed with 2 tracks
is distorted by bremsstrahlung radiation by creating a long tail at toward low values
of M +.-. As a result, bremsstrahlung radiation creates a migration from higher W to
lower W. The solid line in Figure 7.11 corresponds to the DIPSI MC. The radiation tail
in the M,+.- is due to bremsstrahlung radiation of the electrons in the ZEUS detector
only. The inclusion of internal bremsstrahlung in the ZEUSVM MC (dashed line)
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Figure 7.11: M.+.- reconstructed with 2 CTD tracks. The solid line corresponds to
the DIPSI MC and the dashed line to the ZEUSVM MC. The inclusion of internal
bremsstrahlung radiation in the ZEUSVM MC distorts further the M, +.- spectrum
by depleting the region of the peak and enhancing the radiation tail. The horizontal

dashed-doted line indicates the size of the signal mass window (see Section 9.1).

distorts further the M,+.- spectrum by depleting the region of the peak and enhancing
the radiation tail.

The effect on the acceptance due to the addition of internal bremsstrahlung is illus-
trated in Figure 7.10 ¢). This Plot shows the true M,+.- after internal bremsstrahlung
radiation of the electrons of the decay of the J/1 events with two tracks in the kine-
matic range 60 < W < 130 GeV. The elasticity requirement applied off-line will cut
on energy depositions above a certain threshold not associated to the electromagnetic
objects in the event. This cut corresponds roughly to sin(6,,) ~ 0.2. About one third
of events with hard radiation with E, > 100 MeV in the lab frame will be affected

by the elasticity requirement, therefore, reducing the acceptance. The events that are
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cut out due to this elasticity cut are given M,+.- = —2 in Figure 7.10 ¢) and amount
to some 2.5% of the events. Also, at the trigger level it is required that every single
energy deposition in the BCAL above 700 MeV has a track pointing to it. This cut
will affect hard bremsstrahlung radiation too. The events that are cut out due to this
elasticity cut are given M+.- = —1 in Figure 7.10 ¢) and amount to some 1.5% of
the events. After these elasticity requirements are applied, still a fraction of the events
with hard radiation such that M,+.- is less than the lower bound of the mass window
will be cut off, as illustrated Figure 7.10 c), accounting approximately for 2.5% of the
events in this kinematic region.
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Figure 7.12: Plot a) corresponds to the acceptance calculated with the ZEUSVM MC
without radiation corrections relative to the DIPSI MC . Plot b) shows the effect of
switching in PHOTOS in the ZEUSVM MC and Plot c) the effect of switching in
HERACLES.
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In order to establish the effect of radiation and the compatibility of the DIPSI
MC and the ZEUSVM MC, several samples of MC events were generated and passed
through the ZEUS detector and trigger simulation. The acceptance correction calcu-
lated with the ZEUSVM MC relative to that of the DIPSI MC * is shown in Figure 7.12
a). The acceptance corrections calculated with both MC programs agree within 3%.
The effect of the inclusion of final state radiation is illustrated in Figure 7.12 b). The
relative change in the acceptance correction with the ZEUSVM MC after the inclu-
sion of PHOTOS is maximum in the middle W range where the J/1 is reconstructed
mainly with two track events and is produced with small longitudinal boost. At high
W, when zero track configurations start to switch in and the longitudinal boost is con-
siderable, the emitted photon will be merged into the cluster deposited by the electron
that emitted it. Figure 7.12 c) shows the effect of the inclusion of HERACLES into
the ZEUSVM MC. This effect is sizeable at very low W and very high W.

Table 7.2 shows the acceptance in various W ranges calculated with the DIPSI
MC and the ZEUSVM MC. The acceptance is largest in the middle W range. The
acceptance is fairly flat at high W. The acceptance calculated by the ZEUSVM MC is
systematically lower than that calculated with the DIPSI MC in the middle W range,
as discussed above. The purities are in most of the bins better than 80%. Due to
internal bremsstrahlung the ZEUSVM MC displays somewhat worse purities than the
DIPSI MC. This effect disappears at very high W and very low W, where the migration

is dominated by resolution effects.

Tables 7.3-7.4 show the acceptances in various W and ¢ bins with the DIPSI MC
and the ZEUSVM MC, respectively. Purities fall as |t| grows. Purities are higher in
the middle W range and fall below 20% at high W and high |¢| .

The kinematics of the decaying electrons in MC may be compared to data. The data
and MC set have passed the off-line cuts (see Section 6.4) and are reconstructed in the

mass window (see Section 9.1). The W and ¢ distributions are reweighted in MC to

Y(Azeusvm — Apipsi)/ Apipsi-
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ZEUSVM DIPSI

W(Gev)| A / P AP

20-35 [0.087 / 0.898 [ 0.093 / 0.893
35-50 [0.270 / 0.924 [ 0.287 / 0.937
50- 60 [0.386 / 0.932(0.430 / 0.947
60-70 |0.383 / 0.929 [ 0.418 / 0.940
70-80 [0.372 / 0.905(0.408 / 0.912
80-90 (0.373 / 0.870 | 0.412 / 0.894
90 - 110 | 0.382 / 0.916 [ 0.431 / 0.919
110- 125 | 0.371 / 0.834 | 0.422 / 0.832
125- 140 | 0.378 / 0.779 | 0.412 / 0.780
140 - 170 | 0.335 / 0.861 | 0.366 / 0.859
170 - 200 | 0.251 / 0.823 | 0.265 / 0.826
200 - 230 [ 0.243 / 0.823 [ 0.252 / 0.834
230 - 260 [ 0.280 / 0.826 [ 0.276 / 0.823
260 - 290 | 0.248 / 0.834 | 0.247 / 0.834

Table 7.2: Acceptance and purity calculated with the ZEUSVM MC and the DIPSI MC

in ranges of W. Trigger efficiency corrections have been implemented (see Section 5.3).

accommodate the data. The distribution in data and MC of track momenta in two track
events is shown in Figure 7.13 a). The distribution of track momenta in one track events
is shown in Figure 7.13 b). The energy distribution of the UCAL cluster not associated
to the track in in one track events is shown in Figure 7.13 c). The energy distribution
of the UCAL clusters in zero track events is displayed in Figure 7.13 d). The data
and MC sets have passed off-line cuts (see Section 6.4) and are reconstructed in the
mass window (see Section 9.1). The contribution from non-resonant QED background
has been subtracted. There is an important contribution from remaining background,
specially at very low W and very high W. This contribution has not been removed.
Control plots of the W for data and for the ZEUSVM MC for the three topologies, are
shown in Figure 7.14 a) to c) and for the three topologies combined, Figure 7.14 d).
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W(GeV)

0< -t <0.2

0.2< —t <0.5

0.5< —t <0.85

0.85< —t <1.25

20- 50

50 - 70

70 - 90

90 - 125
125 - 170
170 - 230
230 - 290

0.178 / 0.838
0.406 / 0.910
0.394 / 0.889
0.407 / 0.868
0.364 / 0.793
0212 / 0.781
0.230 / 0816

0.189 / 0618
0416 / 0.778
0411 / 0.767
0438 / 0.707
0410 / 0.572
0.285 / 0.443
0.275 / 0.476

0239 / 0.418
0.495 / 0.626
0434 / 0.647
0.479 / 0.581
0518 / 0.403
0.442 / 0.201
0.415 / 0.243

0.325 / 0.296
0.574 / 0.529
0.618 / 0.499
0.565 / 0.455
0.748 / 0.207
0813 / 0.138
0.669 / 0.101

Table 7.3: Acceptance and purity calculated with the DIPSI MC in bins of W and —t.

Trigger efficiency corrections have been implemented (see Section 5.3).

W (GeV)

0< —t <0.2

0.2< —t <0.5

0.5< —t <0.85

0.85< —t <1.25

20 - 50

50 - 70

70 - 90

90 - 125
125 - 170
170 - 230
230 - 290

0163 / 0.824
0.366 / 0.893
0.352 / 0.870
0.362 / 0.863
0.335 / 0.804
0.203 / 0.778
0.234 / 0.801

0.176 / 0.598
0391 / 0.751
0375 / 0.728
0.378 / 0.700
0376 / 0.549
0.267 / 0.426
0.275 / 0.480

0.223 / 0413
0422 / 0622
0428 / 0.627
0.426 / 0.581
0482 / 0.377
0432 / 0.236
0414 / 0.263

0.259 / 0.307
0513 / 0558
0.532 / 0.461
0.534 / 0.460
0.754 / 0.242
0.850 / 0.129
0714 / 0132

Table 7.4: Acceptance and purity calculated with the ZEUSVM MC in bins of W and

—t. Trigger efficiency corrections have been implemented (see Section 5.3).
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Figure 7.13: Control plots for measured quantities with the three topologies. Plot a)
shows the momentum distribution of tracks in two track events. Plot b) displays the
momentum distribution of the track in one track events and c) the energy of the object
reconstructed with the UCAL. Plot d) shows the energy distribution of objects in zero
track events. The data and MC set have passed the off-line cuts (see Section 6.4)
and are reconstructed in the mass window (see Section 9.1). The contribution from
non-resonant QED background has been subtracted. The contribution from remaining
background has not been removed. This affects specially the very low W and very high

W regions.
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Figure 7.14: W distributions of data and ZEUSVM for the three topologies. Plots
a) to c) and for the three topologies combined, Plot d). The data and MC set have
passed off-line cuts (see Section 6.4) and are reconstructed in the mass window (see Sec-
tion 9.1). The contribution from non-resonant QED background has been subtracted.

The remaining background has not been subtracted.



Chapter 8

Background Studies

The sources of background relevant to the analysis of production of heavy VM’s may
be divided into two groups. The first group corresponds to processes that compete with
the production of resonant signal. A fraction of the events identified in the analysis
as elastic VM candidates originate from the resonant reaction via proton diffractive
dissociation. In the case of the J/1, an additional resonant background comes from
the decays of ¥(2S) and the electroproduction of J/v. The second group of background
processes is called non-resonant. These processes produce two electromagnetic objects
in the final state, like in the resonant decay and are dominated by QED processes and

other remaining background.

8.1 Resonant Background

8.1.1 Contribution from Diffractive Proton Dissociation

The main source of resonant background to the reaction ep — eVp is the quasi-elastic
diffractive reaction ep — eV N, where N is a hadronic system produced by the disso-
ciation of the proton (see Figure 7.5). This reaction is referred to as diffractive proton
dissociation. The reaction ep — eV N may be split into two regions: the resonant-

like region, with My < 2GeV, and the decay of the proton into a continuum with

MN > 2GeV:
d’o do i do ot
anz= (o), (@), iy
and
do i
(@), = M a3

where the subscripts R and C' refer to the resonant-like and the continuum region,
correspondingly. The ¢ dependence of the cross-sections is parameterized with a single
exponential. This is a good approximation at |t| < 1GeV2 3, bg and be are parameters
that need to be determined from data and fed into the MC generator.

The relative normalization of the resonant-like and continuum regions has to obey
the Finite Mass Sum Rule (FMSR) (see Appendix E). According to Expression (E.7),
this relative normalization is a function of the ratio bc/bg and 3.

Due to the longitudinal boost given to the dissociated system, only part of the final
state will be seen in the detector. At low My, the products of the dissociation of the
proton will escape through the beam pipe undetected. The event will “look” elastic,
and needs to be subtracted. In order to estimate the amount of these events coming
from ep — eV N at low My, it is necessary to study a sample of events in which energy
has been deposited in the FCAL and the FPC. Knowing the tagging efficiency of this
configuration of forward taggers and the number of events that have energy deposited
in the forward one can determine the fraction of events from ep — eV N at low My
that needs to be subtracted from the elastic sample. Since events coming from the
reaction ep — eV N will deposit energy starting from some moderate My one needs

effectively to make an extrapolation to lower My.

8.1.1.1 The FPC

The FPC extends the coverage of the ZEUS detector in the forward region by one
unit of rapidity. Therefore, one can study the reaction ep — eJ/Y¥N at lower My as
opposed to previous analyses and decrease the systematic error due to the uncertainty

introduced by the extrapolation.
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Figure 8.1: The energy distribution of the FPC for Eppc < 1 GeV in a sample of data
taken with the trigger selection of the analysis. The dashed line corresponds to data
taken with random triggers. The solid line corresponds to the EPSOFT MC.

In order to calculate the tagging efficiency of the FPC, it is necessary to define
the FPC tag. A tag in the FPC is defined as an energy deposition greater than a
threshold, Eiag, Erpc > Eiag. The value of Ei,y cannot be zero since in real life the
energy response of the FPC at low energies is dominated by noise. This effect is
not fully simulated in MC. Figure 8.1 shows the energy spectrum of the FPC with
Erpc < 1 GeV observed in a data sample collected with the trigger selection of the
analysis. The solid line corresponds to the energy response one would expect from
the dissociation of the proton, as predicted by the EPSOFT MC. In order to make
sure that the FPC energy spectrum at Erppc < 1 GeV is due to noise one should

look into data taken with random triggers. The same distribution is plotted as a
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dashed line in Figure 8.1. The dashed histogram was normalized to the number of
events in the sample of regular data. The energy response of the FPC is saturated by
noise at Frpc < 0.5 GeV. In order to stay away from the noise it was decided to set

Egay =1 GeV.

2 4 6 8 10 12 14 16 18 20
M, (GeV)

Figure 8.2: The tagging efficiency of the FPC as a function of the mass of the dissociated
proton, My, calculated with the EPSOFT MC.

The tagging efficiency of the FPC is defined as follows:

Number of events with Eppc > 1 GeV
Total Number of ep — eV N events

€FpCc = (83)

The tagging efficiency of the FPC is shown as a function of My in Figure 8.2 as calcu-
lated with the EPSOFT MC. The FPC detects particles coming from the dissociation
of the proton at masses My > 2.5 GeV and reaches 90% efficiency for My =~ 10 GeV.



8.1.1.2 Dedicated Runs

The nominal trigger configuration requires a restriction at the FLT on the amount of
energy deposited in the first ring of the FCAL ®. In order estimate the contamination
of proton dissociation, it was proposed to take data with a modified trigger selection 2.
This trigger selection allows large energy depositions in the FCAL. Due to high trigger
rates a pre-scale factor of two was applied. The total amount of data taken with this
modified trigger configuration corresponds to 3.4 pb~1.

The main competing process to the reaction ep — eJ/¥N via the breaking up of
the proton is the inelastic production of J/4 in the reaction ep — eJ/iX. This is a
non-diffractive process. In order to suppress this process we need to require a minimum
rapidity gap between the most forward electron and the hadronic system. The dimen-
sions of a forward “cone” are defined, where hadronic depositions are allowed. The
bigger the dimensions of the forward “cone” the more backward the products of the
decay of the J/1 should be and the smaller will be the statistics available. In order to
reduce the systematic uncertainty introduced by the energy leakage between the FPC
and the FCAL it is desirable to include at least the first ring of the FCAL. The optimal
dimensions of this forward “cone” was determined to be a square of 40x40 cm?. The

topology of the events is depicted in Figure 8.3.

Some off-line cuts are applied:

e Two units of rapidity gap between the most forward electron and the hadronic
system. The minimum rapidity gap required between the products of the decay
of the J/1 and the hadronic system effectively removes events with W < 70 GeV.

® 2.7 < Mt~ < 35 GeV and 70 < W < 250 GeV. Restrict the analysis to two

track and one track topologies. The inclusion of zero track topologies would

IThis restriction is applied on slot FLT58 alone and it is not applied on FLT62. However, slot
FLT62 is fully efficient only at very high W. Most of the statistics in the analysis comes from data

triggered by slot FLT58.
2This data set will be referred to as dedicated runs.
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80cm

Figure 8.3: Schematic representation of the configuration of events chosen to study the
normalization of the proton dissociation. Energy depositions from particles coming
from the dissociation of the proton are allowed in the FPC and within a square of
40x40 cm? (see text). Two electromagnetic objects are detected with M +.- &~ M.
A minimum rapidity gap of two units between the dissociative system and the most

forward electron is required.

significantly increase the amount of QED background in the sample, which may
have a different proton dissociation fraction. In the range 70 < W < 250 GeV
the non-resonant background is in the average 20% and it is dominated by Bethe-

Heitler production.

o Elasticity requirement outside the forward “cone” (see Section 6.4).

A total number of 1584 events pass the selection cuts, out of which 188 have a tag in

the FPC. The distribution of M,+.- of the data taken with the dedicated runs is shown
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Figure 8.4: Data taken with the dedicated runs. The solid line corresponds to all the
events and the points correspond to events with tag in the FPC. Plot a) corresponds to
the mass spectrum, b) to the P? distribution, c) to the W distribution. Plot d) shows
the ratio of the number of events with tag in the FPC to the total number of events

in bins of W. In Plots b) and c) histograms have been normalized to unity.

in Figure 8.4 a). The P? of the J/i in events with a tag in the FPC is compared to
the entire d ata sample in Figure 8.4 b). As expected, the P? dependence of the sample
with a tag in the FPC is shallower [124, 125].
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8.1.1.3 Sensitivity to g and bc

The energy distribution in the FPC is sensitive to the parameter (3 in Expression (8.2).
The steeper this distribution is the steeper will fall the energy distribution of the FPC.
The parameter (3 is extracted by reweighting MC to give the best fit of the energy

distribution in the FPC in data. The following procedure is followed

1. Reweight events in MC according to M f,"""‘ /M f,, where 3,om is the nominal value

of # with which the MC sample was generated.

2. Calculate the binned likelihood that the distribution of the energy in the FPC in
MC agrees with data.

3. Repeat 1 and 2 for different values of 3 till the likelihood is maximized.

This procedure has been performed with different MC generators (see Section 7.3).
The best fit is obtained with the EPSOFT MC, shown in Figure 8.5. The value of 3
obtained with the EPSOFT MC is 8 = 2.1 4 0.3(stat)*$:2(syst), where the systematic
error corresponds to changing the energy scale of the FPC by +10%.

The reaction ep — eJ/9N has been studied through the muonic decay J/v — ptp~
with enlarged statistics [126]. A global fit of the properties of the final state N in
both channels has been performed, yielding 8 = 2.575% [127], where statistical and
systematic errors have been added in quadrature. This value of 3 is chosen as nominal
in this analysis. This value of 3 is compatible within errors at similar values of ¢ with
results obtained by other experiments [128, 129].

Figure 8.6 displays the P? distribution in data (solid points) taken in dedicated runs
compared with the EPSOFT MC (solid line) for different values of bc. The data prefer
bo ~ 0.7 GeV~2. This is consistent with previous measurements performed in the ZEUS
Collaboration [124, 125]. A fit to this data yields bc = 0.70 + 0.2GeV~2. The error
is obtained by adding systematic and statistical errors in quadrature. It should be

noted that this measurement corresponds to My 2 7GeV, with a median significantly
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Figure 8.5: The energy distribution of the FPC for data taken with dedicated runs.
The solid line corresponds to the best fit obtained with the EPSOFT MC (see text).

larger than in the sample under study here, with My 2 3 GeV. This points to a weak
dependence correlation of ¢ and My in the region of the continuum in the reaction
ep — eJ/YN.

The nominal parameters and variations used in the analysis are bg = 442 GeV 2 [130]

and bc = 0.7+ 0.4 GeV~2.

8.1.1.4 W Dependence of the Contamination

It is expected that the contamination be independent of W due to the factorization
of the process . The distribution in W of the data taken with the dedicated runs is
shown in Figure 8.4 c). The solid line corresponds to the whole data set and the points
correspond to the events with a tag in the FPC. Both histograms are normalized to
unity. The ratio of events with a tag in the FPC to the total number of events, fs, as

3The cross-section of the reaction ep — eV N factorizes into a convolution of the cross-section of
the process eIP — eV and the IP flux emitted by the incoming proton. It is expected that the W

dependence of the IP flux is the same in the elastic and quasi-elastic reaction.
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Figure 8.6: The P? distribution in data (solid points) taken in dedicated runs compared
with the EPSOFT MC (solid line) for different values of bc. The data prefers be ~
0.7GeV~2

a function of W is shown in Figure 8.4 d). The correlation between the contamination
of proton dissociation in the elastic sample with W is observed to be weak. A straight
line fit, fuis = Py, is performed to the histogram in Figure 8.4 d). The fit yields Py =
0.118 4 0.0091. A fit to a linear form f,;s = Py + P, W yields P, = —0.00009 4- 0.00018,
consistent with a flat dependence. Within the statistics available in the present analysis
it is possible to reduce the uncertainty in the deviation from a straight line to an error
band of +10%.

It is important to check on the impact of the definition of the elasticity requirement
(see Section 6.4). The fraction of proton dissociation in the elastic sample is sensitive
to the definition of the threshold of the energy deposited in UCAL cells not associated
to the hadronic system and the electrons of the decay of the J/v. The fraction of events
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with tag in the FPC to the total amount of events has been calculated after increasing
the values of the thresholds on the energy deposits in EMC, HACO and HAC1 sections.
The values of the number of events observed and number of events with tag in the FPC
after changing the energy threshold on UCAL EMC, HACO and HACI cells are given
in Table 8.1. The value of f,;s remains stable with the definition of elasticity.

In the nominal analysis two units of rapidity between the hadronic system and the
most forward electron were required. In order to check on the stability of this cut,
this requirement was tightened to 3 units. The fraction of events with tag in the FPC
increased by 10%.

N | Nepc | fuis

Epme < 200 MeV | 1584 [ 188 [0.119
Epmc < 300 MeV | 1701 | 204 |0.120
Epmc < 400 MeV | 1743 | 215 [o0.123
Epmc < 500 MeV | 1780 | 223 |0.125
Egmc < 1000 MeV | 1835 | 241 |0.131
Enaco < 350 MeV | 1637 | 198 |0.121
Enact < 400 MeV | 1621 | 198 |0.122

Table 8.1: Number of events observed, N, number of events with tag in the FPC,
Nppe, and fuis = Nppc/N obtained with different values of the threshold on the
energy deposition in UCAL EMC, HACO and HAC1 cells not associated to the hadronic
system and the electrons of the decay of the J/1.

The fraction of events coming from proton dissociation remaining after a veto in the

FPC, f, is calculated with the following Expression:

= fuis (% = 1) (84)
FPC

where eppe is calculated with the EPSOFT MC with the nominal parameters given in
Section 8.1.1.3. Table 8.2 shows the values of eppc and f for the nominal configuration

of parameters (first row) and for variations of these parameters. To summarize, f =
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(10.0+43)%.
B | br (GeV™?) | bo (GeV?) | erpc | £ (%)
2.5 4 0.7 0.545 | 9.9
215 6 0.7 0:575'|- 88
2.5 2 0:7 04737 1133
2.5 4 1.1 0.503 | 11.8
2.5 4 0.3 0.597 | 8.0
2.1 4 0.7 0.645| 6.6
2.8 4 0.7 0.499 | 119

Table 8.2: Values of eppc and f for the nominal configuration of parameters (first
row) and for variations of these parameters (see Section 8.1.1.3) calculated with the

EPSOFT MC.

8.1.1.5 P? Dependence of the Contamination

The P? dependence of the tagging efficiency of the FPC may be calculated with MC.
The tagging efficiency increases with P?. The values of expected proton dissociative
events in bins of W and P?, N,’,"',f'}',f, are given in Table 8.3. The fraction of events coming
from proton dissociation rises strongly with P? due to the different ¢ dependence of
the elastic and proton dissociative cross-sections. The fraction of proton dissociative
events in the range 0 < P? < 0.2 GeV? accounts to some 5 — 6% and grows up to

25 — 45% in the range 0.85 < P? < 1.25 GeVZ.

8.1.2 The ¥(2S) Contamination in J/3 Signal

The 9(2S) is an orbital excitation of the J/1 with a mass Mys) = 3.686 MeV. This
particle decays more than 50% of the times into the J/1 plus a number of charged and
uncharged hadrons. About 30% of the time the 1(2S) will decay into J/1 + charged

hadrons. The off-line selection cuts requires a maximum number of 2 vertex tracks
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in the CTD and also all depositions in the UCAL be electromagnetic. Effectively,
only three body decays in which the charged hadron escaped through the beam pipe
missing the acceptance of the UCAL or a charged track of a very low momentum
(less than 200 MeV) would survive the off-line cuts. Decays with more multiplicity
would be even more suppressed. As a result, this channel will contribute marginally
to the observed J/1 signal. A relevant resonant background comes from the decay
¥(2S) — J/yn°n®. The branching ratio of this decay is B(¥(2S) — J/¢n'7%) =
(18.2 4 2.3)%. Neutral particles do not leave a track in the CTD so the veto efficiency
on these kinds of configurations is smaller. Events in which the v fall within 25 cm
of the electromagnetic objects of the decay of the J/1 or low energy v will pass the
off-line cuts. The acceptance of this process and its contribution are estimated using
MC. Other decays into neutral particles like 1(2S) — J/¢7® and ¥(2S) — J/1n yield

a smaller contribution since the total branching ratio is less than 3%.

