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Chapter 1

Introduction

Scattering of particles is one of the main experimental techniques to obtain informa-
tion on the internal structure of matter and on the fundamental interactions. There is
a long history of successful scattering experiments, starting in 1909 with the famous
experiment by Rutherford, which showed that the atomic mass is concentrated in the
nucleus. The principle of scattering experiments is always the same: the structure
of the target particle is inferred from energy and angular distributions of scattered
and produced particles. The distributions are interpreted within model assumptions.
Measurements are needed to discard wrong models or to prove that such are right.
Often models depend on parameters which have to be determined by experimental
data.

A long history of experiments provided results which allowed to develop the cur-
rent theory, known as the Standard Model. It is able to describe a wide range of
particle physics and it is the subject of many studies to figure out its limits. In par-
ticular, at relatively small energies (the so-called "soft" regime) the strong interaction
theory (Quantum ChromoDynamics QCD) is not appropriate, since perturbative cal-
culations are not applicable. But there are models which try to use QCD also in this
regime and are waiting to be tested.

Photo- and electroproduction of light (p, u, <j>) and heavy (J/ip, ip', T) vector mesons
(VM) have been subject of intensive studies at HERA [1, 2, 3, 4, 5, 6]. The results
show that reactions, which involve a hard scale, either by a heavy quark mass like
the charm quark mass or high values of the photon virtuality, Q2, can be described
by models based on perturbative QCD (pQCD) [7, 8, 9, 10, 11, 12, 13]. In such
models the photon emitted from the electron fluctuates into a colour-dipole qq state,
which subsequently interacts with the proton through a gluon ladder exchange. A
rapid rise in the cross-section with W is predicted, where W is the photon-proton
centre-of-mass energy, a oc W6 with 8 being in the range 0.7 — 0.8. This rise is due to
the fast increase of the gluon density in the proton at small fractional momentum of
the gluon. The exclusive electroproduction of J/ip mesons according to the reaction
ep —> e J/ip p involves a hard scale provided by the mass of the charm quark as well
as the photon virtuality. Therefore it is expected to exhibit similar properties to a
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hard process at both low and high values of Q2.
This analysis presents measurements of the exclusive electroproduction of J/ip

mesons ep —> e J/tpp. Cross-sections are given as a function of W, Q2 and i, where t
is the squared four-momentum transfer at the proton vertex. The t dependence is also
analysed in the framework of the Regge theory. Parameters of an effective Pomeron
trajectory ajp(t) are determined. Decay angular distributions of the J/ip decay are
analysed in terms of spin-density matrix elements which connect the production with
the decay process. They are used to test s-channel helicity conservation (SCHC)
and to calculate the ratio of cross-sections R = <JLI<*T for longitudinally {GL) and
transversely (ay) polarised virtual photons as a function of Q2, W and t.

The data cover the ranges 30 < W < 220 GeV, \t\ < IGeV2 and 2 < Q2 <
100 GeV2. The measurements represent more than one order of magnitude increase
in statistics with respect to the previous ZEUS measurement of this process [1] and
extend the W range.

The report is organised as follows:

• Chapter 2 introduces the HERA collider and the ZEUS experiment, concen-
trating on the components which are used in this analysis.

• Chapter 3 contains basic information on HERA physics of deep inelastic scat-
tering, diffraction and exclusive J/ip production. Predictions of Regge theory
and the concept of perturbative QCD models for exclusive J/ip production are
described.

• In Chapter 4 the Monte-Carlo generators are introduced, which are used for
simulating signal and background events.

• The following chapters introduce the reconstruction of the events (Chapter 5)
and their selection (Chapter 6).

• Background estimates are given in Chapter 7.

• Chapter 8 presents the method and the determination of the cross-sections and
the method of estimating the systematic uncertainties.

• Chapter 9 presents the cross-section measurements as a function of Q2 and W.
The results are discussed and compared to the model predictions.

• In Chapter 10 the dependence of the cross-section on t is studied.

• Chapter 11 deals with the measurement and the discussion of the angular dis-
tributions and the ratio of longitudinal and transverse cross-sections.

• Chapter 12 concludes with a summary of the measurements performed.



Chapter 2

HERA and ZEUS

The data analysed in this thesis were taken with the ZEUS detector at the HERA
collider located at the Deutsches Elektronen Synchrotron (DESY) in Hamburg, which
provides electrons or positrons ( e ^ colliding with protons. In this chapter, the ex-
perimental setup is briefly explained.

2.1 HERA Collider

Figure 2.1: The HERA collider. Four circular 90° arcs are connected with straight
sections. One experiment is located in the middle of each straight section. The
pre-accelerators Linac, DESY and PETRA are shown as well.

HERA (Hadron-Elektron-Ring-Anlage) is the first and the only lepton-proton
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collider in the world. The layout is shown in Figure 2.1. HERA consists of two
rings. One stores and accelerates the e+(e") beam and the other one does the same
for the proton beam. They overlap at two interaction regions. In the south hall,
the ZEUS experiment is located. Another colliding experiment, the HI experiment,
is operated in the north hall. In addition two fix-target experiments are located at
HERA. HERMES [14] is operated in the east hall. It scatters longitudinally polarised
electrons off the nuclei of hydrogen, deuterium or 3He in order to investigate the spin
structure of the nuclei. For the HERA-B experiment [15, 16], which was operated in
the west hall, protons from the beam halo of the proton beam collided with target
wires of different atomic number.

The energy of the e± beam has been set to 27.5 GeV since 1994. The proton beam
energies were set to 820 GeV in 1994-1997 and increased to 920 GeV since 1998. The
corresponding centre-of-mass energy in the electron^proton (ep) rest system was 300
GeV in 1994-1997 and is now 318 GeV.

The design parameters of HERA are listed in Table 2.1. Particles in the rings
are stored in bunches. There are a maximum of 220 bunches stored in HERA, which
provides a small bunch crossing interval of 96 ns. Some bunches are not filled with
electrons or protons, respectively. These are used to study the background from inter-
actions between beam particles with residual gas particles in the beampipe (beamgas
background).