Another relevant contribution comes from the leptonic decay ¥(2S) — ete™ with
a branching ratio B((2S) — ete™) = (0.88 + 0.13)%. The contamination from this
process depends strongly on the size of the search window and the resolution of M, 4,-.

The acceptance of this process and its contribution are estimated using MC.

The normalization of the contamination of decays from the 1(2S5) is determined by
the ratio of the production cross-section r = o(ep — e(2S)p)/a(ep — eJ/vp). This
ratio has been measured at HERA to be about r ~ 0.15 (see Chapter 10).

The fraction of the contamination of decays of the ¥(2S) in a given bin is calculated

as follows:

— DS It g 06y gm0 (8.5)

F
AJ/¢—vc+c_

$(28)—J [1pron0

and
Ayas)sete B(¥(2S) — eter)
Agppmiete—s BlI [ —reter)

Here Ay(25)— 1/yn0n0, Ay(2s)—ete-, Asjyete- are the corresponding acceptances cal-

].-tﬁ(ZS)—wz*e‘ =k (86)

culated with the DIPSI MC (see Section 7.2.2). In the calculation of the acceptance of

the process ep — e(2S)p a number of assumptions need to be done:
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1. The decay ¥(2S) — J/¢r7° is independent of the subsequent J/¢ — ete™.
The decay width Fth/I/hr"vr" = (41 + 5.6 KeV) is almost an order of magnitude
larger than F-]/’l/)—?e*!’ = (5.16 + 0.3) KeV. The J/¢ will decay much later than
the ¥(2S) and, therefore, the two decays may be considered as independent.

S

. The W dependence of o(ep — e(2S)p) is the similar to o(ep — eJ/p). It has
been shown that the energy dependence of the production of VM’s at HERA
scales with the variable M7 + Q2 [131, 132, 133, 134] and Myas) = My (see
Section 12.4).

3. The t dependence of o(ep — ey(25)p) was assumed to be the same as of o(ep —
eJ/yp). This feature of the elastic production of 1(2S) has been determined
experimentally [135].

4. The contamination of proton dissociative production of ¥(2S) is the same as that

of the J/3.

It is known that the DIPSI MC does not fully describe the M.+.- spectrum due
to the absence in it of the radiative corrections (see Section 7.2.2). However, in this
Section we calculate the ratio of acceptances. This effect should cancel out in the ratio
(see Equations (8.5) and (8.6)).

The acceptance and the fraction of events for the two decay modes in bins of W
are shown in Table 8.4. The total amount of contamination depends on W and ranges
between 2 — 3%. The decay ¥(2S) — J/1n7® has largest acceptance in the middle
W range since in this case the (2S5) is produced at rest and, therefore, the products
of its decay have the least energy. The acceptance drops as the longitudinal boost
increases toward lower and higher values of W. Regarding the process 1/(25) — ete™ the
acceptance behaves in the reverse way. In the central bins in W, where the resolution of
the reconstructed M,+.- is best (= 30—40 MeV), the upper bound of the mass window
is 3.5 < My(2s). In this region, the contamination from this process in negligible. At

low and high W the mass resolution degrades and the upper bound of the mass window



is increased to 3.7 GeV, so the acceptance is maximum in this kinematic region.

A similar discussion is applicable to the study of the contamination in bins of W
and P?. The acceptance and the fraction of events for the two processes in bins of W
and P? are shown in Table 8.5.

Finally, the number of events subtracted coming from the contamination of the

decay of ¥(25) is determined in each bin in the analysis:

Nyps) = N}/w(}-;@s)_, F ks Foas)—ete) (8.7)

where N:p(z

in a given bin, N¥ /¢ 18 the total amount of resonant J/1) events observed in the mass

s) is the number of events from the contamination of the decay of (2S)

window *

fractions as listed in Tables 8.4-8.5.

in a given bin and .7-';(2 $)=d [pmoma .Ffms)ﬂﬁe_ are the corresponding

The contribution to the total amount of background subtracted from the observed
number of J/1) events is given in Table 8.6 as a function of W, calculated with Expres-
sion (8.7). The contribution of the contamination from decays of ¥(2S) accounts for

5 — 15% of the total background depending on W.

8.1.3 Contribution from Electroproduction of J/v

Some marginal contamination in the analysis the J/v is expected to come from the
process ep — eJ/y¥p, @*> > 1GeV. Events with three electromagnetic objects are
thrown out. In low Q? events, the scattered electron can hit the hadronic sections of
the RCAL. This type of events will be thrown out by the elasticity requirement. The
maximum accessible Q2, Q2,.., such that @* < Q2. is determined by the geometry
of the RCAL and the Z component of the vertex. The distance from the nominal
Interaction Point to the rear end of the RCAL is d = 250cm. The dimensions of
the beam hole of the RCAL are approximately 2bx2b, where b = 5 cm. In the

4 ari
Nijw

the contamination from 1(2S) decays.

is equal to the total of observed J/3 candidates minus background contributions except for
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approximation @Q* < 4E2W? and neglecting the shift of the vertex in the transverse
plane to the beam axis:

Gt (1-2) (=) )

S d = VA vertex

The value Q2. grows as the Zyert, moves to negative values towards the RCAL. The
largest value of @2, ~ 0.5 GeV? is reached when W = 20 GeV and Zyepsez = —50 cm.
Therefore, due to the geometry of the RCAL it is not expected to have a significant

contamination coming from the electroproduction of J/%.

However, the finding efficiency of electrons falling in the edges of the acceptance of
the RCAL, or in the HAC sections of the RCAL is not expected to be exactly 100%.
Some marginal contribution from events in which the scattered electron falls in these
areas is possible.

A sample of events from ep — eJ/1p with 1 < Q? < 1000 GeV? was generated with
the ZEUSVM MC. The number of events from this process expected to contribute to
the J/4 signal in the photoproduction analysis is shown in Table 8.6 in bins of W.

8.2 Non-Resonant Background

8.2.1 QED Background

Two are the QED processes that contribute to the non-resonant background: the
Bethe-Heitler process, mediated by photon-photon fusion, dominates the background
at 50 < W < 230 GeV and QED Compton with initial state radiation (ISR) that
dominates the background at W > 250 GeV. The Bethe-Heitler process produces two
tracks of opposite sign and the reconstructed M,+.- falls exponentially. The cross-
section of this process falls with W faster than the production of J/1. Therefore,
the ratio of signal to background improves as W grows till the QED Compton process
switches in. The production rate of a ey pair via QED Compton with an invariant mass

greater than M., > 2 GeV is an order of magnitude larger than the rate of production
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of resonant J/1. To suppress undesirable migration effects of the QED Compton peak
into the search window, it was decided to limit the search for J/¢ to W = 290 GeV.
In this energy range the effect of migration is small and the background is dominated

by QED Compton with ISR, which has a smaller cross-section.

4 4.5 5 55 6 6.5 7 75 8
Mass(e"e) (GeV)

s y

. 3
200 + +
£ ST ala W ey " { SRR 1Y 1 1 Bes
4 60 8 100 120 140 160 180 200
W (GeV)

Figure 8.7: The LPAIR MC is normalized to data in the region 4 < M,+.- < 8 GeV
in the range 50 < W < 200GeV with two track events only. The mass distribution is

shown in a). The W distribution for events with 4 < M +.- < 8 GeV is shown in b).

The Bethe-Heitler process is simulated by the LPAIR MC and QED Compton with
ISR by the COMPTON MC. Both MC generate the elastic process and they are not
used to generate proton dissociative events. In order to determine the normalization

of the QED process following method is used ®. The normalization factor is obtained

51t is assumed that the W and M,+.- distributions of events coming from proton dissociation is

similar to those of the elastic process.
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Figure 8.8: The COMPTON MC is normalized to data in the region 4.5 < M,+,- <
8 GeV in the range W > 230 GeV. The mass distribution is shown in Plot a). The W
distribution for events with 4.5 < M.+.- < 8 GeV is shown in Plot b).

by normalizing MC to data in a region of Me+.- (or M.,) where we do not expect any
resonances. Figure 8.7 a) shows the M. distribution of events with two tracks in
the range 4 < M,+.- < 8 GeV and 50 < W < 200 GeV. The LPAIR MC is normalized
to the number of events in data in this region. This normalization factor is used in
Figure 8.7 b) to compare the W distributions of the LPAIR MC and data. The error
on the normalization is dominated by systematic errors (shifting the mass window by
+0.25 GeV) and amounts to a 5% relative error. The distribution from the LPAIR
MC is then extrapolated to lower M,+.-. The fraction of events from the Bethe-Heitler
process in the mass window of the J/1 goes from 25% at W = 30 GeV down to 6% at
W =275 GeV.

We proceed similarly with the COMPTON MC. Events with W > 230 GeV and
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4.5 < M., < 8 GeV © are used to normalize the MC. After subtracting the contribu-
tion from the Bethe-Heitler process the COMPTON MC is normalized to the number
of events in data in this region. The M., distribution is shown in Figure 8.8 a). The W
distribution is shown in Figure 8.8 b). The error on the normalization of the COMP-
TON MC is dominated by statistics resulting into a 5% relative error. The COMPTON
MC is extrapolated to lower M,,. The fraction of events from QED Compton process
in the mass window search of the J/i goes from 3% at W = 200 GeV up to 60% at
W =275 GeV.

8.2.2 Remaining Background

The remaining background is considerable at W < 50 GeV in two track configurations.
The remaining background is expected to be dominated by m*n~ coming from the
break up of the proton. It is observed that the remaining background decreases as
W grows. The fraction of pionic background is expected to be small in one track
configurations since we require the presence of at least one electromagnetic cluster of

a minimum energy (see Section 6.4).

No MC is used to simulate the remaining background. The remaining background
is subtracted by means of fits to the form of a single exponential (see Section 9.1). The
functional form for the remaining background may be determined with data itself. A
sample of events with two quality tracks of equal charge is selected. The determination
of the charge of the track is well known for quality tracks for the transverse momentum
typical in this analysis. It is not expected to have a contribution from decays of the J/v
in which the charge of one the tracks has been poorly measured. The W distribution
of such a sample is shown in Figure 8.9 a). The M,+.- distribution of this type of
events is shown for events with W < 50 GeV in Figure 8.9 b) and with W > 50 GeV
in Figure 8.9 c). Fits to the M+, distributions are performed in both ranges in W to

SThe lower bound is set to avoid contamination from J/4.
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Figure 8.9: The shape of the M,+.- spectrum of the remaining background is investi-
gated with a sample of events with tracks of equal charge. In Plot a) the W distribution
of these events is shown. In Plot b) (events with W < 50) and Plot c) (events with
W > 50) the reconstructed M,+.- spectra are fitted to an exponential function. The

results of the fits are given in the boxes on the upper right corner.

an exponential function. The fits yield x?/n.d.f. ~17.

"n.d.f. stands for number of degrees of freedom.



W (GeV) | -t (GeV?) | Nuignat | Nigipa | Nives' | Nigipa
20-50 |000-020| 1154 | 79.4 | 1208 | 23.2
020-050| 842 | 66.8 | 993 | 30.2

050-085| 405 | 526 | 754 | 403

085-125| 154 | 402 | 523 | 327

50-70 |0.00-0.20| 1649 | 935 | 1419 | 27.4
020-050| 876 | 786 | 116.7 | 357

050-085| 389 | 61.9 | 886 | 47.7

085-125| 160 | 47.3 | 613 | 388

70-90 |000-020| 1271 | 73.3 | 1112 | 215
020-050| 651 | 61.6 | 914 | 281

050-085| 242 | 485 | 694 | 375

085-125| 146 | 37.1 | 480 | 305

90- 125 | 0.00-0.20 | 1882 | 1059 | 160.6 | 31.3
020-050| 903 | 89.1 | 1319 | 40.7

050-085| 336 | 702 | 1002 | 545

085-1.25| 147 | 536 | 692 | 444

125- 170 | 0.00- 0.20 | 1692 | 97.8 | 1482 | 289
020-050| 877 | 822 | 1217 | 37.7

050-085| 428 | 64.8 | 924 | 504

085-125| 154 | 495 | 638 | 41.1

170-230 [ 000-0.20 | 927 | 63.5 | 962 | 188
020-050| 592 | 534 | 791 | 244

050-085| 300 | 421 | 600 | 327

085-125| 110 | 321 | 415 | 266

230-290 [ 0.00-0.20 | 777 | 456 | 692 | 134
020-050 | 407 | 383 | 569 | 174

050-085| 171 | 30.2 | 432 | 23.2

085-125| 116 | 230 | 299 | 189

Table 8.3: The number of J/9 signal events, Niigna, compared to expected number of

dissociative events, N

p.d.
WP
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Nﬁ",d}',;r and N{,"',dj;,l,_ are the upper and lower total deviations.
P A

W (GeV) [ Ayas)sete- | Fy@s)—ete 'ArL'(?S)—vJ/?,Drrofro ‘7"‘#(25)_’]/1!,"0"0
20 - 35 0.073 0.017 0.013 0.004
35 - 50 0.212 0.016 0.120 0.011
50 - 60 0.086 0.004 0.223 0.014
60 - 70 0.104 0.006 0.295 0.019
70 - 80 0.114 0.006 0.261 0.018
80 - 90 0.112 0.006 0.315 0.021
90 - 110 0.095 0.005 0.193 0.012
110 - 125 0.088 0.005 0.157 0.010
125 - 140 0.109 0.006 0.076 0.005
140 - 170 0.311 0.019 0.064 0.005
170 - 200 0.203 0.017 0.027 0.003
200 - 230 0.203 0.018 0.027 0.003

230 - 260 0.173 0.014 0.028 0.003
260 - 290 0.213 0.019 0.051 0.006
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Table 8.4: The acceptance and fraction of events that are reconstructed as J/v coming

from the process ¢(2S) — e*e~ and ¢/(2S) — J/¥mym, in ranges of W. The acceptance
and the fraction have been calculated with the DIPSI MC.

W(GeV)

0< P2 <0:2

0.2< P2 <05

0.5< P? <0.85

0:85< P2 <1.25

20 - 50

50 - 70

70 - 90

90 - 125
125 - 170
170 - 230
230 - 290

0.009 / 0.008
0004 / 0.016
0.004 / 0.019
0.004 / 0.011
0.013 / 0.005
0.012 / 0.003
0013 / 0.004

0.009 / 0.006
0.005 / 0.015
0.006 / 0.018
0.005 / 0.011
0.011 / 0.005
0.014 / 0.003
0.011 / 0.004

0017 / 0.005
0.005 / 0.015
0.009 / 0.023
0.006 / 0.011
0.020 / 0.005
0.025 / 0.003
0.025 / 0.005

0.015 / 0.005
0.006 / 0.010
0.010 / 0.016
0.008 / 0.013
0.025 / 0.004
0.017 / 0.000
0.034 / 0.002

Table 8.5: The fraction of events that are reconstructed as J/) coming from the process

P(2S) — ete and ¥(2S) — J/ymemo in bins of W and P2. The fraction has been

calculated with the DIPSI MC.



W (GeV) | Npu | Neomp | Ne | Nys) | Nois
2-35 |1630| 00 | 535 157 | 00
35-50 |4309| 00 |4500] 493 | 11
50-60 |2816| 00 | 906 | 207 | 08
60-70 |2587| 00 |1489]| 351 | 15
70-80 |2432| 00 | 832 207 | 03
80-90 |189.0| 00 |1163] 303 | 03
90-110 [3275| 00 |117.9] 355 | 08
110-125 [179.3| 00 | 562 | 206 | 0.1
125-140 | 176.7| 06 | 435 | 138 | 03
140-170 [ 208.7 | 24.1 | 702 | 458 | 04
170-200 | 149.7| 568 | 51 | 233 | 06

200-230 | 119.5| 1354 | 62 | 190 | 01

230-260 | 93.7 | 2976 | 51.1 | 129 | 00

260-290 | 42.1 | 576.6 | 166.1| 17.6 | 0.0

Table 8.6: The different contributions to the background in bins of W in the analysis
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of the J/y». Npy corresponds to the expected number of events from Bethe-Heitler

process, Noom, from the QED Compton process, N, from the remaining background,

Ny (25) from the contamination of decays of ¥(2S) and Npys from the contribution the

electroproduction of J/4.
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Chapter 9

Elastic Photoproduction of J/v

The extension of the W range of the measurement of the elastic production of J/v
is a central motivation behind this thesis work. The results of this work have been

reported in [136, 137].

9.1 Extraction of the Resonant Signal

The procedure for the extraction of the signal in bins of W consists of several steps:

1. Subtract the number of events in the range 2 < M +.,- < 5 GeV for the Bethe-
Heitler and QED Compton backgrounds.

2. Remove the remaining background via fits in the range 2 < Me+.- < 5 GeV. Two
types of fits are performed:
- Nominal fit:
F' = AjjyMC + Aje™bMete- (9.1)

where MC is the M+.- distribution, as predicted by MC, and Ay, A,, b, are
free parameters. The remaining background is treated with a single exponential

(second term).
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- A parameterization of the shape of the M,+.- spectrum is used:
Fe+e_ = AJ/¢((1 - At,,u)G + Am.-[B) e A,-e_b'McJ“" (9.2)

where A,y corresponds to the normalization of the resonance signal, A;,; stands
for the fraction of events that radiate, G is a Gaussian distribution for the mass,
M,+.-, with mean M and width op, B is a function that parameterizes the

bremsstrahlung tail:
1
M-z

where A=In is a normalization factor, and A is a cutoff parameter to be ex-

M-A
B(M.+o, M,on) = A / 7 PN, AR "
0

tracted from MC and is fixed to A = 0.05GeV [138]. In summary, the parameters
Aspg, Aait, M, o0, Ay, by are set to be free in the fits.

3. After obtaining A,, b, from the fits the number of resonant signal events are

extracted in the mass window:

NY o =N& — Nggp — NY — NYus) (94

where NY. is the total number of candidates in the mass window, Njgp is the
number of events predicted by the LPAIR MC and the COMPTON MC, N¥
is the number of events from remaining background as calculated by the fits,

w
Nyias

N ot i the number of resonant signal that will be fed into the calculation of

) is the number of events expected from the contamination of ¥(2S) and

the cross-section.

The same procedure is followed to extract the resonant signal in bins of the helicity
angles.

When the resonant signal is extracted in W and P? bins the non-resonant back-
ground is subtracted by fits only; no MC is used to subtract the QED background.
The procedure of extraction of signal starts with step 2. The number of signal events
in a bin of W and P2, NYPE is defined as:

signal?
w,P2 w,P? 2 w,P?
Ny = Nogo ' ~ NP~ N (9.5)
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The error on the estimation of the normalization of the remaining background, § N,.,
is extracted from the fits and is typically 6N, ~ 0.1N,. The statistical error on the

estimation of the resonant signal is defined as:
ONsignat = / Nobs ® SN, (9.6)

The M+~ distributions used for the extraction of the J/i resonant signal are

presented in Section 9.1.1.

The error on the estimation of the non-resonant QED background is taken into
account in the systematic error (see Section 8.2.1). Details on the systematic checks of
the fitting procedure may be found in Section F.1. The stability check of the extraction

of the signal with the definition of the elasticity requirement is presented in Section F.2.

9.1.1 M.,+.- Spectra

The contribution of non-resonant QED background in ranges of W is shown in Fig-
ures 9.1 and 9.2. The nominal fits performed in step 2 of the procedure are shown in
Figures 9.3 and 9.4. The values of the obtained parameters and the x? of the fits are
given in the top right corners of the plots. The comparison of data after subtraction
of non-resonant background with the ZEUSVM MC is given in Figures 9.5 and 9.6.

A seen in Figures 7.14 a), 8.8 b) and in the last Plot of Figure 9.4, at W > 260 GeV
and 2 < M,+,- < 3GeV the non-resonant background is not saturated by the extrapo-
lation of COMPTON MC. The QED Compton cross-section at W > 290 GeV is more
than one order of magnitude greater than the cross-section of the J/4. A small error in
the simulation of migration effects by MC may result into sizeable effects. The stability
of the cross-section at high W in checked in Section F.3.

The M+~ distributions in bins of W and P? are shown in Figures 9.7 and 9.8. The
fits performed of the M,+.- spectra are shown. The values of the obtained parameters
and the x? of the fits are given in the top right corners of the Plots. The comparison

of data after subtraction of non-resonant background with the ZEUSVM MC is given



147

600,

C VOV
6001 ‘W-42.5GeV i W=55GeV
| 400
400y o+ il
io" e e ‘
200 200 ;
0; h [ 91-"‘" |
2 i gea e WL S 4 51, "2 3 4 5
M(e'e) (GeV) M(e'e) (GeV) M(e'e) (GeV)
600 -
W=65GeV 5 W=75GeV
pes 400
L '
200 200! ¢
.
i
0 0 4
2 3 4 & 3 4 L 3 4 5
M(e'e) (GeV) M(e'e) (GeV)
4 t
600 w=100Cev | 300 W=117.5GeV|
t 200
400
100
200
0 0 0
2t 3-8 4 5 3 3 4 5 2 3 4 5

M(e'e) (GeV) M(e'e’) (GeV) M(e'e) (GeV)

Figure 9.1: The M,+.- spectra in data in bins of W in the range 20 < W < 140 GeV.
The solid line corresponds to the contribution from QED processes (Bethe Heitler and
QED Compton).

in Figures 9.9 and 9.10.

The M.+ .- distributions after non-resonant background subtraction in bins of cos(6})

and ¢, are shown in Figures 9.11 and 9.12, respectively.

Overall, the MC describes satisfactorily the M.+, distributions observed in data.
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Figure 9.2: Same as Figure 9.1 for range 140 < W < 290 GeV.

9.2 Procedure of Obtaining Cross-Sections

The ep cross-section for exclusive J/1) meson photoproduction is determined using the
Expression:

Tepel/ip = W (9.7)
where Ngigna is the number of signal events in each range of W, f accounts for the frac-
tion of events in the sample coming from proton dissociative events (see Section 8.1.1),
A is acceptance, B = (5.93 + 0.1)% is the branching ratio of J/i — ete~ [139] and

L is the luminosity. The photoproduction cross-sections were determined by dividing

the electroproduction cross-sections by the photon flux, calculated according to [140]:

D(y, @°)rprsjypdyd@® o
a9, (@) = L ‘} ﬁ;,"g;;) Sy T (o)

with

2 2 2 TN
q)(y, QZ) o a 156 (1 e y) o 2(1 = y) ( min Q )] (1 o Q ) (9.9)
¥

QP y y @ M, M3,
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Figure 9.3: Fits of the M,+.- spectra in data in bins of W in the range 20 < W <
140 GeV after subtracting the contribution from non-resonant QED processes. In the

top right the value of x?/n.d.f is given for each fit.

&1 is the effective flux of virtual photons accompanying the positron. The integrals
run over the range of Q2;.(y) < Q* < Q2,.., where Q%,.(y) = ('—E'%, 3 =1 EeV
and from Ymin = K“:““ 1o Uhae = -‘i'%\"- where Winin and Wi, are the minimum and
maximum values of W. (W) is obtained by taking the mean values of all generated
events calculated by the ZEUSVM MC in each bin of W and (Q%) = 5 x 107° GeV2.

150

We155GeV Wm2150eV

0!
2 3 4 5 2 3 4 5§ 2 3 4 5

M(e'e) (GeV) M(e'e) (GeV)
100
50|
0
2 3 4 -] 2 3 4 5
M(e'e) (GeV) M(e'e) (GeV)

Figure 9.4: The same as in Figure 9.3 for the range 140 < W < 290 GeV.

9.3 Systematic Uncertainties

A full systematic error analysis is performed on all the calculated cross-sections and
parameters. Details of some of the relevant systematic and stability checks are reported
in Sections F.1, F.2, F.3 and F.4. Below is the list of systematic checks (MC refers to
the ZEUSVM MC):

{1}{2} The mass window of the signal extraction is moved left and right two bins
(see Section F.1).

{3}{4} Check 1 and 2 of the procedure of the extraction of the resonant signal
(see Section F.1).

{5} The maximum energy of cells in the EMC section not associated to the two
electromagnetic objects is set to 300 MeV (see Section 6.4).

{6}{7} The Energy response of UCAL in MC is smeared so that the resolution
o(E) = aVE where o changes from the nominal value (o = 0.27) to a = 0.25

and to a = 0.29.
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Figure 9.5: Signal in data after non-resonant background subtractions (QED processes
plus remaining background) in bins of W in the range of 20 < W < 140 GeV compared
to ZEUSVM MC (solid line).

{8}{9} The position of the SRTD in MC is shifted in z by +3mm (see Sec-
tion C.2).
{10}{11} The position of the SRTD in MC is shifted in y by £3mm (see Sec-
tion C.2).
{12}{13} The cut on the energy of the electromagnetic object not associated
to the track in one track events, Epomatch, is changed in MC by F3% (see Sec-
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Figure 9.6: The same as in Figure 9.5 for the range 140 < W < 290 GeV.

tion A.1).
{14}{15} The cut on the energy of the electromagnetic clusters in zero track
events is changed in MC by F3% (see Section A.1).

{16}{17} The parameter c in the angular distribution (1 + acos?6) is changed
by F0.05 and MC is reweighted (see Section 7.3.2).

{18}{19} The MC is reweighted according to NWW,;I.%5, where NW is the

true

nominal weight and Wi, is the true W (see Section 7.3.2).

{20}{21} The nominal ¢-slope in MC is changed by F0.2 GeV 2 (see Section 7.3.2).

{22}{23} The uncertainty in the tracking efficiency of slot FLT58, ¥1.5% (see
Section 5.4.1).

{24}{25} The uncertainty in the efficiency of the energy cut in slot FLT58 (see
Section 5.4.1).
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Figure 9.7: Fits of the M,+.- spectra in data in bins of W and P?. In the top right the
value of x%/n.d.f is given for each fit. These Plots correspond to the range 20 < W <
125 GeV.

{26} {27} The uncertainty in the efficiency of slot FLT62, +3% (see Section 5.4.2).

{28}{29} The error on the normalization of the non-resonant QED background
(see Section 8.2.1).

{30}{31} The error on the fraction of proton dissociation (see Sections 8.1.1.4
and 8.1.1.5).
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Figure 9.8: Same as in Figure 9.7 in the range 125 < W < 290 GeV.

{32}{33} The error on the W dependence of the fraction of dissociation (see
Section 8.1.1.4).

The error on the luminosity measurement (2.2%) and the determination of the elec-
tronic branching ratio (1.7%) have not been included in the systematic error uncer-

tainty. These uncertainties affect the overall normalization of the measurement.

9.4 W Dependence of the Cross-Section

The resonant signal has been measured in the range 20 < W < 290 GeV. The lower
bound is defined by acceptance limitations. The upper bound is imposed by the over-

whelming rate of the QED Compton process. The entire W range has been divided
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Figure 9.9: The M,+.- distributions in data in bins of W and P? after background sub-
traction in the range 20 < W < 125 GeV. The solid lines correspond to the prediction
of the ZEUSVM MC.

into 14 bins with a width depending on the resolution of the reconstruction of W. In

each bin in W a mass window is been defined:

- In bins 3-9, 2.7 < M.+.- < 3.5 GeV. The lower bound is determined by the
efficiency of the energy cut in slot FLT58 (see Section 5.4.1). The resolution of
the CTD momentum in MC is some 15% worse than in data. To avoid this effect
in the calculation of the acceptance the upper edge of the mass window is set to

3.5 GeV. The width of the bins in M+.- is 50 MeV.

- In the rest of the bins 2.5 < M,+.- < 3.7 GeV, due to resolution. The width of
the bins in M,+.- is 100 MeV.
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Figure 9.10: The same as in Figure 9.9 for the range 125 < W < 290 GeV.

The corresponding values of signal events, acceptance and photon flux are given in

Table 9.1.

In Figure 9.13 the results of this analysis are compared with ZEUS results obtained
using the muonic decay channel with data taken during the 1996 and 1997 running
periods [141, 126]. The results are also compared with measurements reported by
the H1 Collaboration [142] and the experiment E401 [143]. The difference in the
normalization between the results reported here and other measurements in Figure 9.13
is under discussion within the ZEUS Collaboration. Possible reasons for the discrepancy
in the normalization may be due to the different treatment of the subtraction of the
proton dissociative background and the definition of the electronic branching ratio.
Nevertheless, the difference in the normalization of the cross-section does not affect

the physics conclusions drawn in this work (see Chapter 12).

The results of the systematic error analysis on each value of o(yp — J/4 p) are

given in Figure 9.14. The dominant systematic errors are the uncertainty in the fraction
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Figure 9.11: M,+.- distributions in data after the subtraction of non-resonant back-

grounds compared to MC in bins of cos(6).

of subtracted proton dissociative background (see checks {30}{31} in Section 9.3), the
uncertainty in the efficiency of the energy cut in slot FLT58 (see checks {24}{25} in
Section 9.3) and the uncertainty in the extraction of the resonant signal (see checks
{1} — {4} in Section 9.3).

A fit of the form o oc (W/90 GeV)® is performed. A fit in the region 20 <
W < 290 GeV, yields a value of § = 0.698 + 0.017(stat)*Jo1s(syst) with x?/n.d.f. =
13.6/12. The restriction of the fit in the range 35 < W < 290 GeV yields the following

1The values of x2/n.d.f. given in this Chapter and next three Chapters are calculated with statis-

tical errors only.
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Figure 9.12: M,+.- distributions in data after the subtraction of non-resonant back-

grounds compared to MC in bins of ¢p.

value § = 0.695 + 0.020(stat)*$9% (syst) with x2/n.d.f. = 13.6/11. It is feared that
the measurement at W < 35 GeV is biased by effects due to the charm production
threshold [144]. However, the value of § does not change significantly.

A full systematic error analysis is performed on the extracted value of 8. The re-
sults of the systematic checks performed on § are shown in Figure 9.15. The error is
dominated by the statistical uncertainty. The largest systematic error corresponds to
the uncertainty in the efficiency of the energy cut in slot FLT58 (see checks {24}{25}

in Section 9.3), the uncertainty in the extraction of the resonant signal (see checks
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W (GeV) | Nops | Noack | A ® | a(yp — J/Yp) (nb)
20-35 | 982 | 232.3 | 0.087 | 0.06408 36.7+1.61%4
35-50 | 2681 |931.3|0.270 | 0.03730 47.74£2.0132
50-60 | 1978 | 402.8 | 0.386 | 0.01791 62.441.9+%2
60-70 | 1821 | 444.2|0.383 | 0.01447 |  68.242.4%45
70-80 | 1577 | 356.3 | 0.371 | 0.01200 75.24+2.61%9
80-90 | 1420 |335.9 | 0.373 | 0.01013 78.6+3.075:4
90 - 110 | 2499 | 481.8 | 0.382 | 0.01620 89.4+2.4134
110- 125 | 1604 | 256.1 | 0.371 | 0.00954 |  104.4+3.3*¢%
125 - 140 | 1470 | 234.9 | 0.378 | 0.00790 113.4+3.7+57
140- 170 | 2303 | 439.2 [ 0.334 [ 0.01218 |  125.443.4835
170 - 200 | 1362 | 235.5 | 0.250 | 0.00877 140.844.9759
200 - 230 | 1161 | 280.2 | 0.243 | 0.00643 |  154.6+6.3137
230 - 260 | 1208 | 455.4 | 0.280 | 0.00482 |  153.0+7.6115:4

260 - 290 | 1490 | 802.4 | 0.248 | 0.00369 | 206.7+13.6+152

Table 9.1: The total cross-section of J/4 in photoproduction for several ranges of W.
N5 is the total number of candidates, Ny,.x is the number of non-resonant background
plus the contamination of 1(2S) and electroproduction of J/4 in the W range. A is
the acceptance and ®r is the effective photon flux. The values of o(yp — J/¢p) are

given in nb with statistical and systematic errors.

{1} — {4} in Section 9.3) and the uncertainty in the W dependence of the fraction of
the proton dissociation background (see checks {32}{33} in Section 9.3).

9.5 t Dependence of the Cross-Section

The ¢ distribution is measured for —¢ < 1.25 GeV2. The bound is imposed by the over-
whelming resonant proton dissociative background and poor resolution and purity at
large |t|. The analysis of the ¢ dependence of the cross-section requires large statistics,

since the rate of production of J/i falls exponentially with |t|. The bins in W defined
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Figure 9.13: Comparison of o(yp — J/1p) obtained in this analysis with other mea-

surements (see text).

in Section 9.4 have been merged in groups of two in order to increase statistics and
provide for a stable result. The resulting 7 bins in W have been subdivided in four
bins of ¢. The definition of ¢ bins is the same for all 7 W bins. In each bin in W and ¢

a mass window has been defined:

- First two bins in ¢ and bins 2-4 in W, 2.7 < M.+.- < 3.5 GeV. The width of
the bin in M.+~ is 100 MeV. In the last two bins in ¢ in the same W range,
2.4 < M,+.- < 3.6 GeV, due to degradation of resolution. The width of the bin
in M+, is 200 MeV.
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% g i afleoc™dt (9.10)
- In the rest of the W range in the first two bins in ¢, 2.4 < M +.- < 3.5 GeV and o = §(Ag;) '
in the last two bins in ¢, 2.2 < M,+,- < 4.4 GeV due to the degradation of the i
2
resolution. The width of the bin in M, +.- is 200 MeV. 2 N, :;’f;,(l - F) o
=T :
< Aw,BL @11
The results of do/dt in bins of W and ¢ are given in Table 9.2 . where #;1,t; are the upper and lower bound of the bin in ¢ and §(Ag;) is the sta-
2
The differential cross-section is parameterized as % = %| e for fixed W. The tistical error of Ac;. N:fg‘:fﬂ and Aw, are calculated with Expressions (9.5) and (7.5)
parameter b and the extrapolation of the differential distribution to ¢ = 0, %h:o, is respectively. The systematic uncertainty was estimated by repeating the fit for each
2The value of Niignat here has not been corrected yet for contamination from (2S) decays. This uncertainty and adding the deviations from the nominal values in quadrature. The
is taken into account in the calculation of the differential cross-section. results are shown in Table 9.3. The effect of the degradation of the resolution in P?

on the error propagated on the ¢-slopes can be seen at very low and very high W. The

dominant systematic error corresponds to the uncertainty in the fraction of subtracted
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proton dissociative background (see checks {30} — {33} in Section 9.3).

Alternatively, a different method for the extraction of the t-slope is used:

1. Reweight MC to a given value of b according to a weight elb=bnem)t where bpom is

the nominal parameter in the generation.

2. Calculate the likelihood probability Neigna in data and MC in the four bins in ¢

in a given W range.
3. Repeat 1 and 2 till the likelihood is maximized.

This method does not require the calculation of the cross-section since MC is com-
pared directly to the uncorrected P? distributions. In each range in W a parameter b
is extracted. The results are shown in Table 9.4. The main systematic error remains

the uncertainty on the determination of the proton dissociative background.

In Regge theory, we expect the yp — Vp cross-section to be of the following form
(see Equation (2.7)):

do w2 2(a(t)-1)

where a(t) is the Regge trajectory and Wj is chosen to be 90 GeV. It has been deter-
mined that the ¢ dependence of the trajectory may be parameterized as:

a(t) = o+t (9.13)
From Equation (9.12) it follows:
W2
b=bp+20In— (9.14)
wg

The parameter o may be extracted from the W dependence of the t-slopes that
have been determined from the differential cross-sections. A x> fit is performed on
the t-slopes to the form given in Equation (9.14). Two parameters are set free, bo

and o’. The result of the fit is by = 4.24 4 0.07(stat)*51}(syst) and o = 0.127 +
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Figure 9.16: t-slopes are compared with ZEUS96-97 (Preliminary) ptp~ results.

0.032(stat)*$910(syst), with x?/n.d.f. = 5.3/5. The systematic uncertainty was esti-
mated by repeating the fit for each uncertainty and adding the deviations from the nom-
inal value in quadrature. The dominant systematic error corresponds to the uncertainty
in the fraction of subtracted proton dissociative background (see checks {30} — {33}
in Section 9.3).

The Regge trajectory may be determined by measuring the variation of the energy
dependence of the elastic cross-section at fixed ¢, as shown in Equation (9.12) [145].
This method offers the advantage of being independent of the details of the subtraction
of the proton dissociative background, since the latter may be considered to a good

approximation constant with W. In Figure 9.17, the do/dt data used in this determina-



165

10° :
"E F t=—0.1CeV* F t=—0.35CeV?
3 r [
brod el L
8 E f >
A :
L= L
B RV T 1 TR T T | i
T E
E F t=-0.675GeV* [ t=—1.05GeV
F t
£ i
S MO
! R 3 }
St : f
< C i ]'—"’i/_’_m,
1 A SR ) . . B
2 2
107w (Gev) 10 wgev

Figure 9.17: The differential cross-section j—‘: as a function of W at fixed t. The lines

correspond to the results of fits of the form do/dt oc W22e(t)-2],

tion of a(t) are presented in ¢ bins; the solid line in each ¢ bin is the result of a fit of the
form do/dt o« W?22®)-2 The resulting values of (t) are given in Table 9.5 and are
illustrated in Figure 9.18 as a function of ¢. These values were fitted to the linear form
given in Equation (9.13). The results of the fit are a(0) = 1.20240.013(stat)* 3% (syst)
and o = 0.131 4 0.028(stat) 3% (syst) GeV~2 with x?/n.d.f. = 1.0/2. The systematic
uncertainty was estimated by repeating the fit for each uncertainty and adding the

deviations from the nominal value in quadrature.
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t obtained in this analysis compared with other results from the H1 and ZEUS ex-
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the values of ¢ of the present analysis have been shifted by 40.04 GeV?.

9.6 Decay Angular Distributions

The helicity formalism has been presented in Section 2.5. The J/v decay angular

distributions can be used to determine the elements of the J/v spin-density matrix.

In the present experiment @ ~ 0GeV?, therefore, the J/1 is expected to be pro-
duced predominantly by transverse photons. If the SCHC is observed, the spin density
matrix parameters, 793 and 4, should be close to zero. Under the assumption of
SCHC, 73 can be related to the ratio of the photoproduction cross-sections for longi-

tudinal and transverse photons (see Equation (2.21)).
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The parameters rJs and 7%, are extracted by means of one dimensional fits of
the distributions of the helicity angles. The resonant signal is searched in bins of
cos(6r) and ¢, following the prescription explained in Section 9.1. Only events with
two track topologies are used for the extraction of these parameters. The inclusion of
other configurations would not increase significantly the sensitivity of our data to these
parameters. No subtraction of the proton dissociative contribution is performed. It is

assumed that the elastic and dissociative processes have the same angular dependence.
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Figure 9.19: Plot a) shows the x? of the distribution of Ngigna in bins of cos(ds) in
data and MC after reweighting MC according to Equation (2.19) for different values
of 7§3. Plot b) shows the distribution of cos(6y) in data corrected for acceptance fitted

to the functional form given in Equation (2.19).

The parameters 133 and 74, are obtained using two methods:

1. Reweight MC according to Equation (2.19) and Equation (2.20) till the distri-
bution of Nyipna in bins of cos(6) and ¢ in data and MC agree best. The x2
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Figure 9.20: Plot a) shows the x? of the distribution of Niignai in bins of ¢, in data and
MC after reweighting MC according to Equation (2.20) for different values of 7{*,. Plot

b) shows the distribution of ¢y, in data corrected for acceptance fitted to the functional

form given in Equation (2.20).

of the distributions as a function of the parameters rJ and 7%, are shown in

Figure 9.19 a) and Figure 9.20 a), respectively.

2. x? fits of the form of Equation (2.19) and Equation (2.20) are performed on
data after correcting for acceptance. The fits are shown in Figure 9.19 b) and

Figure 9.20 b).

A full systematic error analysis is performed for the two methods. The first method
yields 7J3 = —0.022 £ 0.025(stat) + 0.005(syst) and r™, = —0.022 + 0.02(stat) +
0.005(syst). The second method yields 7% = 0.003 + 0.025(stat) + 0.005(syst) and
9, = —0.023 + 0.02(stat) + 0.005(syst). These results are consistent with SCHC.
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W (GeV) | t (GeV?) | Nyignat | A | % (nb/GeV?) W (GeV) | %] (nb/Gev?) | b (Gev-?)

20-50 | -0.10 | 1154 |0.163 | 97.2+125%] 20-50 | 14374153121 | 3654024101
035 | 842 |0177| 43243353 50-70 | 259.8+15.4*%1 | 4.0040.1670%
-0.68 | 405 |0225| 13.1+1.5%] 70-90 | 302242347207 | 4184020403
-105 | 154 | 0.265| 324093 90- 125 | 407.7+26.57%4 | 4.58+0.1849%

50-70 | -0.10 | 1649 |0.366 | 195.8+10.4*33 125- 170 | 4924433637 | 43940164018
-035 | 876 |0.392| 625+3.0 170 - 230 | 648.1451.97%53 | 4.74+0.18+317
-0.68 | 389 |0425| 203416 230 - 290 | 657.9+118.8%7%, | 4.2440.35+022

-1.05 160 [0.520 | 5.0+0.8%08

Table 9.3: Results of %|¢=0 and b in ranges of W with statistical and systematic errors
70- 90 -0.10 1271 |0.352 | 228.1+15.441%1

035 | 651 |0376| 70.2+4.2°58 e s

-0.68 242 | 0480 “ar.1iistil

105 | 146 |0541| 6.8+09%%] W (GeV) | b(GeV?)
90-125 | -010 | 1882 [0.362 | 284.9+16.4+128 20-50 |3.43+0.11%071]

035 | 903 [0378| 83244577 50-70 |3.99+0.10%573

068 | 336 [0428| 206+1.9718 70-90 |4.2240.12%3;

-1.05 147 |0.543| 5.0+09%97 90 - 125 | 4.63+0.121037
125-170 | -0.10 | 1692 |0.334 | 353.3+239+238 125 - 170 | 4.46+0.12757;

035 | 877 |0377| 104.446.0%89 170 - 230 | 4.46:+£0.19+0.37

-0.68 428 |0.488| 31.3+23%23 230 - 290 | 4.5840.221528

-1.05 154 |0.772| 5.041.0%%%
170-230 | -0.10 927 |0.202 | 418.0+39.8%5%%
-0.35 592 |0.268 | 130.948.3%2
-0.68 300 | 0439 | 32442728

Table 9.4: Results of b in ranges of W with statistical and systematic errors obtained
by reweighting the ¢ distribution in MC (see text).

2105 | 110 |0880| 4.4+09%97 t (GeV?) oft)
230-290 | -0.10 | 777 |0.233 | 546.5+108.9+%1 -0.10 | 1.188+0.014%555
035 | 407 |0.276 | 155.6+19.8+124 -0.35 | 1.154:£0.011750%3
068 | 171 |0421| 32947.2+3¢ -0.68 | 1.127+0.017X ({5
105 | 116 |0738| 108420+ -1.05 | 1.044+0.0201 5%
Table 9.2: Results of % (nb/GeV?) in ranges of W. Statistical and systematic errors Table 9.5: ¢ in Fig. 9.17 is fitted in ¢ bins to the form % oc W?*()~3). The resulting

are shown. Nuignat is the total number of signal events, A is the acceptance. values of ¢ in are given with the statistical and systematic errors.
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Chapter 10

Elastic Photoproduction of (25)

The resonance )(2S) is classified as an orbital excitation of the charmed quark-antiquark
bound state. The average distance between the quark-antiquark in this bound state is
significantly larger than in the case of the J/i. This feature makes the study of the
production cross-section of the 1/(2S5) interesting. In particular, the presence of a node
in the wave function of the 1(2S) leads to a suppression in the photoproduction limit
of the production rate of the ¥(2S) with respect to the ground state, the J/1 [146].

The measurement of the ratio o((2S5))/o(J/v) has the advantage that theoretical
and experimental uncertainties in the normalization of the charmonium production
cancel out. Results of the ratio o(¥(2S))/0(J/v) have been reported by the H1 [147]
and ZEUS [148] Collaborations with earlier data.

The trigger and off-line selection are the same as those used for the analysis of the
production of the J/1 (see Chapter 9).
The results of this work were reported in [149].

10.1 Search Strategy

This analysis has two main experimental limitations. The first is related to the rela-

tively low ratio of signal to expected background (QED and remaining background).

This ratio decreases with W. Also, the amount of background increases with the inclu-
sion of one track and zero track topologies (see Section 11.1). The second is related
to the fact that the 1(25) sits relatively close to the J/i. The resolution of the re-
constructed M+~ is W dependent an degrades rapidly at low and high W with the
inclusion of one track and zero track topologies. As the resolution of the reconstructed
M+~ gets worse an undesired contamination from the J/1 into the mass window of

the search of the ¢(2S) increases.

These considerations lead to the restriction of the W range of the search of the
¥(2S) resonance to 50 < W < 125 GeV, which leaves the analysis to the study of
two track topologies. In this range, the resolution of the reconstructed M,+.- ranges
between 30 and 70 MeV, so the contamination from the decay of the J/4 in the search
mass window of the (25) is expected to be small I. The mass window of the 1(2S)
has been set to 3.5 < M+.- < 3.9 GeV.

Acceptance corrections have been calculated with the DIPSI MC for both reso-
nances. The effect of radiative corrections should cancel out in a first approximation.

Two methods of the extraction of the signal have been attempted:

1. This method is used to extract the signal in the analysis of the J/i (see Sec-
tion 9.1). The QED background and the contamination from the J/4 decays are
subtracted from data in bins of W (see Figure 10.1). Then a fit is performed of
the form given in Expression (9.1). The remaining background is subtracted to
extract the signal. The obtained spectra of M,+.- in different bins of W after
background subtraction are shown in Figure 10.2. The solid histogram corre-
sponds to the shape predicted by the DIPSI MC. This method yields a total
number of 164.5 events. More details of the extraction are given in Table 10.1.

Table 10.1 also gives the number of observed J/4 signal events ? in the same W

lM,,,(r_)s) = 3686 MeV as opposed to M/, = 3097 MeV. On the other hand, the rate of production

of J/1 through the electronic decay is expected to be more than 50 times larger than the 1(25).
%In this Chapter, the contamination from the decay of the %(2S) has not been subtracted from the

numbers of J/y signal events.
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Figure 10.1: Spectra of M,+.- in different bins of W in data after subtraction of the
QED background and contamination from J/i. The solid line corresponds to a fit
according to method 1. The parameters and the x? of the fits are given in the box on

the upper right corner.
ranges, as obtained in Section 9.1.

2. After subtracting the expected contribution from QED background the resultant
M,+.- spectrum is fitted in the range 2 < M +.- < 5 GeV in one bin of W to the

following functional form:

Fte = Ay MCypy + Ayas)M Cyas) + Ae Mot 4 A pebraMet.~ (10.1)

where MC/y and MCy,s) are the M,+.- distributions, as predicted by the J/3 and
Y(28) MC’s, respectively, and Ay, Ayas), Ar, A2, by and by are free parameters.
The result of the fit is shown in Figure 10.3. The x?/n.d.f = 22.1/25 and the fit yields
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Figure 10.2: Spectra of M,+.- in different bins of W after background subtraction.
The solid histogram correspond to the expected shape predicted by the DIPSI MC.

a total number of 158.8 1(2S) signal events. The slopes of the remaining background
are b,y = 1.67GeV~2 and b,9 = 1.99 GeV~2. The number of J/1 signal events is 8655.3.
A fit with of the remaining background with a one exponential for the remaining
background in Expression (10.1) yields a total number of 158 and 8649.7 of ¥(2S) and
J/4 signal events, respectively, with x?/n.d.f = 21.9/24 and b, = 1.75GeV 2, gives a
good fit of the data too.

The fraction of proton dissociative background has been assumed to be the same as

in the case of the J/1 (see Section 8.1.1). SCHC has been assumed.
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W (GeV) | Noep | N5y | N | Nyas) | Nojy
50 - 70 1423 | 36 |40.2| 529 |3019.2
70 - 90 162.0 | 1.3 | 20.5| 48.3 | 2366.4
90-125 | 183.1 | 24 [341]| 63.3 | 34222
50-125 | 487.4 | 7.3 |948] 1645 | 8807.8

Table 10.1: Results of the extraction of the 1(2S5) signal with method 1. Nggp, NSy
and N, correspond to the number of events from QED processes, from the contamina-
tion of J/1 and remaining background, respectively. Ny(s) and Ny are the number
of signal ¥(25) and J/v events extracted.

10.2 Results

The results are presented in terms of cross-section ratio, o(1(25))/o(J/%). This quan-
tity is defined as:

Nys)y Ay B
WS AT = (10.2)

where Ny(2s) is the number of signal events of the 9(25). Ny = Nyjyp(1 = Fyas)),
where N,y is the number of J/v signal events and Fy(ss) is the fraction of J/4 from
the decay of the ¥(2S) (see Section 8.1.2). Ayes), Ay, Bys) and Byps) are the
acceptance and electronic branching ratios of the ¥(2S) and J/, respectively. The
branching ratios are Bys) = (7.9 + 0.5) - 10~% and By = (5.93+0.1) - 1072 [150].