HERA parameters

Circumference [m]
Energy [GeV]
Centre-of-mass energy [GeV]
Injection energy [GeV]
Maximum current [mA]
Number of bunches
Time between bunch crossings [ns]
Horizontal beam size [mm]
Vertical beam size [mm]
Longitudinal beam size [mm]
Specific luminosity [cm~2s~1 mA"2]
Inst. luminosity [cm~2s~1]
Integrated luminosity per year [pb~1a~1]

Design
e±

Values
P

Achievec
e±

in 1998-2000
P

6336
30 820

314
14
58
210

40
160
210

27.5 920
318

12
37

174+15

40
99

174+6
96

0.301
0.067

8

0.276
0.087
110

< 3.6 • 1029

< 1.5-1031

35

0.200
0.054

8

0.200
0.054
170

< 9.9 • 1029

< 2.0 • 1031

34

Table 2.1: HERA design parameters and the parameters of the 1998-2000 running
period.

Figure 2.2 shows the integrated luminosities recorded by ZEUS for the years 1993
1 Hereafter, both e+ and e are referred to as electrons, unless explicitly stated otherwise.
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to 2000. This analysis is based on the data recorded from 1998 to 2000, since it
uses the Forward Plug Calorimeter (Section 2.2.3), which was installed during the
shutdown 1997/98. HERA delivered e~ during the data taking periods from August
1998 to April 1999 and then e+ from May 1999 to July 2000. The total integrated lu-
minosity was 83 pb~\ which made it possible to access physics down to cross-sections
of 1 pb. The charge of the initial electron has no significant influence on the process
studied in this analysis, since the Q2 range is below 100 GeV2 (see Section 3.2.1).
Therefore the data are used as one data set.

Physics Luminosity 1993 - 2000

.Q
Q.

CO
O

E

•a

1
CD

50

40

30

20

10

100 150 200

Days of running

Figure 2.2: The integrated luminosities recorded by ZEUS in the 1994-2000 data
taking period.

2.2 ZEUS Detector
The ZEUS detector [17] is a general purpose detector for HERA. It is optimised
to study deep inelastic scattering (DIS) in electron-proton collisions. In order to
reconstruct the reaction at the interaction point (vertex) it is the aim to detect and
measure the particles produced as completely as possible.

A schematic view of the detector as it was used up to 2000 is shown in Figure 2.3.
The centre-of-mass system of the two beam particles is moving towards the proton
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beam direction in the laboratory frame. Thus the ZEUS detector has an asymmetric
assembly along the electron-proton beam line.

Overview ol the ZEUS Detector
( longitudinal cut )

10 m

Figure 2.3: Schematic view of the ZEUS detector.

The ZEUS coordinate system is a right-handed Cartesian system, with the Z-axis
pointing in the proton beam direction, referred to as the "forward direction", and
the X-axis pointing towards the centre of HERA. The coordinate origin is at the
nominal interaction point. The polar angle 9 of tracks and jets is measured in the
laboratory frame with respect to the positive direction of the Z-axis. The polar angle
is conveniently expressed in units of pseudorapidity, 77, which is defined as:

g
77 = - ln(tan - ) (2.1)

Some values of the polar angle with respect to the nominal interaction point and the
corresponding pseudorapidity can be seen in Figure 2.5.

Charged particles are measured by the central tracking detector (CTD). It is sur-
rounded by a superconducting solenoid giving a magnetic field to the CTD which
bends the tracks and allows the momentum measurement. At both ends of the CTD
there are additional tracking detectors: the Forward Tracking Detector (FTD), the
Rear Tracking Detector (RTD) and the Small angle Rear Tracking Detector (SRTD).
The tracking detectors are nearly hermetically covered by the uranium scintillator
calorimeter (CAL) which consists of three parts: the Barrel (BCAL), the Forward
(FCAL) and the Rear part (RCAL). Inside of the FCAL and RCAL the Hadron Elec-
tron Separator (HES) is placed, which allows to distinguish electrons from hadrons.
The most outer chambers are the muon detectors which consist of three detector mod-
ules: the Forward (FMUON), the Barrel (BMUON) and the Rear Muon chambers
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(RMUON). In order to detect the remnants of the proton in flight direction of the
initial proton the Forward Plug Calorimeter (FPC) is installed in the space between
FCAL and the beampipe (not shown). Also not shown is the Beam Pipe Calorimeter
(BPC) which is installed in the beampipe hole of the RCAL in order to detect the
scattered electron at small angles.

A detailed description of the ZEUS detector can be found elsewhere [17]. A brief
outline of the components that are most relevant for this analysis is given below.

|Suj>erJayer Nunibcr[

4 .

y.i\\\' \V\: -\\V . \ \ \ .\v

|stereo Angle (o°)|

6 .
• • • . . ' * " • - .
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•'•'•••'*•••-•
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ft • • • . ' • \

: ; ; • - . • ; • . : • • • • • ' " . \

" ' x ;•••>•; K--

•>'• \ \ : : :•?••>

.* '".. \ - .' \ \ .'

Outer
Sliell

Figure 2.4: Layout of the wires in the CTD.

2.2.1 Central Tracking Detector (CTD)

The central tracking detector (CTD) [18] is a cylindrical drift chamber with an inner
radius of 18.2 cm, an outer radius of 79.4 cm and a length of 105 cm. The CTD
consists of nine superlayers (SLs), each of which has a cell structure, and each cell
has eight sense wires. The nine SLs are called SL1-9 from the inside to the outside.
Five of the SLs have wires parallel to the beam line and four have a small stereo
angle (Figure 2.4). The CTD is filled with a gas mixture of argon, carbon dioxide
and ethane. The polar angle coverage is. 21° < 6 < 164°, defined by the polar
angular range with which particles pass through SL3. In order to measure momenta
of charged particles the CTD is located within the 1.43 T magnetic field supplied by
the superconducting solenoid coil with a radius of 86 cm. The angular resolution is
approximately 1 mrad in the fiducial region on both polar and azimuthal angles. The
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momentum resolution for full length tracks is

P
= 0.0016 0 0.005 (2.2)

where pr is the transverse momentum in GeV [19, 20].