A full systematic error analysis has been performed following the guidelines of the
J/1 analysis. The largest systematic error corresponds to the change in the normaliza-
tion of the QED background and shifting the mass window left and right by 100 MeV.
It should be noted that the uncertainty in By as) has not been included in the system-
atic error. Table 10.2 shows the result of the ratio o((2S))/o(J/v) obtained in this
analysis. This result is compared with measurements by the H1 [147] and ZEUS [148]
Collaborations with earlier data in Figure 10.4. Also shown is a compilation of measure-

ments from fixed target experiments: three photoproduction experiments (deuterium
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Figure 10.3: Spectrum of M +.- after QED background subtraction with data taken
during the 1999 and 2000 running periods. The solid histogram is the result of a global
fit (see text). The small inset shows data after background subtraction in the region
of the ¥(2S). The solid histogram in the small window corresponds to the DIPSI MC.

target at SLAC [151], lithium target, NA14 [152] and deuterium target, E401 [143])
and muon production experiments (on iron target, EMC [153] and on tin and carbon,
NMC [154]). Overall, the data accumulated at fixed target and HERA experiments
show that the cross-section ratio, o(¢(2S5))/c(J/%), is independent on W in a broad

range of energies.



(W) (GeV) | Nygas) | Nuy | Agas) | Asjw | o((28))/a(J/)
88 158 |[8649.7 | 0.391 [0.422| 0.15+0.03+0:5¢

Table 10.2: Result of the ratio o((2S))/a(J/v) obtained with data taken during the
1999 and 2000 running periods using the electronic channel. Errors are statistical and
systematic. Nys), Nyjy, Ags) and Ay, correspond to the number of signal events

and acceptance of ¥(2S) and J/v, respectively.
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Figure 10.4: Cross-section ratio, o((2S))/a(J/v), produced in this analysis compared
with previous H1, ZEUS and fixed target experiments results (see text). ZEUS values

do not include the uncertainty of the branching ratio, Bys), in the systematic error.
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Chapter 11

Search for Elastic Photoproduction

of T Resonances

Excitement was generated by the report of an anomalously high cross-section produc-
tion of T resonances by the H1 [142] and ZEUS [155] Collaborations. A search for T
production using the electronic decay was performed using data taken during the 1996
and 1997 periods by the ZEUS Collaboration. This work, which results were presented
in [156], is reported in Appendix G. During the running periods of 1999 and 2000 a
larger amount of luminosity was collected (see Figure 3.2). The installation of a new
trigger algorithm opened the possibility of extending the W range of the search.

The trigger and off-line selection are the same as those used for the analysis of the

production of the J/¢ (see Chapter 9).

11.1 Discussion on the Extension of the W Range
of the Search

The search for T is effectively reduced to three resonances: T(15), T(2S) and Y(35) sit-
ting at masses of 9.46, 10.02 and 10.36 GeV, respectively '. As our data does not allow

1The contribution from higher order orbital excitations is negligible.
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the relative fractions of these resonances to be determined, we assume that the cross-
sections times branching ratios as measured by CDF [157], o B(Y(2S))/aB(Y(1S)) =
0.281 4 0.030(stat) £ 0.038(syst) and oB(Y(3S))/aB(Y(1S)) = 0.155 - 0.024(stat) +
0.021(syst). The Y(1S) accounts for about 70% of the signal. The expected M +.-
spectrum of the T(1S), T(2S) and T(3S) using two track topologies is illustrated in
Figure 11.1. The expected M,+.- spectrum peaks at Me+.- ~ 9.5 GeV with tails on
the lower side due to bremsstrahlung radiation of electrons of the decay and on the

higher side due T(2S) and Y(3S) resonances.

7(1S)

Arbitrary units

10

s 12
Mass(e'e) (GeV)

Figure 11.1: The expected M,+,- spectrum of the T(1S), T(25) and T(3S) resonances

using two track topologies. The ratio of the cross-sections times branching ratios of

the three resonances are assumed to be the same as measured by CDF (see text).

The typical resolution of the reconstructed mass ranges between 200 and 400 MeV
for two track and one track topologies, respectively. This is illustrated in Figure 11.2.

Since the average momentum of the decaying products of the T are a factor of three
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Figure 11.2: Plot a) shows the reconstructed M,+.- with two track topologies for
Y(1S). Plot b) shows M.+~ with one track topologies. Plot c) shows the effective
M_+.- spectrum obtained using both topologies. The DIPSI MC is used.

greater than in the case of the J/i the resolution of the reconstructed mass with the
CTD tracks only is of the same order as for one track topologies 2.

As in the case of the J/4, the inclusion of one track topologies allows from the one
hand to extend the W range of the observation of VM production and, on the other, to
flatten the acceptance with W (for more details see Chapters 5 and 7). The result of the
acceptance calculation for two track topologies only compared to the result obtained by
including one track topologies is shown in Figure 11.3 for T(1S). The horizontal lines
illustrate the W ranges which the previous analysis was restricted to (see Appendix G)

and the range of the extension due to the inclusion of one track topologies.

Plots in Figure 11.4 show the reconstructed M,+.- and W distributions for two

2The contribution from zero track events in the production of T resonances is negligible.
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Figure 11.3: Acceptance for T(1S) production calculated with the DIPSI MC. The

solid squares correspond to acceptance with two track events topologies only and solid
circles are the result of a similar calculation after including one track topologies. The
horizontal lines correspond to the W range of analysis with two track topologies only

and including one track topologies.

track events only and for two track and one track topologies added together in data.
The solid line corresponds to the sum of the contribution of the two dominant QED
processes, Bethe-Heitler (the LPAIR MC) and QED Compton (the COMPTON MC).
The dashed histogram in Plots ¢) and d) in Figure 11.4 correspond to the contribution
of QED Compton alone. The distribution of helicity angles for these samples are given
in Figure 11.5. The inclusion of one track events leads to a significant increase of
the QED background processes. Figure 11.6 shows the distributions of reconstructed
M,+.- and W in the region 8.5 < M.+.- < 11 GeV. The contribution from QED
processes increases by a factor of 2.5 after including one track configurations (compare
Plots a) and c) of Figure 11.6). This leads to a significant reduction of the ratio of
signal to background (see Tables 11.1 and 11.2).
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Figure 11.4: Plot a) shows the reconstructed M,+.- distribution for two track events
in data. Plot b) shows the W distribution for the same sample of di-lepton events
with 4 < M.+.- < 8 GeV. The solid line corresponds to the contribution from all QED
processes. Plots c¢) and d) include events reconstructed with 1 track. The dashed MC
corresponds to the contribution predicted by the COMPTON MC.

11.2 Search Strategy

For the purpose of updating the search performed in Appendix G it was preferred to
stick to the range of the old analysis 80 < W < 160 GeV and to use two track topologies
only. The mass window of the search was set to 8.5 < M,+,- < 10.9 GeV. As a
systematic check, the search is also performed in the extended range 60 < W < 230 GeV

including one track topologies.

Full systematic error analysis has been performed (see Section 9.3) ®. The fraction

3The search mass window has been shifted left and right by 300 MeV.
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Figure 11.5: Plots a) and b) show the distributions of helicity angles for di-lepton events
with 4 < M,+.- <8 GeV in data. The solid line corresponds to the contribution from
all QED processes. Plots c¢) and d) include events reconstructed with 1 track. The
dashed MC corresponds to the contribution predicted by the COMPTON MC.

of contamination from resonant production of T resonances via proton dissociation was

been assumed to the same as for the J/1. SCHC has been assumed.

The reconstructed invariant mass spectrum obtained is shown in Figure 11.7. The
solid line in the main Plot corresponds to the expectation from QED processes and
the solid circles to data. The small insert shows a blow up of the mass region of the
T resonances in data after background subtraction. The data display an excess of
events in the search mass window. A total number of 107 events are observed and 88.7

events are expected from QED background processes. Following the prescription of
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Figure 11.6: Plot a) shows the reconstructed M,+.- for two track events in the region
of the T resonances in data. Plot b) shows the W distribution for the same sample
of di-lepton events with 8.5 < M.+.- < 11 GeV. The solid line corresponds to the
contribution from all QED process. Plots ¢) and d) include events reconstructed with
1 track. The dashed MC corresponds to the contribution predicted by the COMPTON
MC.

Expression (G.3), Ny = 18.3 + 10.3, the number of unresolved * signal events.

The solid line in the insert in Figure 11.7 corresponds to the expected shape of the
reconstructed invariant mass of the three T resonances, as predicted by the DIPSI MC.
The DIPSI MC has been normalized so as to yield a number of unresolved signal events
in the search mass window equal to Ny observed in data.

A number of checks have been performed to test the stability of the result obtained

in the nominal analysis. The results of these checks compared to the result of the

4Unresolved refers to the three Y resonances.
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Figure 11.7: High M,+.- spectrum in data (solid circles) compared with Bethe-Heitler
process generated by the LPAIR MC (histogram). The insert shows the signal after
subtracting the LPAIR MC. The solid line in the small window corresponds to the
DIPSI MC normalized to the number of excess events in data with respect to the
expectation of QED processes. DIPSI MC contains the three T resonances expected

in the search mass window.

nominal configuration are shown in Table 11.1. The largest deviation from the result
obtained with the nominal selection is due to the inclusion of one track topologies.

This effect has been included into the systematic errors.

186
Selection | W (GeV) | Mass Window (GeV) | Nobs | NoeD Ny
21t 80 - 160 8.5-10.9 107 | 88.7 | 18.3+10.3
2Tr. 80 - 160 8.2-10.6 122 | 1032 | 18.84+11.1
2T 80 - 160 88-11.2 95 (i 231+9.8
2Ty 80 - 160 8.5-10 88 76.3 | 11.8494
2T, 80 - 160 9-10 55 42.8 12.2474
v, 80 - 230 8.5-10.9 187 1057 | 21,8017
2Tr. + 1Tr. | 60 - 230 8.5-10.9 260 | 248.5 | 11.5+16.1

Table 11.1: Results of various checks for the search of T production with data taken
during the 1999 and 2000 running period with different off-line selections. Ny is the
number of observed events in the selection, Nggp is the number of expected QED
background and Ny is the number of unresolved signal events with an error calculated

according to Expression (G.3).
11.3 Results

The results of the search of T resonances using the electronic channel was presented
in the analysis with data taken during 1996 and 1997 in terms of a cross-section, even
though no clear evidence of T resonances was observed. This was motivated by the fact
that the T resonances are not hypothetical particles, but have been observed and its
properties have been studied experimentally. The presentation of the search in terms
of a cross-section should be understood in this context as a measure of the excess of
events in the mass region of the T resonances observed in data with respect to the
expectation from QED background. As the cross-section of the production of T is

small it is not expected to see a clear resonant structure in the M.+.- spectra.
The procedure of the extraction of photoproduction cross-section is given in Sec-
tion 9.2. The cross-sections are presented for the production of the resonance T(1S).
As no clear evidence of T resonances have been observed with the accumulated

data, it was decided to present the results additionally in terms of upper limit on
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W)| Nr  |Axas)| ®r | Fras) | opoxasy | 9pnrasy
120 [ 183+103| 052 [005256 | 07 | 3094175 | 626
120 | 188+11.1| 054 |0.05256| 0.7 | 306+179 | 632
120 | 23498 | 048 |005256| 07 | 4184177 | 746
120 | 227+10 | 049 [0.05256| 08 | 240+191 597
120 | 122474 | 041 |o0o0s256| 08 | 208+181 640
150 | 21.3+11.7 | 047 [0.07153]| 07 | 203+161 582

140 | 11.5+16.1 | 0.54 | 0.09805| 0.7 1004:140 363

Table 11.2: Results of checks on T production with data taken during 1999 and 2000
running periods according to off-line selections given in Table 11.1. (W) (in GeV) and
&5 are the average W and photon flux of the selection, respectively. Ny is the num-
ber of unresolved signal events with an error calculated according to Expression (G.3).
Ax@s) and Fy(1s) are the acceptance and relative fraction of T(1S) in the selection, re-
spectively. The results are expressed in terms of the cross-section of T(1S) production,
Typ1(15)p, and an upper limit to it according to a 95% CL, cXm¥. |, , both expressed

in pb. The error given to 0., ,y(s), is statistical only.

the photoproduction cross-section. The calculation of the upper limit has been done
following the prescription in [139].

The result of the checks performed in the present analysis compared with previous
measurements are shown in Table 11.2 in terms of the Y(15) photoproduction cross-
section and the upper limit to it according to the 95% confidence level (CL). The result
of this analysis with full systematic errors is shown in the third row of Table 11.3. This

result is consistent with previous analyses.

The results obtained in the present analysis are combined with those shown in Ap-
pendix G. For simplicity, both analysis have been treated as independent measurements
and the combination was been performed by means of an error weighted average. The
error associated to each measurement is the sum in quadrature of the statistical and

systematic uncertainties. The systematic error has been set to be symmetric and equal
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Selection Ny Axas) | L(pbY) | oeporrasyp af;;’f{-(ls)},
95-97 (ptp~) | 171475 | 043 | 432 | 375417017 697
96-97 (ete”) | 11.148.3 | 0.50 37 | 255419118, 611
99-00 (e*e”) |[18.34+103| 052 [ 553 | 309+17572% 626
96-00 (ete”) |29.4+13.2| 051 | 92.3 2734170 517
(ptp=)-(ete”) | 46.5+15 - 125.5 320+125 -

Table 11.3: Results on the search of elastic photoproduction of Y(15) resonances with
different data sets. Ny is the number of unresolved signal events with an error calcu-
lated according to Expression (G.3). Ay(s) is the acceptance of Y(15) in the selection.
L is luminosity corresponding to each data set. The results are expressed in terms of
Oeps1(15)p, the cross-section of T(1S) production and an upper limit to it according to
the 95% CL, oXim, |, both expressed in pb. The error given to the combined 96-00
and (utp~)-(ete)results of 0.y y(15), corresponds to the statistical and systematic

errors added up in quadrature.

to the average of the positive and negative systematic fluctuations. The results of the
combination of 96-97 and 99-00 data analyses using the electronic channel are shown
in Table 11.3.

The result of the 96-00 (e*e~) selection is consistent with the one obtained the 95-97
(ptp) selection. The cross-sections obtained with the 96-00 (e*e~) selection has been
combined with the result of the 95-97 (u*p~) selection. The combination of the results
from both selections increase the significance of the excess of events seen in data in the
mass region of the T resonances with respect to the QED background. The significance

of the excess has grown from 20 effect to a 3o effect.

The results of this analysis are compared with the measurement published by the
H1 Collaboration [142] in Figure 11.8. The value of the upper limit is obtained at
W =120 GeV. The dashed line corresponds to a functional form o W¢, with § = 0.7
so that to give the calculated limit at W = 120 GeV. The value of § = 0.7 is taken
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Figure 11.8: The values of upper limit obtained with the selection 96-00 (ee~) is
compared with the cross-sections published by the H1 and ZEUS Collaborations. The
value of the upper limit is obtained at W = 120 GeV. The dashed line corresponds to
the functional form o< W7 so that to give the calculated limit at W = 120 GeV.

from the one obtained in the case of J/v 5.

5Results of the parameter & in the electroproduction regime have been reported ([122, 158] and (100,
159]). It has been observed that the steepness of the rise of the cross-section does not increase with

the scale Q% + M2 ) (see also Chapter 12);
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Chapter 12

Discussion

12.1 Elastic Photoproduction of J/¢

12.1.1 Sensitivity to the Saturation of the Cross-Section with
w

One of the major motivations behind this work is to measure the W dependence of
the cross-section in an extended W range. The measurement of an elastic exclusive
state gives additional sensitivity in the study of the behavior of the cross-section at
high energy. In particular, the measurement of an exclusive state for a given value of
Q? has the advantage that the cross-section is evaluated at a fixed value of the scale
of the interaction. It is possible to disentangle the non-trivial scale dependence of the
cross-section in the region of transition from hard to soft QCD interactions from the
energy dependence of the cross-section.

The energy dependence of o(yp — J/ip) is sensitive to the square of the gluon
density in the proton probed at an effective scale p? = £M3/¢ and = 5—)3,]2& (see
Section 2.6.2). The saturation of the cross-section at high energy may be interpreted

as a saturation of the gluon density in the proton at small z.

In Section 9.4 it has been shown that the measured cross-section may be param-
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eterized with a simple power form, o(yp — J/¥p) x W?. The extraction of a W
independent § may be interpreted as an indication that we are not sensitive to satura-

tion effects at small z.
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Figure 12.1: Fits to o(yp — J/vp) with different parameterizations of the W depen-
dence of § (see text).

In this Section the W dependence of the power § is explored by means of fits to
various parameterizations of the cross-section. Fits of the cross-sections have been per-

formed to the following parameterizations of & as a function of W (a(W) = AW*™):

+B
a) 6= 501+1;(W/90)

b) & = Soraarar

1
¢) 6 =dorrEmwrm

In each fit three parameters are free. The parameter §; corresponds to the value of §
at W =90 GeV and B is a parameter implemented to account for the W dependence
of §. The values of the parameters &y and B of the fits of the cross-sections to the three
functional forms are given in Table 12.1. The parameters B obtained from the three
fits are consistent with zero within errors. We do not observe a change in the dynamics
of the process in the extended W range of the measurement. The J/4 photoproduction

data may be consistent with no saturation.

Fit So B X /n.d.f.
0.73 4+ 0.04*3% | 0.007 £0.01%301 | 13.1/11
0.71 4 0.03*3:33 | 0.001 + 0.002+3:%93 | 13.2/11
c |0.78+0151013 [ 0024004408 | 13.2/11

Table 12.1: Values of the parameters §; and B obtained from the fits of the cross-

sections to three different functional forms.

12.1.2 Comparison with Models

In Section 2.6 a description of representative models developed for the description
of the elastic production of VM’s has been presented. The calculations made in the
framework of these models provide a connection between the behavior of the total DIS
cross-sections with the production of VM’s. It is a milestone for the understanding of
the physics involved at HERA to describe simultaneously both the total DIS and other

subprocesses, in particular the elastic production of VM’s.

Figure 12.2 shows the comparison of the photoproduction cross-section o(yp —
J/1p) with the prediction by MRT [57] with various parameterizations of the gluon
density: GRV [160], CTEQ5M [161] and MRST99 [162]. Figure 12.3 shows the com-
parison with the predictions of FMS [58]. Two parameterizations of the gluon density
are used, CTEQA4L [163] and MRSTLO [58]. FMS uses a parameter & to set the scale

at which the gluon density is probed, @* = x/(r), where 7 is the transverse size of the
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Figure 12.2: Results of cross-sections given in Table 9.1 versus W compared to the
predictions of MRT calculated with different parameterizations of the gluon density.

qg pair '. Two different values of the parameter  are used. The data prefer a value of
k=4

The normalization of the pQCD predictions depend strongly on the value of the
effective mass of the c-quark, m.. The value of m., when adjusted for different param-

eterizations of the gluon density, fixes the absolute normalization to fit the data.

The dependence on W of the predictions of pQCD models depends somewhat on the

choice of the parameterizations of the gluon density. Even so, these models are able to

In the work [58] the parameter & is referred to as A. The original notation has not been used in

this Chapter in order to avoid confusion with A.ss and Ay used in Section 12.4.
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Figure 12.3: The same as in Figure 12.2 with the predictions of FMS (see text).

describe reasonably well the W dependence of the cross-section. Given the freedom to
adjust m., the normalization of the predictions remains the largest uncertainty in the

calculations.

The models mentioned above predict o45_, based on pQCD calculation by inputting
the gluon density of the proton. GBW performed a fit of the existing DIS (F3) data
with a simple parameterization for oz, [23]. Based on the parameterization of oz p,
a(yp — J/¢p) is calculated [164] (see Equation (2.24)).

The GBW calculation performed in [164] has been updated. The value of the t-

slope used there has been changed according to Expression (9.14) with the value of

by and o obtained in Section 9.5. Figure 12.4 shows the comparison of the modified
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Figure 12.4: The same as Figure 12.2 with predictions from GBW. The lines correspond

to different parameterizations of the wave function of the J/v (see text).

calculation with data for different forms of the assumption of J/1 the wave function.
Each corresponds to a different assumption about the internal motion of the quarks
in the J/1. The dashed-dotted line in Figure 12.4 corresponds to a delta type of wave
function (the transverse momentum and longitudinal momentum of the quarks do not
fluctuate), the dashed line to a single Gaussian (transverse motion of quarks is allowed
according to a Gaussian distribution) and the solid line to a double Gaussian (both

longitudinal and transverse momentum fluctuate according to Gaussian distributions).

The shape of the W dependence is well described by the calculations. The absolute

normalization of the calculation depends strongly on which wave function is chosen.
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The more realistic double Gaussian wave function is preferred by the data. However,
the choice of the wave function has little impact on the prediction the dependence on

W. This observation is important for the discussion in Section 12.4.
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Figure 12.5: The same as Figure 12.4 for different definitions of £ (see text).

In the calculation performed in [164] the assumption was made that the scale of the
interaction is M3,,. This assumption has been modified here to EM3,,, where £ is a
parameter. The results of the calculations are shown in Figure 12.5 for three different
values of £. The normalization of the calculation depends on &: the prediction grows
as £ gets smaller. This is understandable since the total DIS cross-section grows as
Tl 5_'&[3# — 0 (see Equation (2.24)). Note also that the choice of £ does not have a

strong impact on the dependence of the prediction on W. This is because the steepness
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of the rise of the total DIS cross-section changes relatively slowly with Q? = ¢M? /4 [26].

12.1.3 The Regge Trajectory

One of the motivations behind this work is to determine whether the measured high

energy cross-sections can be expressed in terms of a universal Pomeron trajectory.
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Figure 12.6: The Regge trajectory from elastic J/1 production as a function of ¢ ob-
tained in this analysis compared with other results from the H1 and ZEUS experiments
(see Figure 9.18). Also shown are the “soft” (dashed line) and the “hard” (dot-dashed
line) DL Pomeron trajectories and a prediction for the Pomeron intercept based on
a NLO BFKL calculation. For presentation purposes the values of ¢ of the present
analysis have been shifted by +0.04 GeV2.

Figure 12.6 shows the Regge trajectory values calculated from elastic J/4 production
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as a function of ¢ from the H1 and ZEUS experiments compared with the trajectories
expected from “soft” and “hard” Pomerons. The data lie in between them. It may be
concluded that the Regge trajectory from elastic J/i is a combination of the “soft”

and “hard” Pomeron trajectories.

Also plotted in Figure 12.6 as a horizontal line near ¢ = 0 is the Pomeron intercept
based on a QCD NLO BFKL calculation [165]. The intercept of the BFKL Pomeron
lies close to that determined from the data in this experiment. However, this theory
cannot accommodate the observed ¢-dependence described in Section 9.5.

In Section 12.4.3 the parameters of the Regge trajectory from elastic J/v production
will be compared with those obtained from other VM’s at different values of Q2.

12.1.4 Between Hard and Soft Physics

The measurement of the elastic production of J/4 has left some open questions that

need to be understood within QCD. These can be summarized as follows:

1. The value of 6,/ ~ 0.7 indicates a strong rise of the cross-section with W. This
behavior is qualitatively different from that observed in the photoproduction of
the p® meson, with the value of §,0 ~ 0.16 [166]. This value indicates that the
production of p° mesons is dominated by soft physics. However, it is expected that
the scattering of a transversely polarized ¢g state from the proton be dominated
by a soft interaction. With the mean value of @2 (@) ~ 5 x 10°°GeV? «
M3, it is expected that the ¢7 state be transversely polarized 2. Additionally,
it has been observed that the value of 6,/ does not increase with @* in the
electroproduction regime [122]. The application of the technique developed in
Chapter 5 in the case of electroproduction of J/¢ — ete™ has significantly
reduced the error on &, and has confirmed this conclusion [100, 159]. This

indicates that the W dependence of the longitudinal and transversely polarized

2The ratio of longitudinal to transversely polarized production of VM’s is proportional to @*/M{
for @2 5 1GeV2.
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qq off the proton are similar for the same final state. This is consistent with
the observation made that R = o /or in the electroproduction of p° meson is

constant with W [42].

2. Strong shrinkage is indicative of soft physics. Within pQCD it is expected that
shrinkage be zero or very small. However, it has been observed that the value
of o = 0.127 4 0.032(stat)*§553(syst) GeV—2 deviates from zero by some three
standard deviations. It is not clear whether pQCD can accommodate this large
value. This suggests that the interaction leading to the photoproduction of J/v

has a sizeable components of soft physics.