2.2.2 Uranium Calorimeter (CAL)

36.7°
11=1.1

129.1°
ll=-0.74

\

\

=

=
—

—

=

=

IIIWill/////////////

HAC2 HAC1

ist CENTRAL TRACKING

jmmmmmiii
/ H

A
C

:
H

A
C

IIIl\\\

3.3 m

FCAL BCAL RCAL

Figure 2.5: Cross-section of the CAL.

The high-resolution uranium scintillator calorimeter (CAL) [21] is a sampling
calorimeter which consists of alternating layers of depleted uranium and plastic scin-
tillator plates. The thickness of the uranium (3.3 mm) and the scintillator(2.6mm)
layers was chosen such that the CAL is compensating, which means that the energy
response to electrons and hadrons is the same (e/h = 1.00 ± 0.02).

The calorimeter design is shown in Figure 2.5. There are three distinct sections:
Forward (FCAL), Barrel (BCAL) and Rear (RCAL). The relative depths of each of
the CAL sections reflect the overall imbalance of the beam momentum. The angular
coverage in polar angle 9 and pseudorapidity r/ (Equation (2.1)) of each CAL section
is given in Table 2.2.
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N

tower
(with four
EMC cells)

23J

z /"

?.1
70

1918 17 1?, 7

—-—
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1 FCAL

module FCAL 8
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module RCAL 18
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Figure 2.6: The ZEUS FCAL and RCAL seen from the interaction point. FCAL and
RCAL tower and module structures are displayed with EMC segmentation. Module
numbers are also indicated. Tower numbers are similarly denoted from bottom to
top (+Y direction), from 1 to 23.
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Each CAL section has a modular structure. Each module is segmented into towers,
which are further segmented into hadronic (HAC) and electromagnetic (EMC) cells.

RCAL
BCAL
FCAL

9 range

2.2°
36.7°
128.1°

39.3°
129.1°
176.5°

rj range

-3.49
-0.74
1.01

-0.72
1.10
3.95

Table 2.2: Angular and pseudorapidity acceptance for the three sections of the
calorimeter.

FCAL and RCAL are shown in Figure 2.6, viewed from the interaction point.
The total number of modules in each is 23 (32 in BCAL). One module has been
highlighted in both figures. The central module of each FCAL and RCAL is divided
into two parts to allow the beampipe to pass through the detector. The resulting
beampipe holes are 20 x 20 cm2 in the FCAL and 8 x 20 cm2 in the RCAL.

Each tower is segmented into cells of electromagnetic (EMC) and hadronic (HAC)
sections of different depths. The HAC cells have a cross-section of 20 x 20 cm2 while
the EMC cell dimensions vary: 5 x 20 cm2 (4 per tower) in FCAL and BCAL, and
10 x 20 cm2 (2 per tower) in RCAL. Sketches of these different towers are shown in
Figure 2.7 with the depth of the cells given in units of interaction lengths. Each cell
is read out on both sides by photomultiplier tubes (PMT) via wavelength shifters.
There are approximately 6000 cells in the calorimeter.

FCAL

hadronic cells

electromagnetic
cells

Figure 2.7: Schematic sketches of the tower structure showing EMC and HAC cells.
Cell depths are given in nuclear interaction lengths 1 A « 25 Xo.
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The CAL energy resolutions measured under test beam conditions are:

(2.3)

for electrons and for hadrons, respectively (E inGeV).

2.2.3 Forward Plug Calorimeter (FPC)

The Forward Plug Calorimeter (FPC) [22] is installed in the 20 x 20 cm2 FCAL
beam hole. It extends the calorimetric coverage by one unit of pseudorapidity (Equa-
tion (2.1)) from rj fa 4 to 77 « 5. The FPC is a sampling lead-scintillator calorimeter,
with 15 mm thick lead plates interleaved with scintillator layers of 2.6 mm. Similar to
the FCAL the composition of the absorber and scintillator plates were chosen so that
the FPC is compensating e/h — 1 and to obtain nearly the same radiation length,
Xo = 0.68 cm, and nuclear absorption length, A = 20 cm.

The calorimeter is also subdivided longitudinally into electromagnetic (EMC) and
hadronic (HAC) sections, as shown schematically in Figure 2.8. The EMC section
has a depth of 26.5 Xo (0.9 A), the HAC section is 4.5 A deep. Sections are subdivided
transversely into cells. There are 60 EMC cells (24 x 24 mm2) and 16 HAC cells
(48 x 48mm2). The 8 (4) innermost EMC (HAC) cells surrounding the beam hole
follow the cylindrical shape given by the beam hole.

6.3cm

FPC

20cm

20cm

19.2 cm

19.2 cm

Figure 2.8: The layout of the FPC calorimeter installed in the FCAL beam hole.
The front view of the FPC with its electromagnetic and hadronic readout cells.

Under test beam conditions, the resolution of the calorimeter was measured to
be:

41% 65%
(2.4)

for electrons and hadrons, respectively [E in GeV).
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2.2.4 Small Angle Rear Tracking Detector (SRTD)
In order to improve the measurement of the energy and angle of the scattered electron
for low Q2 events (described in Section 5.4) a Small Rear Angle Tracking Detector
(SRTD) has been installed in 1994 [23]. It is attached to the front face of the RCAL.
The layout is shown in Fig. 2.9.

The SRTD consists of a horizontal and a vertical layer of 1 cm wide and 0.5 cm
thick scintillator strips. The SRTD is used to measure the electron impact position
as described in Section 5.4.2.

The SRTD is also used to identify electrons which shower in the dead material
in front of the calorimeter. These electrons deposit more energy in the SRTD than
non-showering electrons. Therefore the measured energy deposit in the SRTD is used
to correct the energy loss of the electrons.

The SRTD provides a fast time measurement, which is used to reject background
events at the trigger level, where RCAL timing is not yet available.

Horizontal strips Vertical strips

Figure 2.9: The layout of SRTD with the quadrant and the strip numbering scheme
for the horizontal and vertical planes.