12.2 Elastic Photoproduction of ¢(25)

Figure 10.4 shows the cross-section ratio o(¥(2S))/o(J/v) obtained in Chapter 10
compared with previous H1, ZEUS and fixed target experiments results. Accumulated
data indicate a clear suppression of the 1(2S) production relative to the J/1. Within
the parton model the production of VM’s is factorized: the photon fluctuates into a
qq pair that scatters on the proton and subsequently forms the VM bound state. The
amplitude of the process is given in Equation (2.23). The absolute normalization of

the cross-section depends strongly on the VM wave function.

The wawve function of the 1(2S) displays a “node-type” shape with an additional
feature that the radius at which the wave function suffers this node is similar to the
average distance between the quark-antiquark in the photoproduction limit. Hence,
the node effect is expected to be strongest in the case of the charmonium as opposed to
other VM’s. Calculations within the parton model have predicted that the production
cross-section ratio o(¥(25))/o(J/¥) = 0.17 [146], consistent with the experimental
results (see Figure 10.4). This is a victory for the parton model. VDM, in contrast,
fails in predicting the rate of the 1(2S) production as the couplings of the J/v¢ and
¥(2S) to the photon are predicted to be similar [167].
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12.3 Elastic Photoproduction of T Resonances

Results on the elastic production of T resonances with decay through the electronic
channel have been reported in Section 11.3. No clear resonant structure has been
observed in the M.+.- spectrum. However, data show an excess of events over the
expected QED background within the search mass window. A combination of these re-
sults with a previous result by the ZEUS Collaboration [155] increases the significance
of the excess of data events over the expected QED background from two to three stan-
dard deviations. It is necessary to accumulate more data in order to produce a reliable

measurement of the cross-section of the elastic photoproduction of T resonances.

The original pQCD calculations by FKS [59] were based on a model used for the
production of J/1 and undershoot the data of T production by a factor of five. These
calculations have been updated by FMS [60] and agree well now with the data. Off-
diagonal contributions (“skewedness”) and a larger value of the real part of the am-
plitude have pushed up the predictions. pQCD calculations from MRT [61] agree well
with data too. A more refined treatment of non-relativistic effects, of the real part
of the amplitude and of ”skewedness” have lead to the enhancement of the predicted
cross-section. A calculation based on the parton-hadron duality applied to b also gives
a good agreement with data [61]. Further data taking is required in order to refine
pQCD calculations.

pQCD calculations predict that dy(1s) be significantly larger than §;/,. In order to

confirm this a manifold increase in luminosity is required.

12.4 Overview of Elastic VM Production at HERA

The steepness of the rise of the VM production with W is basically driven by the gluon
density in the proton, which is probed at an effective scale, p? = £(Q? + M) (where
¢ is an unpredicted factor) at low z (:r = 9%%4-‘2‘) Assuming a flavor independent

production mechanism the relative production rates should scale approximately with
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the square of the quark charges, i.e. the relative production rates should scale as
Piwig: Jp:T(1S)=9:1:2:8: 2, referred here as SU(5) ratios (see Table 2.1).

It is interesting to determine how the interaction changes the SU(5) ratios.

Elastic VM Production at HERA
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Figure 12.7: Illustration of the coverage in the (Q* + M2)-z plane of the measurement
of the elastic VM production at HERA made so far.

The H1 and ZEUS Collaborations have measured the cross-sections of the elastic
production of vector mesons ep — eVp, where V = p° w, ¢, J/1,¥(2S) over a wide

range of W, from photoproduction (Q* ~ 0) to @* = 100GeV? ®. The kinematic

3The available data used in this discussion is: photoproduction of p° (166], photoproduction of
w [168], photoproduction of ¢ (169], photoproduction of J/1 [142, 136, 137], photoproduction of
(285) [135], photoproduction of Y [142, 155], electroproduction of AP [170, 171, 172], electropro-
duction of w [173], electroproduction of ¢ [131, 174] and electroproduction of J/¢ (175, 176]. For

range of DIS and VM production overlap at HERA giving us the chance to examine
more deeply fundamental issues of the physics of hadronic interactions. Figure 12.7
illustrates the coverage in the (Q? + MZ)-z plane of the measurement of the diffractive

VM production at HERA made so far.

12.4.1 The Scale in Elastic VM Production

Recent results on the elastic VM production at HERA have shown that the W depen-
dence of the total cross-section, o(y*p — Vp), and the ¢ dependence of the differential
cross-section, do(y*p — Vp)/dt, is dependent on @* and MZ, suggesting that the ob-
servables of the interaction are functions of these two variables [134, 177] (see other
relevant publications [132, 131, 133)).

It has been shown that the relative production ratios reach approximately the
SU(5) ratios at @ > MZ. However, Figure 12.8 * shows the total cross-section ra-
tios a,,04,04/4 to 0,0 being approximately constant with @? + MZ. This indicates
that the dynamics of the scattering of the ¢g state on the proton do not alter the
VM production ratios. The ratio oy /0,0 in Figure 12.8 is systematically higher than
the predicted SU(S5) ratio [134, 178, 177]. This effect seems to be independent from
Q%+ M. A possible reason for it may lie in the differences in the wave functions of
light and heavy VM’s.

Figure 12.9 shows the values of § obtained from different VM’s for different values of
@?. The upper Plot shows & as a function of Q2. The lower Plot shows § as a function
of @* + MZ. In the upper Plot the measured values of § in the photoproduction of
heavy VM’s stand together with those of the light VM’s. If one orders the values of §
as a function of Q? + M one sees that the & in the photoproduction of heavy VM’s

simplicity, labels “H1” and “ZEUS” refer to both final and preliminary results. With regards to the
photoproduction of J/¢ the data used in this review correspond to results from this analysis reported
earlier in [136, 137] unless the label “This analysis” is specified. In the latter case updated data

reported in this thesis is used.
4This Plot has the label of "ZEUS Preliminary”.
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Figure 12.8: The total cross-section ratios o, ¢, /4 to o, as a function of Q*+ ML
at fixed W compared to the SU(5) ratios.

are comparable to the § measured in the electroproduction of light VM’s.

Figure 12.10 shows the values of the ¢-slopes obtained from different VM’s at different
scales. The upper Plot shows the t-slopes as a function of Q2. The lower Plot shows
the t-slopes as a function of @* + M. The slope parameter, b, is proportional to the
squared transverse size of the interaction, b oc R%; _, (see Section 2.1). At small values
of @®+ M2 the transverse size of the q7 is large. As @+ M increases, the transverse
size of the ¢ decreases. At very large Q%+ MZ the t-slope is a measure of the transverse
size of the proton. This indicates that the value of @* + Mg is setting the scale of the
interaction, i.e. governs the transverse size of the colliding objects in the reaction.

It is relevant to mention that the transverse size in the interaction depends weakly
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Figure 12.9: Values of § obtained from different VM’s at different Q2. The upper Plot

shows & as a function of @2. The lower Plot shows § as a function of Q% + MZ.

on the polarization of the VM. This is seen by comparing the t-slopes obtained from
the photoproduction of the J/4 (transverse polarization) and electroproduction of p°
meson (mainly longitudinal polarization) at similar values of Q2 + M3.

This qualitative discussion illustrates that the wave function of the VM may affect
the absolute normalization of the cross-sections of heavy VM’s relative to light VM’s
but affects little the shape of their W and ¢ behaviors. The data suggest that § and
b (W and t behaviors) of the elastic VM production are universal functions of the
variable Q? 4+ M3, irrespective of the type of VM. The combination Q% + M2 seems
to be a good choice of scale of the interaction in elastic VM production. This is an

important step needed to compare the elastic VM and total DIS cross-sections.
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Figure 12.10: Values of t-slopes obtained from different VM’s at different Q* at W =
75GeV. The upper Plot shows the t-slopes as a function of @*. The lower Plot shows
the t-slopes as a function of @ + M7.

12.4.2 The Complementarity of Elastic VM Production to
DIS

LO QCD predicts that the growth of the VM production and the total DIS cross-
sections are driven by the gluon density. Also, from the point of view of the dipole
picture, the diffractive exclusive production of VM’s is closely linked to the total DIS
cross-section. We are in a position to investigate the z (or W) dependence of the VM
production cross-section ordered according @*+ M and establish similarities between

the latter and the z dependence of the total DIS cross-section.

We measure the elastic cross-section integrated over a range in ¢, so, assuming a
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single exponential, the following relation holds:
do
— ~ ob 12.1
7S Wi (121)

where b is extracted by each experiment for each VM from the differential cross-sections.
We may present % | in bins of @* + M7, The %| _ in bins of @* + M7 plot utilizes

the following steps:

1. Scale the cross-sections to that of the p° meson according to the SU(5) ratios.

2. Make appropriate bins in @ + MZ. The center of the bin is calculated as the

error weighted average of the points in the bin.

3. The cross-section of each point is shifted to the error weighted average in each
bin. For simplicity, this is done according to the parameterization of the Q* + M3

dependence of the VM cross-sections.

4. For those points that come with their measurement of b we use the latter value
to calculate %’ 1—q - For those points that do not have that measurement we use

the parameterization of b as a function of Q% + MZ.

Figure 12.11 ® shows the values of %‘ﬂ +o Obtained for various VM’s as a function of
z in bins of @Q? + MZ. The solid line are fits of the form Az=?V, where A and Ay are
free parameters 6. The values of Ay obtained in these fits are shown in Figure 12.12.
The values of Aesy obtained from the total DIS cross-section 7 (Fh o z7*¢/f at fixed
@Q?) are shown in the left Plot in Figure 12.12 8. The behavior of the steepness of the
rise of the VM production cross-section as z — 0 with changing Q* + M is similar to

the = dependence of F; with changing @*. A.;; and Ay depend weakly on the scale (Q?

5This Plot has the label of "ZEUS Preliminary”.

SThe steepness of the rise with energy of the cross-section of elastic VM is expected to be about
twice as stronger as for the total DIS cross-section at a similar scale (see Chapter 2). The factor 2 in
front of Ay is motivated by this.

"Recent results of F, released by the ZEUS Collaboration [179] have been used for this fits [180].
8This Plot has the label of ”ZEUS Preliminary”.
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Figure 12.11: Elastic II;:
(see text). The solid lines are fits of the form Az=2*v.

o for various VM’s as a function of z in bins of Q@+ M

and Q? + M3, respectively). This correlation becomes stronger at larger scales. The
similarities between Ay and A.ss are evident.

This qualitative discussion serves as an indication that the dynamics that drive the
increase with energy of the total DIS and VM cross-sections are very similar. From
the point of view of the dipole model, both cross-sections may be easily related to each
other (see Equations (1.14) and (2.24)): o4 is the underlying cross-section to both
processes. A theoretical description of oz should be able to describe simultaneously
both the total DIS and VM cross-sections. The addition of VM data to the analysis of

045 enhances the sensitivity of HERA data to issues like the interface between “hard”
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Figure 12.12: The left Plot shows the values of Ay obtained from the fit of the elastic
VM cross-sections, % | 1> in bins of @ + M} to the form Az=2)v. The right Plot
shows the values of A.;; obtained by fitting the proton structure function, Fj, at fixed
Q? to Az st

and “soft” physics and saturation effects.

12.4.3 1Is There an Universal Pomeron Trajectory?

Figures 12.13 and 12.14 show the parameters of Regge’trajectories extracted from
the production of different VM’s at HERA ? as a function of Q* + M. Figure 12.13
shows a clear correlation between (0) and @* + M. This is understandable since the
steepness of the rise of cross-sections increases with Q? 4+ MZ. Figure 12.14 displays
a weak correlation between o/ and Q® + M. There seems to be an indication that
the value of o/ (or “shrinkage”) decreases with @? + MZ. The value of o' for the
photoproduction of p° meson lies above the one obtained for the photoproduction of
J/i and for the electroproduction of p° meson. More precise determination of the

Regge trajectory in the electroproduction regime will shed light on the dependence of

°No data from fixed target experiments were used for the extraction of the Regge trajectories.
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the o with the scale of the interaction.
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Figure 12.13: Values of (0) obtained for different VM’s as a function of Q* + Mg.

Figures 12.13 and 12.14 illustrate that data cannot accommodate one universal
Pomeron trajectory. The Regge trajectory extracted with HERA data only seem to
depend on @? and MZ [181, 177].

12.5 Summary
The exclusive photoproduction of J/1 mesons has been studied at HERA with the
ZEUS detector using the electron decay channel.

e The yp — J/yp cross-section has been measured in the kinematic range 20 <

W < 290 GeV. It exhibits a steep dependence on W, described by a single
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Figure 12.14: Values of o obtained for different VM’s as a function of Q* + M.

power-like behavior of the type W with § = 0.698 + 0.017(stat) 315 (syst). The
restriction of the fit in the range 35 < W < 290 GeV yields the following value
§ = 0.695 + 0.020(stat) 5% (syst). This behavior is qualitatively described by
perturbative QCD based models and may be understood as a reflection of the
increase of the gluon density in the proton at small values of z. No W dependence
of the parameter 6 has been observed in the range of this measurement. No clear

signs of saturation of the cross-section with W have been observed.

The differential cross-section do/dt has been measured as a function of W in the
range 20 < W < 290 GeV and ¢ for [t| < 1.25 GeV2. It is described by a single
exponential function in ¢, with a slope by = 4.24 4 0.07(stat) {11 (syst) GeV 2 at
W = 90 GeV. The W dependence of the t-slopes has been parameterized with
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Expression (9.14) with o/ = 0.127 + 0.032(stat)*5333(syst) GeV—2.
P 023

e The Regge trajectory has been determined from the W and t dependence of
do/dt in the range 20 < W < 290 GeV and [t| < 1.25 GeV?. The fit yields a/(0) =
1.202 + 0.013(stat) 5% (syst) and o' = 0.131 + 0.028(stat)*{.0%s (syst) GeV 2.
The data show that o' is small but different from zero. The measured intercept
is neither compatible with the “soft” Pomeron mechanism alone nor with the

“hard” Pomeron mechanism alone.

e The J/1 spin density matrix elements 73 and 79, have been measured using
the decay angular distributions defined in the helicity frame. Their values are

consistent with the s-channel helicity conservation hypothesis.

e These pieces of experimental information suggest the presence of both “hard”
and “soft” physics in the dynamics underlying the photoproduction of the J/v

in this kinematical region.

The exclusive photoproduction of ¥(2S) mesons has been studied at HERA with
the ZEUS detector using the electron decay channel.

e The ratio o((2S))/a(J/+) has been measured in the range 50 < W < 125 GeV,
yielding 0.1540.031351. This value is consistent with previous measurements and
confirms the suppression of the production of ¥(2S) with respect to the produc-
tion of J/, as predicted within the parton model.

The exclusive photoproduction of T resonances has been studied at HERA with the
ZEUS detector using the electron decay channel.

e No clear evidence of T resonances has been found through the electronic chan-
nel with data taken during the 1996 through 2000 running periods. The com-
bined upper limit to the photoproduction cross-section of T(1S) at a 95% CL is

T (1s)p = S17pb.

An overview of the accumulated elastic VM production at HERA indicates:

e The W and ¢ behaviors of the cross-sections seem to depend little on the details
of the wave function and polarization of the VM. The quantity @+ M is a good
choice of the scale of the interaction. After correcting the VM cross-sections by
the SU(5) ratios the absolute normalization of the cross-sections of heavy VM’s

is larger than that of light VM’s.

e Data indicate that the dynamics that drive the increase of the total DIS and
VM cross-sections are similar. This suggests the need for a phenomenological

framework that describes simultaneously both total DIS and VM cross-sections.

e All data cannot accommodate one universal Pomeron trajectory. The parameters
of the Regge trajectories extracted with HERA data seem to depend on Q* and
M2,
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Appendix A

UCAL Energy Response to EM

Showers at Low Energies

The ZEUS Collaboration has developed extensive efforts to understand the energy
scale and energy resolution of the UCAL ”in situ” using various techniques for energy
depositions, E, E > 10 GeV. Studies of the UCAL energy response to electromagnetic
showers at low energies (E < 10 GeV) are described here. This study is central to the
extension of the W range of the measurement of the diffractive production of heavy

VM'’s, V — ete™ (see Chapter 5).

A.1 Energy Scale

A.1.1 Method

There are different methods for the calibration of detectors ”in situ” with data. For
each method a functional relation, a function of the energy scale, S, energy response

of the UCAL, E, and other experimental variables, ¢, is defined:

§=F(E,() (A.1)

214

Each event 7 in the data sample selected for calibration defines a variable & according
to Equation (A.1), where Ej, (; are the energy and other variables in the event, respec-
tively. For the whole data sample a distribution of £ is obtained. The value of S is
defined as the scale factor such that the distribution of F(E/S, () is centered at zero.
If the peak of the distribution of £ is centered at zero then S=1 and data do not need
to be corrected. The same procedure is performed on the MC simulation. This method
provides for an absolute determination of the energy scale of the response of the UCAL
in data independent of the MC simulation. Also, it provides an absolute determination
of the energy scale of the MC simulation. For purposes of the physics analysis it is

useful to determine the difference of the scale in data and MC, Syc — Spata-

A.1.2 Energy Scale of RCAL

Two methods are used to determine the energy scale of electromagnetic showers in the
RCAL: the comparison of energy and CTD momentum of tracks and the P, balance of
the electromagnetic objects in high M+.- elastic QED processes.

The data and the ZEUSVM MC events used in the first method pass the following

off-line cuts:
e Bvent triggered by slot FLT58 (see Section 5.4.1).

e At least one isolated electromagnetic cluster in the RCAL with a track matched

to it (see Section 6.4).

o The electromagnetic clusters should fall into the fiducial region of the RCAL
defined in Figure A.1.

o The tracks should have crossed at least 7 superlayers of the CTD.
e Elasticity requirement is imposed on the event (see Section 6.4).

Figure A.2 shows the distribution of the energy of electromagnetic clusters and

momentum of matched tracks in data and MC. The data contain both resonant J/v
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Figure A.1: The dimensions of the fiducial cuts applied on the position of electromag-
netic clusters in the RCAL. Clusters in the region between the beam pipe hole and the

dashed lines are excluded.
and QED processes. The energy distributions peak at E = 2 GeV, but enough statistics
is left in the interesting range of 3 < E' < 5 GeV, not explored before.

The following function is chosen to extract the scale factor for data and MC:
F(E,P) = -I’”; 43 (A.2)

The CTD momentum of the track, P, goes into the denominator of the first term of
Equation (A.2) as the resolution of 1/P is Gaussian. As a result, the ratio /P has
also a Gaussian distribution.

Distributions are made in bins of CTD momentum, which is the variable that is best
determined in the dynamic range of the present analysis. The peaks of the distributions

in bins of P are fitted to Gaussian functions. Each fit produces a mean value, which is
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Figure A.2: Distribution of energy of electromagnetic clusters and momentum tracks in

data and the ZEUSVM MC. The data contain both resonant J/1 and QED processes.

the scale, S.

The results of S are shown in Figure A.3. The upper Plot displays the values of S in
data and MC obtained in four different bins of P. The lower Plot shows the difference
Smc — Spata- The difference of S in data and MC as a function of momenta may be
fitted to a straight line with a free parameter P;. The result of the fit shows that the
scale in MC is larger than in data by some 3.5%.

The UCAL clusters in the events selected in this study are located in an region of
the UCAL in front of which there stands a relatively large amount of inactive material.
Figure A.4 shows the distribution of inactive material in units of radiation length, X,
that a track needs to cross before reaching the UCAL in the selected sample. Tracks
need to cross in the average 2 units of X; ranging from 1 to 3 Xy. The energy loss
due to inactive material is corrected for using MC simulation [182]. This is done the

same way in data and in MC. In the analysis of the J/v the energy of clusters with a



217

- 0.15
K ® DATA
g mwMmc
0.05F
ST, ® e s L
- ] ¢
-0.05F °
-0.1f-
I3 1 L 1 4 ] = | 1 1
S 3 a 5 6 7 8
P (GeV)
2015
5 0.1f
% 0.05 A i & *
; — ! X/ ndf 2109 / 3
¢ P TPt V3562601
-0.051-
0.1F
(| i R e O O ] IS ol 9 TV P Ao LS O i e
R 3 4 5 6 7 8
Perp (GeV)

Figure A.3: The upper Plot displays the values of S in data and MC obtained using
the comparison of UCAL energy, E, and CTD momentum, P, in four different bins
of P. The lower Plot shows the difference Syc — Spata as a function of P fitted to a

straight line with a free parameter P;.

long track matched to them is not used for the reconstruction of the kinematics. The
energy of the UCAL clusters is used for the reconstruction of kinematics in a different
region of the UCAL in front of which stands in the average less than 1 X of inactive
material. The dependence of the energy scale on the amount of inactive material needs

to be studied.

Figure A.5 shows the correlation of the energy scale with the amount of inactive
material. The upper Plot displays the values of S in data and MC obtained using the
comparison of F and P in four different bins of inactive material in units of X. The
lower Plot shows the difference Spyc — Spata fitted to a straight line, P, + P, - d.m.[X],
where P; and P, are two free parameters and d.m.[Xj| is inactive material in units

of Xy. A correlation between the Syc — Spata and the amount of inactive material
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Figure A.4: Distribution of inactive material in units of radiation length, Xg, that a
track needs to cross before reaching the UCAL (see text). The upper Plot corresponds
to data and the lower Plot to MC.

is observed, which may explain a significant part of the different of the scale in the
present selection of events. If the straight line in Figure A.5 is extrapolated to the
region of 1 unit of X of inactive material the difference in the normalization between

data and MC would be reduced to 1%.

Another data set that may be used to calibrate the energy response to electro-
magnetic showers in the RCAL is the high M+~ spectrum (4 < Mete- < 8GeV)
dominated by QED processes. The intrinsic P? distribution of the final state in elastic
QED processes is expected to fall very rapidly. In the QED sample two electromagnetic
objects in the final state will be balanced in transverse momentum to a good approx-
imation. The distribution of P? for this kind of events is dominated by the energy
resolution of the UCAL. There is some contribution from QED processes via proton
dissociation. This effect will result in some tails in the distributions in data. The

energy scale may be obtained by requiring that the cluster in the RCAL be balanced
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Figure A.5: The upper Plot displays the values of S in data and MC obtained using
the comparison of UCAL energy, E, and CTD momentum, P, in four different bins of
inactive material in units of radiation length, X,. The lower Plot shows the difference
Smc — Spata fitted to a straight line with two free parameters, Py + P, - d.m[Xg], where

d.m[X) is inactive material in units of Xj.

in transverse momentum with a long track. The intrinsic P? distribution of the final
state may bias the absolute determination of the energy scale. However, this effect will
cancel out of one looks into Sye — Spata provided that MC describes the kinematics
of the QED final state.

The following class of events is used to calibrate the RCAL using the ” P, balance”
method:

o The event triggered by slot FLT58 (see Section 5.4.1).

e The presence in the event of one long tracks (7 or 9 superlayers) and an electro-

magnetic cluster in the RCAL.

3]
3]
(e

e Require 4 < M,+.- < 8 GeV.

e Elasticity requirement. This will get rid of a significant fraction of proton disso-

ciative events in data (see Section 6.4).
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Figure A.6: The energy distribution of the electromagnetic clusters in the RCAL in the
set of events selected for the ” P, balance” method in data and MC. MC corresponds
to elastic Bethe Heitler process (the LPAIR MC). The data are dominated by Bethe
Heitler process with some contribution from QED Compton and proton dissociative

processes.

Figure A.6 shows the energy distribution of the electromagnetic cluster in the RCAL
in the set of events selected for the ” P, balance” method in data and MC. MC cor-
responds to elastic Bethe Heitler process (the LPAIR MC). The energy distributions
both in data and MC peak at E = 4.5 GeV and enriched the calorimeter studies at
low energy in the range 5 < E < 10 GeV.