2.2.5 Hadron Electron Separator (HES)
The hadron electron separator (HES) [17] consists of two parts: the Rear HES (RHES)
and the Forward HES (FHES). They are located at a depth of 3 radiation lengths
(3X0) inside the EMC sections of the RCAL (RHES) and FCAL (FHES). Each HES
separator consists of 3 x 3 cm2 and 400 (im thick silicon-pads (diodes), i.e. it has
a significantly improved segmentation with respect to F/RCAL. In total there are
approximately 10000 silicon-pads in the HES.

The separation between electrons and hadrons is based on the fact that the
hadronic interaction length is larger than the electromagnetic radiation length. The
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depth of 3 radiation lengths (3 XQ ) inside the EMC sections of the CAL corresponds
to the electromagnetic shower maximum. These showers deposit high energies (> 5
mips) in the HES. The hadronic radiation length is 20 times larger than the electro-
magnetic one, therefore hadrons are expected to produce a smaller (< 5 mips) HES
signal. In this analysis only the RHES is used.

2.2.6 Luminosity Detector (LUMI)

The luminosity measurement is essential for the cross-section calculation. In ZEUS
the luminosity determination is measured via the bremsstrahlung process:

ep —> e (2.5)

The cross-section for this process is high (w 15 mb) and can be calculated to an
accuracy of 0.5% [24]. From the measured event rate, R, and the known cross-section,
<T, the luminosity, £, can be calculated using the formula:

(2.6)

The luminosity monitor [24], which was constructed to measure this process with
a high efficiency, consists of two components. The photon detector (lumi-7) is placed
at z = —107 m and the electron detector (lumi-e) is placed at z = —35 m as shown
in Figure 2.10.

50

25

-25 -

-50

Luminosity Monitor

IU BU BU

lumi-e

lumi-y

-10 -20 -30 -40 -50 -60 -70 -80 -90 -100 -110

Figure 2.10: The layout of the ZEUS luminosity detectors.

Both detectors are sampling lead-scintillator calorimeters with an energy resolu-
tion of OE/E = 18%/y/E(GeV) [25]. The position reconstruction is provided by two
layers of orthogonal 1 cm wide scintillator strips inserted at a depth of 3 Xo (lumi-7)
and 7X0 (lumi-e).
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The geometrical acceptance of lumi-7 amounts to 98% independently of the pho-
ton energy. The lumi-e calorimeter measures scattered electrons at angles 0 < 6 mrad
with an efficiency greater than 70%. For the luminosity determination only the lumi-7
detector is used to count the events.

2.2.7 Trigger and Data Acquisition System

The short time interval between two bunch crossings at HERA of 96 ns requires a
complex read out system. The dominant part of the events originates from interac-
tions of the electrons and protons with the residual beam gas in the beampipe while
the rate of interesting electron-proton interactions is much lower (?a 5 Hz). The selec-
tion of the relevant electron-proton scatterings is achieved by the three level trigger
system of the ZEUS detector (Figure 2.11). It decides within 100 —200 ns whether to
record or discard the event and successively reduces the output rate of events from
10.4MHz t o 3 - 5 H z .

HERA: ZEUS:
96ns bunch 250.1)00
crossing Interval Readout Channels

10.5 MEvts/s 500 kByte/Evt

>5 TBytes/s

1000 Evts/s 150 kByles/Evt

JL_ T M LJ.
Level Trigger i !J l |SSl | I lThird Leve.Tr.gger —

DESY Computing Center j

15 MBytcs/s

<0.5 MBytes/i

Data

Trigger decisions

Figure 2.11: Schematic diagram of the ZEUS three-level trigger and data acquisition
system.

The First Level Trigger (FLT) is a hardware based trigger. It reduces the event
rate to below 1 kHz. The data from the detector components are stored in local
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pipelines. Each detector component takes a local decision within 2 ̂ s after the bunch
crossing and sends it to the Global First Level Trigger (GFLT). Within 5 \xs the
GFLT decides whether the pipelines of each component are stopped and the data are
transfered to the next trigger level.

The Second Level Trigger (SLT) reduces the event rate to 50-100 Hz. Typically a
SLT decision takes approximately 10 ns. This allows more complex data analysis. At
this stage the calculation of track momenta and energy deposits as well as the event
timing in the calorimeter are done. The local decisions are sent to the global SLT
(GSLT).

If an event is accepted by the GSLT, the data of all components are sent to the
Event Builder (EVB) which combines the data and writes it into the final data format
allowing data processing at the next trigger level.

The Third Level Trigger (TLT) is a software trigger reducing the event rate to
3 — 5 Hz. It is operated on a computer farm, which runs a simplified version of
the off-line event reconstruction. This reconstruction combines the information of
different detector components to more complex objects like tracks, vertices, jets and
candidates for the scattered electron. This allows the TLT to take the decisions based
on predefined physics filters.

If the TLT accepts the event it is sent to the DESY computing center via a
fibre-optic link. The events have a typical data size of approximately 100 kB and are
stored on magnetic tapes. From here they are available for off-line reconstruction and
analysis.



Chapter 3

Theoretical Overview

This chapter provides an overview on the theory describing the physics of the exclu-
sive J/ip production ep —> e J/ip p in deep inelastic electron-proton scattering at
HERA. The first sections introduce the Standard Model of particle physics and the
physics studied at HERA. This includes the kinematics which are used to describe
the scattering process (Section 3.2.1) and the introduction of the parametrisations of
the inclusive electron-proton (ep) cross-sections (Sections 3.2.2 and 3.2.3). The main
goal of the collider experiments at HERA is the exploration of the structure of the
proton and the nature of the strong force. The basic phenomenology which is used
to describe the structure of the proton is introduced in Section 3.3.

The following sections (Sections 3.4 and 3.5) focus on the production mechanism
of the diffractive electron-proton scattering process. Diffraction in this context is
defined that no quantum numbers except angular momentum is exchanged between
the hadronic final state and the scattered proton. The exclusive J/ip production
ep —> e J/ip p is such a diffractive process.

Diffraction has already been known from hadron-hadron scattering at medium
energies for a long time. Typically hadronic processes are classified into two distinct
groups: soft and hard processes.

• Soft processes are characterised by an energy scale of the order of the hadron
size R (~ lfm). This is the only typical scale of such processes. The soft
processes are well described by the Regge theory.

• Hard processes are characterised by two or more energy scales: one is still the
hadron size, the other one is a 'hard' energy scale. The examples of hard pro-
cesses are the virtuality of the photon Q2 in deep inelastic scattering or large
four-momentum transfer |i| in heavy vector meson production. The presence
of a hard scale allows to use perturbative QCD to describe the process (Sec-
tion 3.6).

Vector mesons with heavy quark content like the J/ip meson have a smaller size
and introduce so an additional hard scale.

20
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This scale alone allows already to do perturbative calculations which was shown
in the measurements of elastic photoproduction of J/tp mesons [6].

For the measurement of exclusive J/ip production in deep inelastic scattering more
than one hard scale is present. This allows to use different combinations of scales for
the calculation of the cross-sections. In addition, it is not known a priori which scale
dominates in which part of the kinematical phase space.

The reaction ep —> e J/ip p can be visualised in two "pictures". The virtual
photon can interact with the proton by means of the strong interaction, because it
can fluctuate into a vector meson state before entering into the reaction. In this
picture photon-proton scattering can be regarded as hadron-hadron scattering. The
phenomenology of soft processes is conveniently described by Regge theory (Sec-
tion 3.5). If hard processes are analysed in the same context it can be seen that they
are different from soft processes.

In hard scattering at high energies the interaction time is small according to
Heisenberg's uncertainty principle. In this picture the qq (so-called "colour-dipole")
interacts with the proton via exchange of a colour singlet, which consists in leading
order of two gluons. Such a process can be calculated within perturbative quantum
chromo dynamics. Since the cross section depends directly on the gluon density of
the proton the measurement of the cross-sections is suitable to determine it directly.

In Section 3.7 the J/ip production is introduced in more detail.

3.1 The Standard Model

The Standard Model (SM) of particle physics provides the mathematical structures
and the rules that govern the microscopic world. Given unlimited calculation tech-
niques it would be sufficient to explain every macroscopic phenomenon. However, on
the level of models it is only valid within severe limitations. First of all, soft strong
phenomena are excluded. E.g. neither the fundamental parameters like masses and
couplings nor the symmetry pattern can be derived.

Leptons and quarks are the basic constituents of matter. They are spin-1/2 par-
ticles grouped in three families each with identical structure. Each family contains
left- and right-handed leptons and quarks.

The mathematical structure of the Standard Model is based on quantum field
theory. The leptons interact through forces created by fields and mediated by gauge
bosons. There are three forces in the Standard Model which are electromagnetic,
weak and strong. These are mediated by spin-1 fields that describe the photon 7, the
gluons g, and the Z and W± bosons. The compilation of the fundamental fermions
and bosons is shown in Table 3.1. To each fermion belongs an antiparticle with the
same mass and opposite charge. All matter is made of these fermions; the world we
live in is made from the first generation of particles.

Interactions between force fields and matter are described by local gauge theories.
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Generation

1st
2nd
3rd

Electrical Charge
0 - 1 +2/3 -1 /3

Fermions
Leptons
ve e

VT T

Quarks
u d
c s
t b

strong

electromagnetic

weak

Table 3.1: The elementary fermions, the fundamental forces that act on them and
the corresponding mediator bosons. A fifth electroweak boson, the Higgs, which is
responsible for the masses, is predicted by the Standard Model, but has not been
found so far.

The Standard Model of electroweak and strong interactions is based on the group:

GSM = SU{3)C 0 SU(2)L 8 U{1)Y

where SU(3)c corresponds to the non-Abelian gluonic gauge fields that couple to the
colour charges as described by the Quantum Chromo Dynamics (QCD). SU(2)L is the
non-Abelian electroweak-isospin group to which three W gauge fields are associated.
U(l)y is the Abelian hypercharge group. The electromagnetic and the weak forces
are unified in the SM and described by the Glashow-Weinberg-Salam theory.

3.2 Deep Inelastic Scattering

The history of scattering experiments started with the famous experiment by Ruther-
ford in 1909. By the angular distribution of a particles scattered on a gold foil he
found out that atom's mass is concentrated in a small but massive nucleus. In the
1950s at Stanford University [26] the structure of the proton was explored by scat-
tering electrons on hydrogen nuclei. The results showed that the proton has a finite
size. This indicated that it might have an internal structure. Further experiments
carried out at SLAC (Stanford Linear Accelerator Centre) approximately 10 years
later which studied deep inelastic scattering (DIS) provided the evidence that the
proton consists of point-like objects [27, 28]. The latest development in the chain of
experiments stems from the HERA experiments HI and ZEUS which are looking at
the proton with a spatial resolution up to 5 • 10~19m.
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3.2.1 Kinematics
The cross-section of deep inelastic electron-proton (ep) scattering consists of two
contributions. They can be distinguished by the charge of the scattered lepton:

ep —> epX and ep —»• vpX

where X denotes the hadronic final state and v stands for v or v. In lowest order of
perturbation theory the interaction takes place by the exchange of a boson. Events
with an electron in the final state, where a 7 or a Z is exchanged, are called Neutral
Current (NC) events (see Figure 3.1a). For events with a neutrino in the final state
a charged W boson is exchanged: they are called Charged Current (CC) events
(see Figure 3.1b). The contribution from the Z with its mass of 91.2 GeV is only
significant at very large four-momentum transfers of the exchanged boson (Q2 >
mw,zi s e e Equation (3.2)). The exclusive J/ip production in deep inelastic scattering

a) e(k) e(k') b) e{k) ue(k')

Figure 3.1: Feynman diagrams of the a) neutral current and b) charged current DIS
process.

is studied in this analysis in Neutral Current events. The variables used to describe
the kinematics of a particular scattering event are expressed in terms of the four-
momenta of the particles taking part:

• k = (Ee, k) incoming electron

• k' = (Ee>, k') scattered electron

• P = (Ep,p) incoming proton

• q = k — k' exchanged boson q

The following Lorentz-invariant variables are conventionally used to describe the
kinematics of electron-proton scattering:
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• The electron-proton centre-of-mass (CMS) energy, ^/s, is given by:

8 = (k + P)2n4EeEp (3.1)

where the indicated approximation stands for neglecting the masses of proton
and electron.