The following function is defined to study the energy scale with the ” P, balance”
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Figure A.7: The distribution of %‘S}‘ﬁ — 1, where P, ¢, = E|sinfcyy| is the trans-
verse momentum of the electromagnetic object corresponding to the cluster in the
RCAL reconstructed with UCAL energy, and P, crp = P [sinfcrp| is the transverse
momentum of the track in the events selected for the ” P, balance” method. The left
Plot corresponds to data and the right Plot to MC. The distributions are fitted to two
Gaussian functions with 6 free parameters in total. The parameters and the x?/n.d.f.

of the fits are given.

method:

F(E,P) = % = (A.3)

where P, ca, = E|sinfcas| is the transverse momentum of the electromagnetic ob-
ject corresponding to the cluster in the RCAL reconstructed with UCAL energy, and
P, crp = P [sinfcrp| is the transverse momentum of the track in the event. Figure A.7
shows the distribution of the variable defined in Equation (A.3). The left Plot corre-
sponds to data and the right Plot to MC. The distributions are fitted to two Gaussian
functions with 6 free parameters in total. The parameters Py, P, P; correspond to the

height, mean and width of the first Gaussian, respectively, and Py, Ps, Ps correspond

to the height, mean and width of the second Gaussian, respectively. The value of S is

defined as the mean value of the first Gaussian.
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Figure A.8: The upper Plot displays the values of S in data and MC obtained using
the ” P, method” in three bins of E, the energy of the electromagnetic cluster in the
RCAL. The lower Plot shows the difference Syc — Spata as a function of E fitted to a

straight line with a free parameter P;.

The distribution is divided in three bins of the energy of the electromagnetic cluster
in the RCAL, E. The upper Plot in Figure A.8 shows the result of the energy scale
in data and MC. The lower Plot shows the difference Spyc — Spata as a function of E

fitted to a straight line with a free parameter P;.

Similarly to the previous method, the dependence of the energy scale with the
amount of inactive material is studied. Figure A.9 shows the results of the energy
scale in data and MC in three bins of inactive material in units of radiation length
Xo. The lower Plot shows the difference Syc — Spata fitted to a straight line with two

free parameters, Py + P, - d.m.[X,]. Here the energy scale is also correlated with the
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Figure A.9: The upper Plot displays the values of S in data and MC obtained using
the ” P, balance” method in three bins of inactive material in units of radiation length,
Xo. The lower Plot shows the difference Syc — Spata fitted to a straight line with two

free parameters, Py + P, - d.m.[X], where d.m[X{] is inactive material in units of Xj.

amount of inactive material crossed by the electromagnetic object. The correlation is
similar to that obtained using the method of the comparison of the UCAL energy and
the CTD momentum displayed in Figure A.5.

At this point it was decided to parameterize the correlation of the difference of the
energy scale in data and MC as a function of the inactive material in units of X for

the entire energy range covered by both methods:
SMC = SData = 0.015—-0.025- dm[Xo] (A4)

The error on the parameter P, of the correlation is +-0.01. For practical purposes, in the
analysis of the photoproduction of J/v, d.m. = 1 Xq, which leads to a correction of the

order of 1% in the average. The correlation of the difference of the energy scale in data

[}
N
=

and MC most probably has little to do with a possible non-linear response of UCAL.
The improper simulation of the pre-showering of electrons as they pass through the
inactive material in front of the UCAL is a probable candidate to explain this effect.
The energy loss by pre-showering of an electron for different thickness of absorber
material in front of the UCAL prototype was studied in [183] in data and [184] in MC.
It has been shown that the energy loss of an electron due to the absorber depends

strongly on the energy of the electron for energies E < 5 GeV.
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Figure A.10: The upper Plot shows a summary of the results of S for data and MC as
a function of the energy for the two methods: the RCAL energy and CTD momentum
comparison method and the ” P, balance” method. Similarly, in the lower Plot for
Smc — Spate- The difference of energy scales in data and MC in the range 3 < E <
10 GeV remains within 3%. The data have been corrected for inactive material effects

according to Expression (A.4).

Figure A.10 displays summary Plots of the energy scale studies at low energy. The
upper Plot shows the results of the energy scales for data and MC for the two methods

as a function of the energy. Similarly, in the lower Plot for Spy;c — Spate. The data have
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been corrected for inactive material effects according to Expression (A.4). Figure A.11
displays a summary of results of the energy scale as a function of the inactive material.
The upper Plot shows a summary of the results of the energy scales of data and MC
for the two methods as a function of the inactive material in units of Xg. Similarly, in

the lower Plot for Syc — Spata-
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Figure A.11: The upper Plot shows a summary of the results of the energy scales of
data and MC for the two methods: RCAL energy and CTD momentum comparison
method and the ” P, balance” method as function of the inactive material in units of
Xo. Similarly, in the lower Plot for Syc — Spata- The difference of energy scales in data
and MC remains within 3%. The data have been corrected for inactive material effects

according to Expression (A.4).

The energy scale of the RCAL is well known for energies £ > 10 GeV in the
conditions of 1999-2000 running periods [73]. The uncertainty in the determination
of the energy scale has been assumed to be 3% for the entire energy range 3.5 <

E < 20 GeV used in the analysis of the photoproduction of the J/4 !. The error on

1As a result of the so called “FPChot” bug in the event reconstruction, found in the summer

&
]
@

the energy scale has been propagated to the systematic error of the cross-section (see

Section 9.3).

A.1.3 Energy Scale of FCAL

The response to electromagnetic showers in the FCAL is the worst known of all the
sections of the UCAL. The energy scale “in situ” of the FCAL at energies E > 10 GeV
is practically unknown. This is due to the fact that not enough data have been taken
to collect a sizeable set of events with electrons scattered at large angles (very high
@? events). The production of J/v offers almost an unique opportunity to quantify
Smc — Spata for the electromagnetic section of the FCAL.

The energy scale of the FCAL has been determined using two methods. The first
method used Section A.1.2 may be applied to clusters in the FCAL. The second method
in Section A.1.2 may not be used in this instance. We cannot identify a dominant
physics process leading to depositions in the FCAL that would fit the requirements
imposed by the “P, method”. However, one can make use of the M,+.- spectrum in
the region of the J/1¢ 2. One should choose di-e events with one long enough track
in the CTD and a cluster in the FCAL. J/4 candidates with one track topology with
W < 35GeV satisfy these requirements. The following function may be used:

F(E,P) = M+.-(E, P) — My (A.5)

Using this method and the rﬁethod implemented in Section A.1.2 it was found that the
relative energy scale was determined to be Syc — Spata = 0.05 + 0.03, in the range
3< E<10GeV.

The M.+.- spectrum of J/4 candidates at W < 35GeV after background subtrac-
tion is shown in Figure 9.5. The energy of electromagnetic clusters in the FCAL has

been corrected in data by +5%.

of 2001, the values of S in data and MC will decrease by an offset between 0.0025 and 0.005. The

difference will remain unchanged.
2This method may be also used for the calibration of the RCAL.
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A.2 Energy Resolution of RCAL

Two selections are used to compare the resolution of the energy response in data and
MC: the sample used in Section A.1 to calibrate the energy response of the RCAL
using the method of the comparison of CTD momentum and UCAL energy and the
elastic QED Compton selection. Elastic QED events are allowed in the trigger selection

developed in Chapter 5).
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Figure A.12: The distribution of (E/P — 1) over the resolution of that variable for the
set of events used in the method of the comparison of CTD momentum and UCAL
energy. The distributions in data and MC have been fitted to a Gaussian function. The
resolution of the energy response of the RCAL has been parameterized with og = aVE
so that the sigma the Gaussian is approximately equal to unity.

Figure A.12 shows the distribution of (E/P — 1) over the resolution of that variable
for the set of events used in the method of the comparison of CTD momentum and
UCAL energy. The distributions in data and MC have been fitted to a Gaussian
function. The resolution of CTD momentum was taken from the parameterization

obtained in Appendix B (see Expression (B.5)). The contribution of the resolution of
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CTD momentum to the variable (£/P —1) is small compared to the contribution of the
UCAL energy resolution. The resolution of the energy response of the RCAL has been
parameterized with 05 = av/E so that the sigma the Gaussian is approximately equal
to unity in both data and MC. The resolution of the energy response simulated by MC
is somewhat better than that seen in data. The values obtained are apg. = 0.27 and

apc = 0.25. According to this the energy response in the MC should be smeared with
0.1VE.

In events from elastic QED Compton process a photon and an electron end up
in the RCAL that carry the energy of the incoming electron. The E — P, in the
event, calculated with the UCAL information of the two electromagnetic clusters should
be close to 2E, = 55 GeV, where FE, is the energy of the incoming electron. After
applying all corrections listed in Section 6.2.2, including the correction parameterized

in Expression (A.4), the E — P, in data and MC may be compared.

The off-line cuts to select elastic QED Compton are:

e Two electromagnetic clusters in the RCAL with W > 290 GeV.

e Elasticity requirement (see Section 6.4).

Several samples of elastic QED Compton events taken during the various periods of
the 1999 and 2000 running were selected and compared to the COMPTON MC. The
distributions in data and MC have been fitted to Gaussian functions. The parameters
of the fits show the stability of the energy scale and the resolution of the RCAL over
the running periods of 1999 and 2000. It was observed that the energy resolution in
MC was too good compared to data.

Figure A.13 displays the £ — P, distributions of samples of elastic QED Compton
taken during various periods of the 1999 and 2000 running merged in one and compared
with elastic QED Compton MC. In the lower left Plot the MC is overlaid on top of the
data. This Plot shows that data and MC do not display undesirable long resolution
tails. The energy response in MC has been smeared with 0.06V/E so that the width of
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Figure A.13: The E— P, distributions of samples of elastic QED Compton taken during
the 99 (electron running), 99 (positron running) and 00 periods are merged in one and
compared with elastic QED Compton MC. In the lower left Plot the MC is overlaid on
top of data. The energy response in MC has been smeared with 0.06v/E so that the
width of the Gaussian agrees with that obtained with data.

the Gaussian agrees with that of data. The E— P, distribution in data is in this sample
slightly shifted with respect to MC by some 0.65%. The average energy of clusters in
this sample is greater than in other samples used above. This shift is well within the
3% error claimed for the energy scale uncertainty.

The difference in resolution in data and MC may be dependent on the amount of
inactive material. This effect is not studied here. Instead, a conservative variation of
the amount of smearing applied on MC is made as a systematic check. The nominal
smearing applied on MC is 0.06V/E. As a systematic check, the smearing in MC was
set to zero and to 0.15VE (see Section 9.3).

Appendix B

CTD Studies

This Appendix contains studies of the CTD momentum scale and resolution [138]. The
determination of the cross-section of the photoproduction of J/1 became a precision
measurement. The understanding of the basic features of the response of the CTD
had become relevant to the measurement. The parameters of the response of the CTD
as extracted here may be used for other physics analyses performed with the ZEUS
detector. Also, the CTD momentum is used for calibration of other components of the
ZEUS detector. For this purpose, it is relevant to know the momentum scale of the
CTD to a high level of accuracy.

B.1 CTD Momentum Scale

A combined analysis of the CTD momentum scale is done in data and MC by recon-
structing the invariant mass of two tracks in the vicinity of the J/ resonance for two
decay modes: J/y — ete™ and J/o — ptp.

Electrons are likely to radiate while passing through the beam pipe and the CTD,
which results in the distortion of the di-e mass spectrum. For V' — ete™ there appears
a long tail at lower masses, the radiation tail, produced by electrons with momentum,

which has been decreased due to radiation losses. The shape of the long radiation tail
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in the M,+.- spectrum may be studied independently in data and MC. This way, the

simulation of bremsstrahlung losses in MC may be checked.

A large sample of di-e pairs is obtained from the elastic photoproduction selection
(see Section 5.3) taken during the 1996 and 1997 running periods. Some off-line selec-
tion cuts are applied in order to reject m and p contamination. All clusters matched to
tracks are required to have at least 90% of its energy in the EMC section. It is required
that the most energetic UCAL cell not associated to the two tracks in the event be
less than 150 MeV (200, 300) for EMC (HACO, HAC1). Some 10000 di-e candidates
with an invariant mass ranging between 2.7< M, +.- <3.3 GeV with 30< W <160 GeV
survive these cuts.

Also, a large sample of di-p pair candidates is obtained from the elastic photopro-
duction selection taken during the 1996 and 1997 running periods. Over 9500 di-p
candidates are available in a mass range 2.3< M+,- <4 GeV in the same W range as
in the electron sample.

The DIPSI generator was used to simulate the elastic photoproduction of J/4 [185] L.

Some additional basic requirements are applied to the two samples:

e The event should have only tracks originating from the vertex.

e The Z coordinate of the vertex should fulfill the requirement |Zyertex| < 40 cm.

Given that a substantial fraction of electrons radiate, the shape of the M,+.- spec-
trum in the vicinity of a resonance peak cannot be described by a Gaussian. The
resolution of the resonance peak in the M,+.- spectrum, being determined by the res-
olution of the momentum measurement with the CTD can be clearly distinguished
from the radiation tail, as seen in Figure B.1. The M,+.- spectrum is evaluated as the
sum of two shapes: a Gaussian term plus a bremsstrahlung tail which consists in the

convolution of a Gaussian function with a bremsstrahlung spectrum.

!When this analysis was performed the ZEUSVM MC was not yet interfaced with the PHOTOS
package (see Section 7.2.1).

In the case of MC, when only the signal from the decay of the VM is present, the

M_+ .- spectrum splits into two components:
F (Mete-, 00) = Aspy (1~ Arai)G(Mete-, M, 011) + Arait B(Mete-, M, 1)) (B.1)

where G is a Gaussian distribution of M, +.-, with mean M and width o, B is
the bremsstrahlung tail given in Expression (9.3). Ay is the fraction of events that
radiate. In the case of data, an additional term should be added to take account of
the Bethe-Heitler, process. The shape of the non-resonant background, BH (M,+.-), is
taken from the LPAIR MC and is kept fixed. In the case of data, the Expression (B.1)
should be completed with an additional term P(Mg+.-) = ApyBH(Me+e-), where

Appy is a free parameter.

Bremsstrahlung radiation in the case of muons is small, so that the M,+,- spectrum

may be described with a Gaussian function:
FE (Mt -, om) = AgjyG(Myt -, M, o0 (B.2)

In the case of the data, the Expression (B.2) should be completed with an additional
term P(M+,-) = Agy BH(M 4 ,-).

In order to determine the scale of the momentum measurement using the resulting
spectrum of the invariant mass of two tracks a momentum “shift”, Pu;p:, is applied
to data and MC samples in order to make the Gaussian term in Expressions (B.1)
and (B.2) peak at the mass of the resonance, i.e M=M,,,. The method used to deter-

mine the CTD momentum scale comprises two basic steps:

1. A x? fit is performed on the M,+.- and M,+,- spectra in MC. The x? is defined

as:
2 2 (NMC — F(my, om))?
X i | NMC

i=1

(B.3)

where i runs over N;n, the number of bins in mass, NMC is the number of events
in a given mass bin 7 and m; is the central value of the mass bin i. Here, in the case

of the electrons Ay, Ayaur,om from Expression (B.1), A from Expression (9.3)
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and Pyyip are set as free parameters. In the case of muons, A/, 0 from (B.2)

and P,y are set as free parameters.

2. The same fit is performed on the data sample. In this case, the Bethe-Heitler
term is added to Expressions (B.1) and (B.2). The parameter Agy is set free
additionally to those parameters fitted in the case of the MC.

The final value of the momentum scale is obtained by performing steps 1 and 2 for
a sample of events that contain only full length tracks, which have best resolution,
for both the muon and electron selections. The fits performed over the mass spectra
reconstructed with long tracks in data and MC in both electron and muon selections
are shown in Figure B.1 and B.2, respectively. The same procedure may be done for
events that contain shorter tracks. However, resolution degrades very fast as tracks get

shorter.

The results of the momentum shift obtained in these fits are shown in Table B.1.
Results are shown for both the electron and muon samples. In the case of electrons
the CTD momentum has to be scaled up by 4.5 and 1.5 per mill in data and MC,
respectively. In the muon case, the CTD momentum has to be scaled up by 4.0 and 1.0
per mill in data and MC, respectively. The relative CTD momentum shift between data
and MC is 3 per mill for both electron and muon samples. The statistical error on the
values of Pypif, are very small, no larger than 0.2 of the per mill. The systematic error
coming for the selection of bins and bin widths in the x? fits have been estimated to be
0.5 per mill. The values of Pss: obtained for data are consistent with the indication

that CTD momentum scale in data are somewhat below unity and should be corrected.

The x? fits performed on events that contain shorter tracks are shown in Figure B.3
for data and in Figure B.4 for MC. There different samples are chosen: events with
9 super layer tracks + 7 super layer tracks, 9SL+5SL and 9SL+3SL. Due to lack of
statistics in data other classes of events were not considered. In Table B.1 the result

of x? fits performed for these configurations are shown for muons and electrons.
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Figure B.1: M,+.- spectra in the region of the J/i for data and the DIPSI MC
with full length tracks only. The solid line is the result of the fits according to the

Expression (B.1) (see text).

(Pohige — 1) x 1073
ete ptyp”

DATA | MC | PR2te — p¥c, | DATA | Mc | PB2te — puc,
9SL-9SL 4.5 1.5 3.0 4.0 10 3.0
9SL-7SL 8.5 19 34 4.2 1.7 2.5
9SL-5SL | 7.5 1.8 ST Y 2.5 3.2
9SL-3SL 5.4 1.8 3.6 3.8 1.9 19

Table B.1: Results of Peise of the x* fit performed on data and MC for events for

different track configurations for muons and electrons.
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Figure B.2: Same as in Figure B.1 for ptpu~.

In the case of the electrons, as seen in the left Plot of Figure B.1, the radiation
tail in the region of M.+.- ~ 3GeV are somewhat different in data and MC. The
results obtained for the parameters responsible for the bremsstrahlung radiation in
Expression (9.3), A;sa and A for the case of the electrons for data and MC are shown
in Table B.2. It is seen that the estimated value of Ay in data in substantially greater
than that obtained for MC in the case of long tracks 2. This difference gets smaller
for shorter tracks. The bremsstrahlung radiation shifts somewhat the peak of the
reconstructed M,+.- spectrum towards lower masses. This effect may be estimated by
comparing the results of Py, for electrons and muons. In average the values obtained
for Peige in data for the electron case are somewhat larger than those obtained for
muons. This effect is stronger for track configurations that contain shorter tracks,

for which the contribution of bremsstrahlung radiation is greater. However, in terms

2The inclusion of internal bremsstrahlung, thanks to the implementation of PHOTOS in the
ZEUSVM MC (see Section 7.2.1) solved this discrepancy, as seen in the M.+.- spectra in Section 9.1.1.
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Figure B.3: Same as in Figure B.1 for data, for track configurations that contain short

tracks.

of the reconstructed mass M,+.- the additional shift towards lower masses is small,

accounting for a small fraction of 1%.

B.2 CTD Momentum Resolution

In the previous Section the M,+.- and M+, spectra in data and MC were fitted
to Expressions (B.1) and (B.2), and the mass resolution, oa, was extracted (see Ta-

ble B.3). The obtained values of the mass resolution for that sample may be interpreted
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Figure B.4: Same as in Figure B.3 for MC.

in terms of the resolution of the CTD momentum of the tracks:

M (UP1 ap, siu012 )

=2 (e e (B.4)

SADP B ookl ™
where P,op are the momentum and the resolution of the tracks, respectively, 62,00,,

are the angle between the two tracks and its resolution, respectively.

The contribution to the mass resolution due to the uncertainty in the determination
of the angle between the two tracks is a varying function of the angle, as seen in the
third term in brackets in Expression (B.4). In order to estimate the resolution of 6y, the

e f12—cos 8T . . g
distribution of %ﬂ— is analyzed in MC (cos 6, — cos734¢ ~ —sin 677%¢(6;5 —
1

67rv¢)). In order for this approximation to be applicable it should be required that

oTr

sin 6774 > 93—:5“:. This relation holds for the opening angles involved in this analysis.
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Atait A
DATA | MC | DATA | MC
9SL-9SL | 0.61 |[0.45 | 2.3E-2 | 3.0E-2
9SL-7SL | 0.57 |[0.53 | 8.5E-2 | 2.9E-2
9SL-5SL | 0.65 |[0.72 | 6.4E-2 | 7.3E-3
9SL-3SL | 0.75 |[0.72 | 3.8E-2 | 1.5E-2

Table B.2: Results of the parameters responsible for bremsstrahlung radiation, A,qz
and A with the x? fit performed on MC for different tracks configurations for electrons.

The obtained distribution is fitted with a Gaussian function, yielding o, = 5.2-10~%
rad. This value is fixed in Expression (B.4). The contribution from this term is small for
track configurations with large angles. This is the case for events in which both tracks
have crossed the 9 CTD superlayers. This term is expected to give a larger contribution
for events that contain short tracks since the angle between the two tracks is smaller.
However, the CTD momentum resolution degrades as the length get shorter much
faster than that of the the angular determination. Overall, the impact of this term on
the determination of the parameters of the CTD momentum resolution is expected to

be small.
The resolution of the momentum of the track may be parameterized as [139)]:

ap, L= _T]_
=LMoo (B.5)

a(L,N) = (al)2'5%§\/—% (B.6)

where L is the projected length of the track onto the bending plane of the track, L, is

and

the projected length for a full length track, NV is the number of hits measured along the
track, Np is the number of hits of a full length track. Ng for data and MC are taken
to be equal to the most probable number of hits for full length tracks (see Figure B.5).
This value is slightly different for data and MC: NP =73 NM©=70.5. The values

of parameters a, 3 for vertex tracks with hits in all nine superlayers of the CTD were
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previously quoted as @=0.005 and 3=0.016, where P, is in GeV. The third term is due
to multiple Coulomb scattering before the particle reaches the CTD [186].
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Figure B.5: Distributions of the number of CTD hits per track for different track
lengths in data: tracks that have crossed 3,5,7 CTD superlayers and full length tracks.

The first term of the Expression (B.5), which follows from the error on the track
radius of curvature, grows with P,. In order to determine the parameter o one needs
to have a large lever arm in P,, therefore, one needs to study momentum resolution
for very high P, tracks. Studies for high P, tracks have been performed in which
CTD momentum was compared with UCAL clusters for high P; tracks (P, > 10 GeV)
depositing energy on the BCAL. From these studies is was concluded that apc=0.0063
and apae,=0.0054 [187]. For full length tracks, in the region of P; of consideration here,
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Figure B.6: P, distribution of CTD tracks of different length in di-e events in the M +.-

region of J/v in data.

The P, distribution of CTD tracks for the electron sample is shown in Figure B.6.
Similar distributions are observed in the di-p sample. The average P, of the tracks
of the analyzed sample is around 1.3 GeV with a minimum P; of about 0.5 GeV. The
contribution of multiple scattering in Expression (B.5) is significant for low momentum
tracks with P, <300 MeV. The value of parameter 7 is taken from studies with low
momentum tracks [186] and it is fixed at 7 =0.0014.

The method for the extraction of the parameters in Expressions (B.5)-(B.6) com-
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prises one more additional step with respect to the procedure explained in the previous
Section. By accomplishing fits on the shape of the M,+.- spectrum of a given sample
of di-e, a set of parameters is obtained that will be fixed here, namely, the parameter
of the momentum shift Peis:, the parameters responsible for bremsstrahlung radia-
tion, A and A in Expression (9.3) and, in thg case of data, the normalization of the
Bethe-Heitler background. Similarly for the muon sample. Based on that set of param-
eters obtained in the previous Section for a given sample of di-e and di- an unbinned
likelihood fit is performed. The mass resolution oy of a given di-e is parameterized

according to Expressions (B.4)-(B.5)-(B.6). A likelihood probability is defined:

PP (B7)

n=1
where N is the number of points, f(Met.-,0nm,,, ) is F(Mete-,0m,,, ) in Expres-
sion (B.1) normalized to unity. In order to maximize the likelihood probability one
minimizes —Ln(p).

In order to estimate 3 two samples of di-e and di-p events with only full length
tracks are chosen. The results of 3 from the fit, for both data and MC are shown in
Table B.3. The values of parameter 3 are similar for data and MC and substantially
smaller than the value that ZEUS has been quoting over the past years.

As seen in Expression (B.6), the CTD momentum resolution degrades fast with the
shortening of the length of the track. In order to quantify this effect different sets of
tracks are selected and a similar procedure used for the sample of full length tracks
is followed. In this case, the parameter 3 both in data and MC obtained from the
samples of full length tracks is kept fixed. In these fits the parameter o/ in (B.6) is left
free.