The negative four-momentum squared of the exchanged photon:

Q2 = -<? = (k-k')2 (3.2)

where Q2 is positive since q2 is negative, i.e. time-like. Q2 is called the "virtu-
ality" of the photon. The higher Q2 the smaller the transverse distances which
can be probed: A = l/\q\ = l/^/Q2.

This means that Q2 defines the scale of the interaction. At low Q2 the resolution
power is low and the scale is large. The maximum possible value of Q2 is s which
is limited by the energies of the initial particles.

The centre-of-mass energy of the photon-proton system is given by:

W2 = {P+q)2^ sy-Q2 (3.3)

The kinematically allowed region for W is mp < W <

• The fraction of the electron energy transferred to the proton in the rest frame
of the proton is given by:

y = (P-q)/(P-k) (3.4)

It ranges from 0 (no energy transfer) to 1 (all energy transferred). It can be
seen as the "inelasticity" of an event.

• The Bjorken scaling variable:

x = (f/(2P-q) (3-5)

Within the parton model the proton consists of point-like partons. In this
picture x corresponds to the longitudinal fraction of the proton momentum
carried by the parton which was struck by the photon.

At fixed yfs only two of these variables are independent. For example, if x and y
are given:

Q2 = (s - m2) Xy

W2 = {s-m2
p)y-Q2+m2

p « sy-Q2 (3.6)

The kinematic region explored at HERA by ZEUS and other experiments is
shown in Figure 3.2.
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Figure 3.2: The kinematic range of the ep scattering covered by the ZEUS experiment
and fixed target experiments in the x, Q2 plane.

3.2.2 Cross-Sections and Structure Functions

The inclusive double differential neutral current ep cross-section for deep inelastic
scattering as function of x and Q2 can be written as the tensor product:

da oc (3.7)

where Ce
ßl/ is the leptonic tensor which is calculable in the framework of electroweak

theory. For the kinematic region Q2 <C M§0 photon exchange dominates and the
leptonic tensor can be calculated by QED. W is the hadronic tensor which describes
the interaction of the exchanged boson with the proton. Its calculation is based on
QCD. However, the tensor cannot fully be calculated in a perturbative framework.
The non-perturbative parts have to be parametrised. The parametrisation is realised
by the introduction of structure functions Fi, F2 and F3 which describe the stucture of
the proton. This approach leads to the double differential Born cross-section formula
for electron-proton scattering mediated by the neutral current exchange:

dxdQ2 + (1 - y)F2{x,Q2) T (y - y ) xF3(x,Q2)] (3.8)
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where a is the electromagnetic coupling constant. The structure functions parametrise
the inner structure of the proton. The structure function F\ is related to F2 and the
longitudinal proton structure function FL by the Callan-Gross relation [29] FL =
F<i — 2xF\. The product xF^ is the parity-violating structure function that is related
to the Z exchange. Thus it only contributes to the cross-section at very high Q2.
Since the Q2 range which is covered by this analysis is below this limit only 7*1 ex-
change is taken into account for the following considerations. Hence, the cross-section
can be written as:

where Y± = 1 ± (1 - yf.

3.2.3 Photon-Proton Scattering

In the one-photon-exchange (Born) approximation the electron-proton scattering is
regarded as a scattering of a virtual photon on a proton. In this case W, which is
the CMS energy of the photon-proton system, denotes the centre-of-mass energy of
the considered subprocess. The total j*P cross-section is expressed at given values
of Q2 and W, which define the properties of the initial state particles in this picture.
The cross-section depends on the polarisation state of the photon. There are two
independent cross-sections for longitudinally and transversely polarised photons, UL
and OT- They are related to the structure functions as follows [30]:

The inclusive double differential ep cross-section can be expressed in terms of Oj. P

and ai p2 as follows:

(faep * *

dQ2dy

where TL and F T are the longitudinal and transverse photon fluxes:

a 2 ( 1 - y ) ^ a 1 + (1 - y)2

y ' T 2 ^ Q 2 y

and e is their ratio (0 < e < 1):

Tk= 2 ( 1 - y )
r i + ( i y ) 2 [6 }

1The ofF-shell photon is denoted by 7*.
2Using Equation (3.10) and (3.11) in Equation (3.9) it is convenient to express the cross-section

as function of y.
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The total j*p cross-section is given by:

T*P 7*P i 7*P tQ 1 K\

It is related to the inclusive ep cross-section as follows:

U U J. T̂  t i l - ,̂*„ z,

where R is the ratio of cross-sections for longitudinally and transversely polarised
virtual photons:

R = %-, (3-17)
(Jy

The proton structure functions from Equation (3.11) are related to the YP cross-
section by the following relations:

CP- O2

F2 = —r-u1 p , FL = -7-jr-al ' (3.18)

3.3 Structure of the Proton and Parton Density
Functions (PDF)

The internal structure of the proton was considered in various approaches. In the
model introduced by Feynman [31] the proton is built up of free point-like objects
called partons. Each parton i carries a fraction & of the proton momentum p (0 <
& < 1). The inelastic ep cross-section is given by the incoherent sum of quasi-elastic
electron-parton scatterings. The Quark Model, developed independently by Gell-
Mann [32] and Zweig [33, 34], treated all hadrons as constructed from three spin-1/2
fermions called quarks. In 1969 Bjorken and Paschos [35] identified the partons within
the model as objects identical to quarks and the model is therfore called Quark Parton
Model.