The determination of the length of the track, L, in Expression (B.6) is not straight-
forward. The number of hits with which the tracks is reconstructed does not seem
to be a faithful representation of the length of the track as shown in Figure B.5 for
data. Since tracks are of high enough P, they cross the whole CTD, selecting tracks

based on the number of crossed superlayers is like selecting tracks according to angular

%]
=
3]

T ptum
DATA | MC | DATA| MC
oy | 9SL-9SL | 22.0 24.6 217 22,7
(MeV) | 9SL-7SL | 29.5 31.5 30.8 30.6
9SL-5SL | 50.1 56.6 51.7 57.5
9SL-3SL | 994 | 1355 | 954 | 123.7
B 9SL-9SL | 6.4E-3 | 6.0E-3 | 6.3E-3 | 5.2E-3
a®® | 9SL-7SL | 5.8E-3 | 6.3E-3 | 5.7E-3 | 6.2E-3
9SL-5SL | 5.2E-3 | 6.3E-3 | 5.3E-3 | 6.5E-3
9SL-3SL | 3.8E-3 | 4.6E-3 | 3.2E-3 | 4.2E-3

e

Table B.3: Results of op from the x? fit and for the parameters 3 and o/ from the
likelihood fits performed on data and MC for different samples.

regions. An estimation of the length of the track requires to take into account Zyepter
and the geometry of the CTD. It was preferred to proceed somewhat differently: L is
defined as the number of crossed superlayers. For each category of tracks (9SL, 7SL,
5SL, 3SL tracks) the extracted parameter o/ will contain a geometric factor. Intu-
itively, one would expect o/ to decrease as tracks get shorter since the actual average
length of the tracks (L) ~NSL/(sin(6)), where NSL is the number of superlayers. Lg
in Expression (B.6) would correspond to the number of superlayers crossed by a full
length track, Ly=9. This approach simplifies the estimation of the resolution of the
tracks averaged in angular regions, provided that the tracks have P, enough that they
cross the boundaries of the CTD. This approach is not applicable to tracks with low P,
for which the calculation of the length of the track would require a more complicated

algorithm that would take into account the geometry of the CTD.

In Table B.3 the obtained values of a/?>® are given. As expected, the values of o/
drop for events that contain shorter tracks. In general, the resolution in MC is worse
that in data. This is consistent with the analysis of momentum resolution (CTD versus

UCAL) done for high P, tracks [187]. This effect is stronger for 3SL tracks.



Appendix C

Alignment Studies

The alignment of the main sections of the UCAL and the SRTD had become a central
issue for the ZEUS Collaboration during 1999. It was necessary to determine the
alignment “in situ” of the various sections of the UCAL and assign a certain precision
to it.

The extension of range of W of the measurement of heavy VM’s required the im-
plementation of UCAL and SRTD information. A good alignment of the SRTD was
important to reduce systematic errors, specially at very high W.

C.1 UCAL

The alignment of the BCAL is not crucial for the analysis of the production of heavy
VM’s. The alignment of the BCAL was performed in [188] and is not reported in
this work. The kinematics of the decay products of the heavy VM’s that fall into the
acceptance of the BCAL are reconstructed with the information from the CTD. The
UCAL is used when the products of the decay of the VM fall out of the acceptance
region of the CTD in which tracks of a good quality are reconstructed. The regions
of the FCAL and RCAL that do not overlap with this fiducial region of the CTD

correspond approximately to the first three inner rings.
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C.1.1 Method

It is a convention adopted in the ZEUS Collaboration that the various components of
its detector be aligned with respect to the CTD. The CTD is considered to be a rigid
object aligned with respect to the absolute reference system set by HERA. For the
alignment of the RCAL and FCAL we compare the extrapolation of CTD tracks on
the face of these sections of the UCAL with the position of the corresponding clusters.
A sample of events with isolated CTD tracks associated to a cluster in the RCAL or
FCAL is selected. For the extraction of the position of each component a function
is defined which is sensitive to the parameters of the alignment, (zo, yo, z0). For each

track-cluster a variable is defined:
¢ = F(rcar,rerp) (C.1)

where reo4; is the three vector of the position of the cluster reconstructed by the
UCAL and repp is the three vector of the position of the extrapolated track on the
face of the UCAL. The parameters zg, Yo, 20 (7o) are such that the distribution of
F(rcar — ro,Torp) is centered at zero.

The parameters of the alignment are obtained independently for data and MC. In
MC the position of the various components of the UCAL are aligned with respect to
the absolute system of coordinates. Hence, in MC zg, ¥, 20 = 0. This is a test of the
correctness and sensitivity of the method.

Events in data are selected with the trigger algorithm developed for the study of
heavy VM production (see Section 5.3). A UCAL cluster is matched to CTD track
if the distance between its extrapolation to the face of the UCAL and the position
of the cluster is less than 15 cm. The generator DIPSI (see Section 7.2) is used to
generate elastic J/v events. The following criteria at the off-line level are followed for

the selection of events with at least one track-cluster matching:

e The track should have crossed at least 5 CTD superlayers and have a momentum

larger than 1 GeV. This is necessary to improve the determination of the position
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of the extrapolated track on the face of the UCAL.

o Elasticity requirement (see Section 6.4). This requirement secures that the track-

cluster are isolated.

A sample of events collected during the 96-97 running periods was selected. This

analysis was repeated with data taken during the 99-00 running period as well .

The reconstruction of the position of the cluster with the help of the CTD track
involves the extrapolation of the track to the face of the UCAL. It is conceivable that the
residual magnetic field outside the volume of the CTD is not well described in MC. This
may result into an unknown shift rcrp with respect to rcay. This effect will be different
for positively and negatively charged particles and for particles of different momenta.
The comparison of UCAL and CTD position reconstruction is made on a sample that
has a similar number of positively and negatively charged particles. Nevertheless, as a
check, the same procedure for the extraction of the alignment parameters of the RCAL
and FCAL is made for positively and negatively charged particles independently. Also,

as a systematic check, the cut of the minimum momentum of the CTD track is changed.

C.1.2 RCAL

In order to align the z and y position of the RCAL the following simple function is
used:

F(zcaL,Terp) = TeaL — Terp (C.2)

One should check the distributions of zcar — zerp and ycar — yerp in MC are
centered at zero. These distributions in MC are shown in Figure C.1. The upper two

Plots correspond to the comparison of UCAL and CTD coordinates for the left half of

1The description of the geometry of the ZEUS detector was changed based on independent analyses
of the alignment of the various sections of the UCAL performed with data collected during the 96-97
running periods. Various analyses were performed with data collected 99-00 running period to check

the correctness of the changes implemented in the description of the geometry of the ZEUS UCAL.
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Figure C.1: The position of electromagnetic clusters reconstructed in the RCAL and
the CTD are compared in MC. zc4;, and ycay correspond to the z and y position
reconstructed in the RCAL, respectively. zcrp and yerp correspond to the z and y
position of the extrapolated CTD track to the face of the RCAL, respectively. The
upper two Plots correspond to the left half of the RCAL. The lower two Plots corre-
spond to the right half of the RCAL. The solid lines correspond to fits to a Gaussian

function. The result of these fits are given in the boxes on the top right corner.

the RCAL. The lower two Plots correspond to the right half of the RCAL. The solid
lines correspond to fits to a Gaussian function. The result of these fits are given in

the boxes on the top right corner. The mean of the Gaussian functions are consistent
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with correct alignment (zq, yo = 0) within +£1 mm. The widths of the distributions are
dominated by the resolution of the position reconstruction with the UCAL. The width
of the zcar — zorp distribution is significantly wider than that of yoar, — yorp mainly

because of the geometry of the electromagnetic cells in the RCAL 2.
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Figure C.2: Scatter plot of ycar — yorp versus yerp in MC. The solid line corresponds

to a linear fit.

The RCAL and FCAL do not reconstruct the z position of the clusters . In order
to check the alignment of the RCAL in z one should look into the correlation of zcar, —
zorp and Teorp or yoar — Yorp and yorp. A shift in the z direction of the RCAL will

result into a non-zero correlation. In the approximation that the shift in z, |29| <

2The electromagnetic cells in the RCAL are 20 cm wide in z and 10cm high in y.
3The depth of electromagnetic and hadronic showers is a known function of the In(E). Based on

this an estimate the z position of a shower may be made.
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|ZrcaLl, where Zpcay, is the 2z position of the RCAL one gets:
Zorp
TcaL —ToTD N 7 29 (C.3)
RCAL

This Expression is valid for the y position, as well. As illustrated in Figure C.1 the
distribution of ycar — yorp is narrower than zcar — Torp and, therefore, is more
sensitive to shifts in the position of the UCAL. The correlation between ycar — yerp
and yerp in MC is shown in Figure C.3. According to Expression (C.3) the correlation
between ycar — Yorp and yerp is close to a linear one. The value obtained with a

linear fit gives a value of zy consistent with zero within 4+3 mm.
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Figure C.3: Same as in Figure C.2 in data. The z position of the RCAL has been

corrected by —1cm.

Figures C.1 and C.2 illustrate that the method of the alignment gives an answer in
MC that is consistent with zg,yo, 20 = 0. Before checking the alignment in z and y of

the two halves of the RCAL it is necessary to check on the correlation of ycaz — yorp
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Figure C.4: The same as in Figure C.1 in data. The means of the Gaussian functions
correspond to the zy and yg of the two halves of the RCAL in data. The z position of
the RCAL has been corrected by —1cm.

and yorp in data. A non-zero correlation between these variables was found in data
consistent with 29 = 1cm. Figure C.3 shows the correlation of ycar — yerp and yerp
in data after correcting the z position of the RCAL by —1cm. After the correction is
done the correlation disappears.

The Tcar — Terp and year — yerp distributions in data after correcting the 2z
position of the RCAL are shown in Figure C.4. The values of z and yo obtained

from the Gaussian fits of the zca;, — Zerp and yoar — Yorp distributions in data are

(%)
&
=

summarized in Table C.1.

zo (mm) | yo (mm) | zo (mm)
Left 1.2 0.9 10.0
Right | 2.5 0.7 10.0

Table C.1: The values of z¢, ¥ and z¢ for the RCAL, given in mm.

The same procedure has been performed with positively and negatively charged
tracks. Also, the lower cut on the momentum of the track has been changed from
1GeV to 3GeV. The systematic error associated to the values of 2 and 3o in Table C.1

is £2 mm. The error associated to zg is £5mm.

C.1.3 FCAL

The alignment of the FCAL is done in analogy to the RCAL. The distributions of
zcaL — Terp and year — yerp for FCAL track-clusters in MC is shown in Figure C.5.
The means of the Gaussian functions are consistent with correct alignment (zg, yo = 0)
within +1 mm. The width of the zc4;, — zorp is significantly wider than yoar — yerp

mainly because of the geometry of the electromagnetic cells in the FCAL *.

In order to check on the alignment in z the following function is chosen:

20TcTD
G (C.4)
(Zrcar — 20) +12rp
where 0c 41, and Ocrp are the polar angle reconstructed by the UCAL and the CTD,

OcaL —Ocrp =

respectively. Zpcayr is the z position of the FCAL. The distributions of o4z, —0crp in
bins of 7erp = \/Z3rp + Yarp are fitted to a Gaussian function. The mean values of
the fits to Gaussian functions performed for different values of rcrp in MC are shown in
Figure C.6. The values of the means of the Gaussian functions are fitted to a function
of the form given in Expression (C.4). The obtained parameter z; is consistent with

zero within +3 mm.

4The electromagnetic cells in the FCAL are 20 cm in z and 5 cm in y. Electromagnetic cells in the

FCAL are half the size in y than those in the RCAL.
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Figure C.5: Same as in Figure C.1 for the FCAL in MC. z < 0 corresponds to the left
half of the FCAL and = > 0 to the right half.

Figures C.5 and C.6 illustrate that the method of the alignment gives an answer
in MC that is consistent with zg,yg,20 = 0 in the FCAL too. Before checking the
alignment in z and y of the two halves of the FCAL in data it is necessary to check on
the correlation of 8car, — @crp and rorp. This correlation is illustrated in Figure C.7.
The mean values of the Gaussian fits have been fitted to a function of the form given in
Expression (C.4). The obtained parameter zo = 1cm deviates significantly from zero
and is consistent with the shift in z observed in the RCAL in the previous Section.

The zcar — zerp and ycar — yorp distributions in data after correcting the z
position of the FCAL by —1cm are shown in Figure C.8. The values of zy and yg
obtained from the Gaussian fits of the ¢4, — zorp and year — yorp distributions in
data are summarized in Table C.2. It is noteworthy that the obtained values of the yq
for both halves are similar and yo &~ 0.4 cm.

Various systematic checks have been performed. The same procedure has been

performed with positively and negatively charged tracks. Also, the lower cut on the

= 001
3 X'/ ndf 1293 / 6
3 P1 0.1033
© 0.008|-
Ql
0.006|-
0.004f
.00z
i ¢ L ¢
g .
0002
0004
0.006|-
-0.008-
001 | 1 1 el bt 1
0 0 @ @ 80 100 120 140
Radius (cm)

Figure C.6: The Ocar — 6crp distributions in bins of rcpp have been fitted to a
Gaussian function in MC. The solid circles correspond to the mean value of the fitted
Gaussian functions. The solid line corresponds to a fit to a function of the form given

in Expression (C.4). The results of the fit are shown in the box on the top right corner.

momentum of the track has been changed from 1 GeV to 3 GeV. The systematic error
associated to the values of zy and y, in Table C.2 is +2mm. The systematic error

associated to zg is +5 mm.

zo (mm) | yo (mm) | z (mm)
Left 2.3 5.4 10.0
Right 2 3.6 10.0

Table C.2: The values of zq,y and zq for the FCAL, given in mm.
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C.2 SRTD

C.2.1 Method

As stated in Section C.1.1, the alignment of the various components of the ZEUS
detector is performed with respect to the CTD. However, the fiducial volume of the
SRTD falls out of the acceptance of the CTD. Therefore, it is not possible to perform
a direct alignment of the SRTD with respect to the CTD as has been done with the
RCAL and the FCAL. As the SRTD is attached to the RCAL, it is convenient to align
the SRTD with respect to the RCAL after properly aligning the latter with respect to
the CTD.

A sample of events with electromagnetic clusters falling in the fiducial region of the
SRTD is selected. Part of the events accepted by the trigger selection correspond to

elastic QED Compton process. These type of events leave one or two electromagnetic
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Figure C.8: Same as in Figure C.5 in data. The position in z of the FCAL has been
corrected by —1cm.

clusters in the fiducial region of the SRTD. The topology of these events are similar to
events coming from the decay of J/v at very high W. The following off-line cuts were

applied on the selected sample:

e The reconstructed W > 290 GeV, to secure that the event consists of electromag-

netic clusters.

e The reconstructed position of the electromagnetic clusters should be within the
fiducial region defined in Figure A.1. This is made to avoid transverse energy
leakage and regions affected by large amount of inactive material. These effects

may affect the position reconstruction of the electromagnetic clusters.

o Elasticity requirement (see Section 6.4). This requirement secures that the clus-

ters are isolated.

The z and y of electromagnetic clusters reconstructed with the RCAL and the SRTD
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are compared, in analogy to Expression (C.2):
F(zsrrp, TcAL) = Tsrrp — ZoaL (C.5)

The alignment of the SRTD with the respect to the CTD comes out from Expres-
sions (C.2)-(C.5):

< Zsprrp —Zcrp > = < TSRTD — ZcAL > + < TcAL — Terp > (C6)

The offsets zg, Yo, 20 have been calculated for the RCAL and applied to the position
reconstruction of the RCAL. The z position of the SRTD with respect to the RCAL
has been fixed to the number given by the mechanical design °.

C.2.2 Results

The distributions of zgprp —Zcar and yYsrrp —ycar in MC are shown in Figure C.9 for
the two halves of the SRTD independently. The distributions are fitted to a Gaussian
function. The mean values of the Gaussian function are consistent with zero within
+2mm.

The same distributions in data are shown in Figure C.10. The values of the offsets
observed in the alignment of the SRTD are given in Table C.3. The left half of the
SRTD seemns to be too low by about 0.5cm. This is an important effect that should

be corrected in data for further physics analysis.

zo (mm) | yo (mm)
Left 1.2 55
Right | 24 0.2

Table C.3: The values of zo and yo obtained from the fits to a Gaussian function of
the zsrrp — zcar and ysrrp — ycar distributions for the SRTD in data. The values

of 5 and vy, are given in mm.

5The z and y positions reconstructed with the SRTD are extrapolated to the face of the UCAL.

256

8 X /ndt T4 T W
) o " ma
= ] 0 4cer
=} e
Loaal
0 2 4
YsaroYear (€m)
] e ]
= n nes
= samen
[5] omse
800
600
400
2001
e h 0 L I h
2 4 4 -2 0 2 4
Xsro-¥cay (€m) YsrroYear (€M)

Figure C.9: The distribution of Zsprrp — zcar and ysprp — Year in the two halves of
the SRTD in MC. The solid lines correspond to fits to Gaussian functions. The results
of the fits are given on the top right corner.

Various checks have been performed to estimate the systematic error associated to
the values of the offsets of the SRTD position given in Table C.3. The analysis was
redone for various cuts on the energy of the energy cluster, from 1 to 5GeV. Also, the
analysis has been restricted to various regions of the fiducial area of the SRTD. The

variation of the offsets of the SRTD position remains within 42 mm.



Entries

Appendix D

£ e
g 38 Calibration of the SRTD
ol
P
ok This detector plays a crucial role in the extension of the W range of the measurement
of the production of heavy VM’s. Effectively, at least one electron of the decay of
i the J/¢ at W > 200 GeV falls into the fiducial region of the SRTD. The use of the
4 2 Oxg“%'m (-:m : CE 'I’yn jym (:n . SRTD in the present analysis is twofold. The SRTD is able to give a more precise
T g Ry determination of the position of electromagnetic clusters. Also, the SRTD is used to
. i1 - S el > give an event-by-event correction to the energy of electromagnetic clusters due to losses
“ in inactive material. The determination of this correction on an event-by-event basis
2 increases significantly the resolution of the reconstructed energy. The resolution of the
s reconstructed kinematics rely mainly on the resolution of the reconstructed energy at
20 high W. Therefore, the calibration of the energy correction given by the SRTD plays a
100 central role in this thesis work.
L The alignment of the SRTD has been reported in Section C.2. In the present Ap-
Sarra ey, () YsnroYear (€m)

pendix the calibration of the energy correction produced by the SRTD is reported.

Figure C.10: The same as in Figure C.9 in data.

D.1 Method

The response of the SRTD to ionizing particles may be used to correct for the loss of

energy of an electron due to crossing inactive material before reaching the UCAL. For



o
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this purpose, the presampler method may be used [189]. The presampler method makes
a simple assumption: the amount of energy loss by electromagnetically is proportional
to the number of charged particles created in the course of the interaction with the
inactive material. Due to the presence of inactive material in front of the UCAL
particles will create “pre-showers”. Charged particles created in the pre-shower will
loose energy through ionization in the active material of the SRTD. The response of the
SRTD is proportional to the number of charged particles that cross it. Therefore, the
response of the SRTD is proportional to the energy loss by the particle in the inactive
material. The output of the SRTD has been calibrated off-line in terms of number of

mip’s !. A simple linear relation is used:
Ecar = Ecorr — srroNgpyp/2 (D.1)

where Ec 4y is the energy measured in the UCAL, Eg, is the energy corrected for
inactive material losses, N’S",?}D is the number of mip’s measured by the SRTD. asprp
is a free parameter that needs to be calculated separately for data and MC. The factor
1, is applied to Nggyp, because the SRTD is made of two planes and the response is
“double”.

Provided that the energy scale of the UCAL is constant with energy, the parameter
asprp may be extracted by looking into the correlation between the response of the
UCAL and Ngp%.,. For this purpose, it is relevant to use a sample of events in data
and MC coming from a process that provides electromagnetic objects 2. This is done
by selecting events coming from QED Compton process. This process has a large
cross-section that will provide sizeable statistics for this analysis. This type of events
have an electron and a photon in the final state. Most of these events contain two
electromagnetic clusters within the fiducial region of the SRTD. It is proposed to look
into the correlation of the total energy deposited in the two electromagnetic clusters,

Ecar = EL ,; + B2, and the total number of mip’s measured in the SRTD, Ngph., =

!mip stands for minimum ionizing particle.
2A photon converts into ete™ as it passes through material. The multiplicity of the pre-shower

provided by & photon is assumed to be similar to that of an electron.
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Figure D.1: The left Plot displays the total energy deposited in the two electromagnetic
clusters, Ecar = Ejay+ E% 4y, in the QED Compton selection in data. The right Plot
corresponds to the total number of mip’s measured in the SRTD, Ngpyp, = Nopbp, +

mip,2
N, SRTD-

NZphh + Ngpb?,. QED Compton events with the invariant mass of the electron and
photon in the final state, M., > 1.5 GeV are allowed in the trigger selection described
in Chapter 5. Some additional off-line cuts are applied:

e Two electromagnetic clusters within the fiducial region of the RCAL defined in
Figure A.1.

e Two electromagnetic clusters within the fiducial region of the SRTD.
e Elasticity requirement (see Section 6.4).

® Reconstructed W > 290 GeV. This requirement is made to restrict the analysis
to from QED Compton process.

The data sample used is a fraction of the data taken during the 1999 and 2000
running periods. The MC chosen corresponds to the COMPTON program (see Sec-
tion 7.2.5).
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Figure D.2: Same as in Figure D.1 for the COMPTON MC.

The distribution of energy deposited in the two electromagnetic clusters and the
total number of mip’s measured in the SRTD in the QED Compton selection in data
is shown in Figure D.1. The same distributions for MC are given in Figure D.2. It
is observed that both in data and MC the distribution of Ex 4y is not symmetric. In
MC this is due to initial state radiation of the incoming electron in the ep scattering.
The initial state radiation reduces the energy available to the final state electron and
photon. Additionally, in data at lower energies there is a contamination from the
decay of the J/1 and other remaining background (see Section 8.2.2). This explains

the enhancement of events at lower energies in data with respect to MC.

In order to quantify the correlation between the energy deposited in the UCAL
and the number of mip’s measured by the SRTD, Ecay, is studied in bins of Ngphp.
A fit to a Gaussian function is performed on the distribution of Ec4y in the range
24.5 < M,+.- < 29 GeV. This procedure is performed independently in data and MC.
The results of the parameters of the Gaussian fit of the Ec 4y, in bins of Ngph.p, are

shown in Figure D.3 and Figure D.4 for data and MC, respectively.
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Figure D.3: The distributions of energy deposited in the two electromagnetic clusters,
Ecar = ELap + E%yy, in different ranges of the total number of mip’s measured in
the SRTD, Ngib.,, = Naphi, + Ngph?, in the QED Compton selection in data. The
distributions are fitted to a Gaussian function in the range 24.5 < M,+.- < 29 GeV.
The results of the fit are given on the upper right corner. On the upper left corner the

average value of Ngghp, is given.

D.2 Results

In order to quantify the correlation between the energy deposited in the UCAL and
the number of mip’s measured by the SRTD, it is relevant to consider the mean of the
Gaussian functions obtained in the fits of Egay in bins of Ngghp,. A fit of the form

given in Expression (D.1) is performed separately in data and MC. The results of the
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Figure D.4: Same as in Figure D.3 for the COMPTON MC.

fits are given in the left and right Plots of Figure D.5 for data and MC, respectively.

The parameters of the fits shown in Figure D.5 correspond to a2, = (0.025 +
0.002) GeV /mip for data and a¥G., = (0.022 + 0.002) GeV/mip for MC. These two
values are used to correct off-line the energy of electromagnetic clusters in data and
MC (see Section 6.2). These values are significantly smaller than aZa%, = (0.044 +
0.004) GeV /mip [105] and %2, = (0.055 = 0.0005) GeV /mip [190] obtained for the
conditions of the 1994 and 1995 running periods, respectively. In these analyses the
fiducial cuts on the RCAL were not so stringent as in the present work. Additionally,
the Vertex Detector was not present during the 1999 and 2000 running conditions,
decreasing further the amount of inactive material that electrons and photons need

to cross before reaching the SRTD. The deviation from the linear ansatz assumed in
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Figure D.5: The mean of the Gaussian functions obtained in the fits shown in Fig-
ure D.3 and Figure D.4 are plotted as a function of the average number of SRTD mip’s
and fitted to a linear function (see Expression (D.1)). The left Plot corresponds to
data and the right Plot to MC. The results of the fits are given on the upper right

corner.

Expression (D.1) was studied in [190]. The contribution from an additional term in
Expression (D.1) proportional to (Ngub., / 2)? was found to be non-negligible. The
average value of Nggh., is strongly correlated with the average amount of inactive
material that the electron or photons need to cross before reaching the SRTD. As the
average inactive material in this analysis is about a factor of two smaller than in those
analyses, it is expected that the value of a8, obtained here be significantly smaller
than those obtained in the conditions of the 1994 and 1995 running periods. The
value of 5%, obtained here is consistent with those obtained in [191] and [73] for the

running conditions of 1996-1997 and 1998-1999, respectively.

The results of the fits given in Figure D.5 show that the extrapolation of Egyy to
Ngghp =0 (parameter P, in the box on the upper right corner) is lower in data with
respect to MC by about 2%. This is explained by the fact that a number of corrections
has not been applied to the energy response of the UCAL. These corrections were

applied in the final off-line analysis (see Section 6.2). This “shift” between the energy



response of data and MC does not change the conclusions drawn here.
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Appendix E

Finite Mass Sum Rule

In the conditions of the ZEUS detector only the continuum part of the diffractive proton
dissociative reaction ep — eV N is observed. A significant fraction of this spectrum
escapes undetected through the beam pipe. These types of events “look” like elastic
and need to be subtracted from the elastic sample. In this work, dedicated runs have
been taken to measure the rate of events with masses My 2 3GeV (see Section 8.1.1).
In order calculate the fraction of events coming from the reaction ep — eV N with
My < 3GeV in the elastic sample, it is necessary to relate the resonant-like region
and the continuum to each other. The Finite Mass Sum Rule (FMSR) provides this
connection [192].

The FMSR is an extension of the Finite Energy Sum Rule (FESR) [28]. The
FESR applies to the reaction AB — X whereas the FMSR relates to AB — CX.
A. H. Mueller formulated [193] the generalized optical theorem within the framework
of Regge formalism (see Section 2.2): the cross-section for AB — CX is related to
the forward scattering amplitude of ABC — ABC when the amplitude is analyti-
cally continued into the proper kinematic region. Major ingredients necessary for the
derivation of the FMSR are the crossing symmetry (AB — CX versus CB — AX)

and analyticity. In the simplest case, when A = C, at a given ¢ the first moment of
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the FMSR may be written as [28]:

dog "D d’o /"" d’o
b 2.4 il El
112 +/0 V(dtdu)ﬂdy SREY T M B

where v = M3 — mf, — t is the variable of cross symmetry and m,, is the mass of the

proton. The area below the extrapolation of v (%)c from the high v (continuum)

to the low v region equals to the area below the resonant-like cross-section v (%)R
plus the elastic cross-section multiplied by |¢| . The FMSR is illustrated in Figure E.1.
The validity of the FMSR in the low || regime has been verified in pp — pN to a high

degree of accuracy [194].

Resonant-like
; Elastic

Continuum

\Y

Figure E.1: First moment of the Finite Mass Sum Rule. The area below the extrap-
olation of ufi— from the high v to the low v region equals to the area below the

resonant-like region plus the elastic cross-section.

The MC generator used should comply with Expression (E.1). This has been checked
for the DIFFVM program (see Section 7.2.6). This check has been performed in a
region of small enough values of || such that the first term in the left hand side of
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uation (E.1) is much smaller than the other terms, but € ki, - to BYVO1 e
Equation (E.1) i h ller than the oth , but |¢ 1 id th

suppression of the production of large masses [195].

As pointed out in Section 8.1.1, the dissociation of the proton may be split into two
regions in My (or v), the resonant-like region and the continuum. In order to turn
Formula (E.1) into a straightforward analytical expression used to relate the number
of events generated in the resonant-like region and the continuum some assumptions

must be done:

1. The cross-section factorizes with ¢ and v, i.e. ;%’, x f(t)f().

2. The cross-section of the production of My in the continuum has a power-like
behavior o« 1/M f,, where 8 > 2. The extrapolation of the high v region into the
low mass region is performed according to this functional form. The ¢ dependence
is parameterized with a single exponential, ¢®. Parameters 3 and b need to be

determined from the experiment.

3. The transition between the resonant-like region and the continuum region is

smooth and it happens at vy &~ 3 GeV?, independent of the energy.

Following the considerations above, the generation of resonant-like states is performed

according to:

d?
Gy = Anta0) (®2)
and
Ar = Ngbs (E3)

where Ng = f %}fdtdu is the total number of generated events in the resonant-like
region (v < vg), bg is the average t-slope of the resonant-like region and fgr(v) is
a function that contains the resonant-like structure of the spectrum with the proper

normalization:

/0 el (E.4)

!The kinematically smallest possible in the reaction ep — eV N, tmin, i8 |tmin| & %



The continuum part of the spectrum is generated as follows:

£ bot
dtZC = Ap— s (E5)
K (u +m2 + t) #
and
Ac = Nebe (g- = 1) M (E8)

where Ng = [ %ﬁdtdu is the total number of generated events in the continuum region
(v > w) , be is the t-slope of the continuum region and M3, = v + mf, +t. The left
hand side of Equation (E.1) may be easily calculated by inserting Expression (E.5).
Provided that in this region of ¢ the inequality ¢ <« 1/bc,1/bg,m?2 is verified, from
Equation (E.1) it may be derived:

1

& No (@)l
Np ~ Ncbﬂ'c(ﬁ)j;,o an(ll)dl/ (E.7)
where
4—F 4B G
w(B) = (g 4 1) M2 { M”°2 S s L mf;ﬂ)} (E8)
) 2

The MC generator uses a set of initial parameters [y, bro,bco. The reweighting of
the MC should observe the FMSR and, therefore, should be performed according to
Expression (E.7).

The assumption of factorization of the cross-section with ¢ and v is a valid one
in the region of the continuum. It has been observed that the t-slope is constant
down to values v 2 8 GeV? ([125, 126 and also See Section 8.1.1). This is not valid for
v 5 8GeV2. Expression (E.7) is a coarse approximation that may be used provided that
the variation applied on parameters 3, bg, bc is large enough so that the correlation of ¢
and v in the low mass region may be neglected. An average t-slope of the resonant-like

region, bg = 4 4+ 2GeV~2, in the reaction ep — eJ/iN [130] has been used.

Appendix F

Stability Checks of results of
Elastic Photoproduction of J/v

F.1 Stability of the Procedure of Extraction of the
Signal

As a systematic check, the mass window has been shifted left and right by two bins *.
By shifting the mass window right and left systematic effects due to the inappropriate
description of the M. +.- distribution in data by MC are taken into account.

An effect that needs to be studied is the dependence of the results of the extraction
of the signal on the ranges of the fit. In the nominal procedure a fit is performed on
the M,+.- distribution in the range 2 < M,+.- < 5 GeV. In order to check the stability

of the result of the fits, the latter are performed in different ranges:

1. Change the lower bound of the fit to 2.7GeV in the range 50 < W < 170 GeV
and 2.3 GeV in the rest of the W range.

2. Change the upper bound of the fit to 4.5 GeV. This checks the assumption made

in the nominal fit according to which the remaining background is fit to a single

1For the definition of the bin size see Sections 9.4 and 9.5.



exponential functional form for the whole range 2 < Mg+.- < 5 GeV.

N Left Right Checkl Check?2
w (Gev) signal signal signal Nsigrml Nsigmzl

20-35 | 7654 | 8023 | 660.3 | 774.4 765.4
35-50 | 1800.2 | 1908.8 | 1666.3 | 1809.1 | 1798.4
50- 60 | 1605.8 | 1679.3 | 1541.7 | 1605.6 | 1600.3
60-70 | 14134 | 1466.6 | 1361.4 | 1405.7 | 1413.7
70- 80 | 1250.7 | 1296.2 | 1199.9 | 1230.6 | 1249.4
80-90 |[1115.7 | 11404 | 1070.0 [ 1129.5 | 1112.4
90- 110 | 2053.6 | 2139.6 | 1955.6 | 2057.3 | 2047.8
110 - 125 | 1368.6 | 1399.3 | 1312.6 | 1385.1 | 1363.6
125 - 140 | 1249.2 | 12749 | 1181.3 | 1256.6 | 1247.4
140 - 170 | 1910.0 | 1961.6 | 1786.6 | 1977.9 | 1901.2
170 - 200 | 1150.4 | 1177.9 | 1047.7 | 1154.3 | 1150.4
200 - 230 | 900.0 | 884.9 | 836.3 | 905.2 901.2
230- 260 | 765.5 | 743.3 | 753.2 | 8154 756.1
260 - 290 | 706.2 | 685.1 | 621.3 | 652.0 683.0

Table F.1: Number of observed J/1 events obtained following the nominal procedure,
NJem,, compared with the results obtained by shifting left and right by two bins in
M.+ .- the mass window, N, :;;f‘:, and N:f;f,ﬁ, respectively, and changing the range of the
fits, NGpeci! and NGhee?, respectively. The values of Nyignar have not been corrected

for contamination from (2S) decays.

The results of Nyigna in bins of W are given in Table F.1. The same procedure has
been performed in bins of W and P?2. The deviation from the nominal signal events is

included in the systematic error (see Section 9.3).
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F.2 Stability of Results of o(yp — J/vp) with the

Definition of the Elasticity Requirement

In this Section we check the stability of the results of o(yp — J/1p) with the definition
of Epaz (see Section 6.4). Most of the cells not associated to the two electromagnetic
object are concentrated in the electromagnetic section of the UCAL. The UCAL has
a larger number of electromagnetic cells compared to hadronic cells. Additionally, one
would expect that a significant fraction of inelastic events with low particle multiplicity
may leave low energy depositions in the UCAL. Low energetic pions are likely to look
like electromagnetic clusters as they cannot penetrate through the whole depth of
electromagnetic section of the UCAL to make it to the hadronic section.

Figure F.1 shows the distributions of E,,,;. for different sections of the UCAL. The

points correspond to data after the application of off-lines cuts except for the elasticity

requirement (see Section 6.4) and the empty histogram to MC. The MC simulation

- reproduces only a fraction of the noise produced by the UCAL. For instance, fake

energy depositions due to sparks are not implemented in the simulation. Therefore,
it is not expected that the long tails seen in the logarithmic scale in Plots b) and c)
of Figure F.1 be reproduced by MC. The distribution of E,,,, in the EMC, Plot a),
shows a clear enhancement of the data with respect to the MC description of the noise

at E,.; > 200MeV.

Three effects are sensitive to the definition of elasticity: the contribution from pro-
duction of J/1 via the dissociation of the proton (see Section 8.1.1), hard final state
QED radiation of the electrons of the decay of the J/1 (see Section 7.3.4) and the
contribution of J/i coming from the decay of the 1(2S) (see Section 8.1.2). The
contribution from different processes is shown in Figure F.1. The dependence of the
fraction of proton dissociative background on the definition of elasticity has been stud-
ied for different values of the cut on E,,,, (see Table 8.1). A mild dependence is

seen with cuts up to E,., < 400 MeV. It is expected that the contribution from pro-
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Figure F.1: Distributions of the energy of the most energetic cell in the UCAL not
associated to any of the electromagnetic objects, Epnaz. Plots a), b), ¢) correspond to
EMC, HACO and HACI1 cells, respectively. Solid points correspond to data and the
solid line to the contribution of elastic J/1 (the ZEUSVM MC), elastic ¥(2S) (the
DIPSI MC) and proton dissociative J/1 (the EPSOFT MC). The shaded histograms
correspond to the contribution from elastic (25) and proton dissociative J/v. Off-line

cuts have been applied except for the elasticity requirement (see Section 6.4).

ton dissociative J/1 be larger and the contribution from ep — J/9X show up with
Emaz < 1 GeV.

The procedure of extraction of the signal, the calculation of acceptance corrections
and cross-sections was repeated for several cuts on Fp... The values of the variation

of the cross-section for different values of the cut on E,,,, are given in Table F.2 and

Ao o for cut on Epa-(MeV) in EMC
W(Gev) | 250 | 300 | 400 1000

20-35 |-0.028 | -0.040 | -0.048 -0.061
35-50 |-0.002 | 0.012 | 0.016 0.026
50-60 | 0.007 | 0.015 | 0.025 0.036
60-70 | 0.020 | 0.026 | 0.033 0.030
70- 80 | 0.014 | 0.025 | 0.025 0.052
80-90 | 0.024 | 0.039 | 0.047 0.061
90 - 110 | 0.025 | 0.034 | 0.039 0.041
110- 125 | 0.016 | 0.025 | 0.024 0.024
125 - 140 | 0.027 | 0.033 | 0.033 0.062
140 - 170 | 0.018 | 0.024 | 0.031 0.042
170 - 200 | -0.001 | 0.045 | 0.011 0.042
200 - 230 | 0.036 | 0.031 | 0.048 0.059
230 - 260 | 0.007 | 0.008 | 0.009 0.047
260 - 290 | 0.005 | 0.004 | 0.015 0.075

Table F.2: Relative deviation of a(yp — J/¢p) in ranges of W for different cuts on
the energy of the most energetic cell in the electromagnetic section of the UCAL not

associated to the two electromagnetic objects in the event (see text).

in Figure F.2. The value of the variation is positive in the average and increases with
relaxing the cut on E,,,, as expected. The variation remains within few percent and
it is partially explained by the increase of the contribution from proton dissociative

and inelastic production of J/4.

By relaxing the cut on F,,, the amount of remaining non-resonant background
changes significantly, increasing the statistical error on the determination of the cross-
section. This is illustrated in Figure F.2 by the increase of the error bars as the cut on

E, .oz is relaxed.
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Figure F.2: Relative deviation of o(yp — J/4p) in ranges of W for different cuts on
the energy of the most energetic cell in the electromagnetic section of the UCAL not
associated to the two electromagnetic objects in the event (see text).

F.3 Stability of Results with the Performance of
the SRTD

The number of bad SRTD strips increased during the 1999 and 2000 running periods.
It is necessary to check the stability of the results and calculate the cross-sections
for runs in which the SRTD had a small number of dead strips. A check has been
performed in which runs in data have not been used with more than 5% of SRTD dead
strips. This requirement throws out a considerable amount of luminosity leaving the
analysis with 32.52 pb~! of data. The value of the cross-sections in the last two bins in
W changed from the values given in Table 9.1 to 145.54+9.7(stat) and 198.1+17.1(stat)

nb, respectively. These results are in reasonable agreement with the nominal results

given in Table 9.1.

F.4 Stability of the Regge Trajectory and ¢-slopes

The results should not depend significantly on the W and ¢ ranges. It is known that
the purities at high |t| are low, specially at high W, due to the poor resolution of the
UCAL at low energies. Also the first and the last bin in W display a large background

contribution.

For this purpose, the parameters of the Regge trajectory have been extracted fol-

lowing the prescription given in Section 9.5 for the following configurations of points:

a. Take out the bins with 230 < W < 290 GeV.
b. Take out the bins with 170 < W < 290 GeV.
c. Take out the bins with 20 < W < 50 GeV.

d. Take out bins with —¢ > 0.85 GeV2.

The results of the values of a(0) and o for these configurations of points are given in
Table F.3. The results are consistent with those obtained in the nominal configuration

given in Section 9.5.

Fit (0) o(Gev—?)

a | 1.206:+0.014+3:5% | 0.144+0.029+3%7
b | 1.20340.017+35% | 0.132+0.037+5:9%7
¢ | 1.191+0.017+39% | 0.129+0.037+3:918
d |1.195+0.01573%8 [ 0.10740.03813:%98

Table F.3: Results of a(0) and o for different configurations of points (see text).

To check the reliability of the extraction of the t-slopes it is relevant to extract these

parameters in a restricted ¢ range. The results of the fits in the range 0 < |¢| < 0.85 GeV
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are given in Table F.4 and are consistent with the nominal results given in Table 9.3.
The statistical errors of the t-slopes given in Table F.4 are larger than the nominal
ones due to the reduction of the lever arm in the fitting in ¢. The systematic errors
are somewhat smaller than the nominal ones. The systematic error is dominated by
the uncertainty in the subtraction of the proton dissociative background. In absolute
terms, the uncertainty on the differential cross-section grows with the increase of the

contamination, the systematic error grows with |¢].

W (GeV) | b (GeV—?)
20-50 | 3.58+£0.30012
50-70 | 4.1340.20019
70- 90 | 4.6740.241%2

90 - 125 | 4.7640.21+9:22

125 - 170 | 4.29040.21+212
170 - 230 | 4.54:£0.24718

230 - 290 | 5.0240.56+2

Table F.4: Results of b in ranges of W with statistical and systematic errors obtained

with the nominal method excluding points with [¢| > 0.85 GeV.

The values of by and o’ with the ¢-slope method for different configurations of points
are given in Table F.5. The results of the different fits for the extraction of these

parameters are consistent with those obtained in the nominal configuration given in

Section 9.5.
Fit bo(GeV~2) o' (GeV~?)
a | 4.253+0.074+3139 | 0.147+0.03515:098
b | 4.24840.08210-2% | 0.143+0.04410:010

[}

4.260+0.08413:294 | 0.112:40.04015:3%%
4.35440.092+5:282 | 0.109+0.0427 3512

o

Table F.5: Results of by and o for different configurations of points (see text).

3]
~
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Appendix G

Search for Elastic Photoproduction
of T — eTe™ with 96-97 Data

The data used in this Appendix were taken during the 1996 and 1997 running period
and corresponds to an integrated luminosity of 37 pb~!. This material is based on the

work presented in [138]. The results of this work were reported in [156].

G.1 Bremsstrahlung Radiation

In this analysis it was attempted to reduce the effect of bremsstrahlung radiation of
electrons of the decay of the T on the acceptance using the UCAL (mainly BCAL)

information in place of CTD momentum of tracks that radiated a strong photon.

For those electrons that radiate strongly the CTD momentum measurement will be
substantially smaller than the energy of the UCAL cluster. The CTD momentum, P,
may be compared on an event-by-event basis to the energy of the deposited UCAL

cluster, E. For a given track-cluster pair a simple function is calculated:

ey

Figure G.1 shows the distribution of F(P, E) for data and the LPAIR MC. The data

(1)

sample corresponds to di-e with 4< M,+.- <20 GeV. The resolution from CTD mo-
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mentum is taken from the parameterization obtained in Appendix B. The resolution
of E in the BCAL was parameterized as o = 32%VE [196]. In Figure G.1 a long
radiative tail is seen at high values of F'(P, E). For those events the CTD momentum
lies below the energy of the UCAL cluster, which contains the energy deposition of the
radiated hard photon. For tracks for which F'(P, E) > ¢, where ( is a parameter, one
might consider to replace the measurement of the CTD momentum by the energy of

the UCAL cluster and subsequently reconstruct M+.-.

350 |-
@ Doata
g - LPARMC
280 |-
200 |-
150 |
100
s0 |-
0 L= 1. 1 .%‘*n h
4 2 0 2 4 6 8 10

(VP-VEVo(V/P-1/E)
Figure G.1: P is compared with E of the matching cluster in data and MC, by plotting
F(P, E) (see text).

CTD ‘Only | (=5 1¢=3 =2 (=18
A@%)| 449 |468|483|496( 502

Table G.1: Acceptance for Y(1S) — ete™ calculated with the DIPSI MC for different
values of (.
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Figure G.2 shows the reconstructed M,+.- spectrum for T(1S) for different values
of ¢ with the DIPSI MC. As tracks with too high F(P, E) > ¢ are replaced by the

measured UCAL energy, the radiation tail in the M,+,.- spectrum disappears.
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Figure G.2: M,+.- spectrum reconstructed with CTD tracks only (upper left Plot) and
for different values of ¢ (see text) for Y(1S) with the DIPSI MC.

Table G.1 shows acceptance Y(1S) — ete™ calculated with the DIPSI MC for
different values of . The acceptance is calculated for 80< W <160 GeV and a M,+,.-
window of 8.5< M+.- < 10.9 GeV. As seen in Figure G.2, events with electrons that
have radiated strongly may be recovered to the mass window of the extraction of the
signal. An optimal value of ¢ is to be taken not to dismiss tracks for which F(P, E) is

high due to intrinsic resolution. The value of (=2 is chosen.
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G.2 Trigger and off-line selection

The trigger selection HFLO6 is used. The logic of this trigger selection in the conditions
of the 1996 and 1997 running periods is given in Section 5.3.
The off-line selection is very similar to that presented in Section 6.4. Two are the

differences:

e The UCAL energy of the cluster matched to a track with F(P, E) > 2 (see
Expression (G.1)) is used in place of the CTD momentum.

e The elasticity requirement. The cuts on the most energetic cell not associated

with the two tracks is applied: 150MeV for EMC cells, 200 MeV for HACO,
300 MeV for HACL.

The fraction of events due to proton dissociation was estimated for elastic photo-
production of J/1 — utp~ [155]. It was estimated that some 25% of events would be
coming from proton dissociation.

In the present analysis we restrict ourselves to 80< W <160 GeV.

G.3 The High M.+, Spectrum

Figure G.3 shows the high M,+,~ spectrum. The solid line in Figure G.3 corresponds
to the Bethe-Heitler process, generated by the LPAIR MC. The Bethe-Heitler MC has
been normalized to the number of events with 4.2< M,+.- <8.5 in data by means of a
x? fit. The resulting fit yields x?/n.d.f. = 21.5/(21—1). The shape of the reconstructed
M.+~ of the normalized MC sample nicely follows the data up to high M,+.- of 20 GeV,
as seen in Figure G.3.

In order to estimate the fraction of proton dissociative Bethe-Heitler events in the
sample the following procedure was accomplished. The LPAIR generator does not

caleulate cross-sections for an arbitrary set of kinematic cuts. The theoretical cross-

ZEUS 96-97 Preliminary
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Figure G.3: High M,+.- spectrum in data taken during the 1996 and 1997 running
periods (solid circles) compared with Bethe-Heitler process generated by the LPAIR
MC (histogram). The insert shows the signal after subtraction of the LPAIR MC.

sections for the Bethe-Heitler process are given in [112] for several specific cuts in the
energy, [, the transverse momentum, P and the polar angle, @, of the elastically
produced leptons. The theoretical elastic cross-section o, .t~ for B >0.5 GeV,
P, >0.5 GeV and 5° < @ <175° is 1.4504-0.004 nb. A control sample of 10000 events has
been generated without M,+.- cuts. After trigger selection and off-line cuts 111 events
are reconstructed in the M,+,- range of 4.2< M 4.~ <8.5 GeV and 80< W <160 GeV.

The total amount of data events in that M,+.~ range is 656, where for the present
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luminosity one would expect to have 595.5 elastic Bethe-Heitler pairs. The fraction
of proton dissociative inelastic Bethe-Heitler is estimated to be 10%+10% (the error
comes from the statistical error of the estimation of events with 4.2< M +.- <8.5 GeV
in the control sample).

The mass window for the search of the T signal is chosen to be 8.5< M.~ <
10.9 GeV. The value of the lower bound is taken from the shape of the reconstructed
M+ - in MC for the lowest lying resonance T(1) (see Figure G.2). The upper bound of
the mass window is chosen to cope with excited heavier states T(2S) and Y(3S) [155].

The T signal is extracted by subtracting the number events resulting from the
extrapolation of the normalized Bethe Heitler MC sample to the M,+.- region of the

mass window from the number of data events observed in the mass window:
Ny = Nigw* — Nifw (G.2)
The error on Ny is defined as:

ANy = /NBgts (G.3)

In the mass window defined above 69 events are seen in data, 57.9 are expected from

Bethe-Heitler process, resulting in Ny=11.14+8.3.

G.4 Systematic Checks

The following set of checks were done:
e The tracking efficiency of the FLT58, +5% [155].
e Uncertainty on the proton dissociative background (+9,-2) [155].

e Shifting the mass window for the extraction of the Y signal by +300MeV: (-48,-
7)%.

e Using a different mass region for the normalization of the Bethe-Heitler back-

ground, 4< M+.- <8.5 GeV and 4.4< M +.- <8.5 GeV: (-2,+7.5)%.

284
e Varying the cos6 distribution used in MC that required by s-channel helicity
conservation (1 + cos? @) to a flat distribution: -6%.

e Varying the dependence of 0y, xp on W (04p—yp, = AW?) in MC. The theoretical
prediction ¢ is changed by +1:(1.5,-1)%.

e Varying cuts on the amount the energy of the most energetic cell not associated to
the two tracks by £50MeV: (5.5,-1)%,(3,0.7)%,(0,0)% (EMC ,HACO and HAC1,

respectively).
e Varying the value of ¢ to (=1.5,2.5 (see Section G.1): (-4,-4)%.

e Uncertainty in the electronic branching ratio B(Y(1S) — e*e™) [139]: (7,-7)%.

All of these uncertainties are added in quadrature yielding an overall systematic error
on o,xp of (16, —49)%. The statistical error on the measurement yields 75%, bigger

than the systematic uncertainties.

G.5 The Cross-Section

The procedure of the extraction of the photoproduction cross-section is described in
Section 9.2. The cross-sections times branching ratios of the first three T resonances
are assumed to be the same as measured by CDF [157]. The result is presented in

terms of the cross-section of the production of the T(15) resonance:
Oyprr(1s) p = 255 + 191(stat) {3 (syst) pb at W = 120 GeV

The result obtained in this present analysis, being lower, is consistent within errors

with the result published by the ZEUS Collaboration [155].
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