In the picture of the quark parton model the structure function F2 for photon
exchange can simply be expressed in terms of quark densities qi(x) in the proton:

F2(x,Q2) = £ e f r (qi(x,Q*) +qi(x,Q2)) (3.19)
2 = 1

where the index % runs over all quark flavours and e* is the charge of quark i.
In the Quantum Chromodynamics these partons interacts among themselves by

the exchange of gluons. The gluons can split up to create qq pairs (so-called "sea
quarks"). Increasing Q2 denotes increasing resolution of the exchanged photon which
allows to resolve finer structures such as the fluctuations of the gluons. The quarks
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seem to be surrounded by a cloud of partons. The structure function in this picture
is the sum over all partons including the gluon as a convolution of functions C\ and
the parton density functions / , with / , = q^ for quarks and fn/+i — 9 for gluons [10]:

F2(x,
n,+l 1

i=1 i
(3.20)

The scale fi2 is the factorisation scale and defines the boundary between the pertur-
bative and non-perturbative QCD regimes. The hard interaction of the exchanged
photon with the quark or gluon is descibed by Q, which describes how the parton %
with longitudinal fractional momentum x evolves from pQCD radiative processes out
of the initial parton with fractional momentum x'. The Dokshitzer-Gribov-Lipatov-
Altarelli-Parisi (DGLAP) evolution equations [36, 37, 38, 39] allow to determine the
parton density evolutions with Q2 if they are known at one particular value of Q2

and for a fixed x'.

x,

900 0 OOP,
Xn-l,kr,n-1.

QOOOQQ.

900 0 0 00,

Figure 3.3: Notation of a ladder diagram of n gluon emission.

In the leading logarithmic approximation (LL) terms of the form (as In Q2)n, which
are dominant at large Q2, are summed to all orders of n. The amplitude for the
ep scattering process can be obtained by summing ladder diagrams of consecutive
gluon emissions (see Figure 3.3). The struck quark evolves from the incoming proton
and loses gradually its longitudinal momentum by gluon emission. The fraction of
longitudinal momentum Xj is ordered x\ > x-i > ... > xn, while the gluon transverse
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momenta are strongly ordered along the ladder, i.e. Q2 <C k^ -C ... <C k\n <C Q2.
This is valid for large Q2 and restricts DGLAP calculations to as(Q

2)\n^ < 1. In
the kinematic region of small x the parton density evolution can be described by the
Balitsky-Fadin-Kuraev-Lipatov (BFKL) formalism [40, 41, 42]. The BFKL evolution
sums the terms ( a s l n^ ) n up to all n. It takes into account ladder diagrams where
the longitudinal momentum fraction are strongly ordered Xi » x2 *> ••• ^> xn and
the gluon ladder does not have to be ordered in kr-

ZEUS
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x = 0.000102

=0.000161
x=0.00025 3

=0 000-1
x=0.0005
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Figure 3.4: The structure function F2 measured by ZEUS [43] and fixed target
experiments, (a) as a function of Q2 at fixed x (b) as function of x at fixed values of
Q2-

Parton densities are usually parametrised as a function of x at some starting scale
Ql using a polynomial form [44] fitted to the global F2 data. Once the parameters
are tuned at a given Ql the obtained parametrisation can be evolved to any Q2 value
using the DGLAP evolution equations. Due to the universality of the parton densities
the data used for the fit are not restricted to ep scattering only. Data from other
experiments, for instance pp scattering, are used as well.

The MRST [45] and CTEQ [46] groups have used the HERA data [47, 48] with
measurements from other experiments in global fits to determine PDFs. The ZEUS
collaboration has also performed the same next-to-leading-order QCD analysis. It ex-
tended the analysis using recently available ZEUS data combined with the data from
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Figure 3.5: The gluon, sea, u and d valence distributions extracted from a ZEUS
next-to-leading-order QCD fit at Q2 = 10 GeV2 [43]. They are compared to those
extracted from two other fits to combined data sets of many experiments MRST2001
[49] and CTEQ6 [50]. See also that the gluon and sea distributions are much higher
and scaled by 0.05.

previous experiments (see Figure 3.4 [43]). The results for the u and d valence quark
distributions as well as for the sea and gluon distributions are shown in Figure 3.5.

3.4 Diffraction
In high energy physics diffraction is used to describe interactions, in which no quan-
tum numbers except angular momentum are exchanged. Diffractive hadron-hadron
and photon-hadron scatterings have been the subject of studies in the soft regime
of long range interactions since the 1960s. These reactions have been successfully
described by the Regge theory with the exchange of a so called Pomeron trajectory
(P). However, Regge phenomenology of interactions at large distances provides no
insight into the structure of the Pomeron and the nature of the interaction. On the
contrary, the observation of diffractive events in deep inelastic scattering provides
the possibility to study diffraction at small distances in terms of QCD, e.g. in the
framework of the exchange of gluons. HERA provides the possibility to study high
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energy diffraction in the hard regime at ZEUS.
In Figure 3.1 the remnant partons of the proton, which hadronise into a "remnant

jet", and the struck quark, which hadonises into a "current jet", are a priori not
colour singlets. Hence, a colour field acts between them ("colour string"). During
hadronisation when the field energy is high enough additional lower momentum gluons
and quark-antiquark pairs are produced, serving as new endpoints of colour strings.
The energy, in particular the rest energy of the quarks, is taken from the shortening
of the string. The momenta of the primary colour states are preserved, so there are
finally two bunches ("jets") of hadrons observable in the directions of these momenta.
In addition, the angular region between current and remnant jet is populated by lower
energy particles.

10-
c
CD
CD
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ZEUS doto
Monte Carlo

I

- 2 0 2 4
77™*

Figure 3.6: Distribution of the maximum pseudorapidity r/max of a calorimeter cluster
for DIS events for ZEUS data of the year 1993 (from [51]). The shoulder in data at
low r)max is not reproduced by the DIS Monte-Carlo which takes into account non-
diffractive processes only.

Surprisingly, in about 10% of DIS events at HERA there was no energy flow in the
angular region between remnant and current jets. The energy flow can be studied
in terms of the polar angle of measured particles or in units of pseudorapidity rj
(Equation (2.1)). Figure 3.6 shows a distribution of events in r]max, the maximum
value of rj of the calorimeter clusters from the produced particles. The proton is
scattered at very high values of 77, while the calorimeter begins at r\ ?» 4. (Figure 2.5).
E.g. rjmax = 0 means that there is no activity below 9 = 90°. The event exhibits
a "rapidity-gap" between proton (remnant) and produced hadrons. Since there are
more rapidity-gap events than predicted from typical DIS Monte-Carlo calculations
it has been concluded that there is a substantial fraction of diffractive events. These
are subdivided into four groups (see also Figure 3.7):
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(a) (b)

(c) (d)

Figure 3.7: The classification of diffractive events at HERA : (a) elastic (b) photon-
dissociative (c) proton-dissociative (d) double-dissociative.

elastic: 7*p - > F p V = p, u, 4>, J/ip, T
photon dissociative3: *y*P ~^ Xp X ^ p,u,<f>, J/ip, T
proton dissociative: *y*P -^- V Y Y = broken up p
double dissociative3: 7*p —»• XY

In this analysis the particular elastic diffractive process corresponding to Figure 3.7a
{l*P —* J/ipp) is studied. Here, the rapidity gap is between the elastically scattered
proton and the J/ip meson.

3.5 Regge Theory

Regge theory was first invented in the 1960's and has been applied successfully to
describe particle exchange in soft phenomena where the interactions are long-range. It
is based on the study of the analytic properties of the scattering amplitude T(W2, t).
A detailed description can be found elsewhere [52, 53]. The most important relations
are listed in this section.

The elastic amplitudes of scattering of two hadrons a and b at high CMS energies,

3 In this context the variable X is conventionally used for the hadronic final state excluding the
proton. It should not be confused with the complete hadronic final state X used to decribe inclusive
DIS, e.g. in Figure 3.1. In the following chapters the nucleonic system stemming from dissociating
protons will be named Y.
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W, but small momentum transfers, t, are given by:

ßb(t) (3.21)

The form factors ßa,b{t) account for the non-pointlike nature of the incoming hadrons.
They depend only on t, whereas the energy dependence is described by the power
term. The exponent, ap(t), describes the "Pomeron trajectory". ßa,b(t) and ajp(t)
are not predicted and have to be measured. ajp(t) was found to be independent of the
hadrons and is considered as a fundamental property of diffractive strong interaction.
It can be parametrised as:

aF(t) = ajp(0) + a'jpt = 1 + e + a'jpt (3.22)

The first parameter, cnjp(O), describes the energy dependence of the forward (t = 0)
scattering cross-section:

dt t=0 16TT
(ßa(0)ßb(0))2 {~) (3-23)

The optical theorem connects the forward scattering amplitude to the total cross-
section ofa:

°tot(W) = ^lmTa^ab(W2,0) (3.24)

= ßa(O)ßb(O) I^—J (3.25)

In 1984, Donnachie and Landshoff have fitted the energy dependence of total hadron-
hadron cross-sections including many experiments (e.g. pp, pp, ^p, K±p and jp
data) and found the value e ss 0.08 [54]. •yp cross-sections can be related assuming
that the photon acts as quark-antiquark pair in the scattering process (Vector Me-
son Dominance model (VMD)). Since this value is positive, the total cross-section
rises slowly with energy. HERA measurements are consistent with this prediction;
a fit of A • Ws to the total jp cross-section yields 6 = 0.16. For elastic processes
Equation (3.23) suggests a W slope of 5 = 0.32.

The second parameter, a'P, which has the value of ~ 0.25 [54], can be interpreted
geometrically. For small i-values the cross-section: is

^ > (0 (3-26)

with
B(W2) = 2{Ba + Bb + 2a'P In W/Wo) (3.27)
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Here, Ba and f?& result from the t dependence of the form factors. The fact that
B(W2) grows with increasing energy W is known as "shrinkage", since the width of
the exponential i-distribution decreases. It can be shown that:

B{W2) = (3.28)

where Rint is the transverse size of the scattering system, the "interaction radius"
(For a recent discussion see e.g. [55]).

3.6 Colour Dipole Model
In the colour dipole model the diffractive jp scattering process is viewed in three
steps (see Figure 3.8):

Figure 3.8: Schematic diagram of diffractive colour dipole scattering off a proton.
The colour dipole has transverse size r.

• The photon fluctuates into a qq state with opposite colour charge of q and q
called "colour dipole".

• The dipole is scattered at the proton in a process where colour is not exchanged.
I.e. this process is moderated in leading order by the exchange of two gluons
or more generally by a gluon ladder in colour singlet mode.

• The colour dipole forms a colourless vector meson state (VM) with the mass
after the interaction.

The calculation of the cross-section is based on the assumption of factorisation [10].
I.e. it is assumed that the dipole-gluon interaction which is calculable in perturbative
QCD (pQCD) at appropriate hard scales and the gluon density function, providing the
gluons from the proton, are independent from each other. High photon virtualities,
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VM

Figure 3.9: Schematic diagram for exclusive vector meson production in colour dipole
models. The longitudinal fractions x and x' of the proton momentum carried by the
gluons are indicated. They have momenta ±hr transverse to the proton. There are
four possibilities to couple to the colour dipole replaced by a circle.

Q2, as well as large quark masses in the VM state (charm mass in case of J/ip
meson) imply a small transverse size of the colour dipole and are believed to allow
perturbative calculations. E.g. for Q2 = 30 GeV2 the spacial resolution is of the order
of 4 • 10~17 m and the strong coupling constant as is about 0.1.

At small scales given by Q2 + Mv the scattering amplitude [56] can be written as:

—> qq) V) (3.29)

where $(7* —> qq) is the wave function of the photon which splits into a qq pair,
(jwp^qqp j s the elastic dipole-proton cross-section and ^(qq —> V) is the amplitude
of the qq pair which finally forms a vector meson V.

In the double logarithmic approximation (a^ln-r^—In- ~ 1) the forward scat-
AQCD X

tering cross-section for longitudinally polarised photons producing a vector meson,
V, is given by [57]:

dt t=o

7T d

2dlnxJ xg(x,Q2) (3.30)

where Fy is the decay width of V decaying into an l+l pair and iVc = 3 is the
number of colours. T]v is the integral of the vector meson wave function, 0y, over z
given by:

w = -2
(3.31)

The wave-function depends on the fraction of longitudinal momentum of one quark
of the dipole and its transverse momentum (Figure 3.9). If a non-relativistic form
<f>j/ip(z, h) oc S(z — 1/2) is assumed, then r)j/^ = 2.
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Since the scale at which the gluon density has to be evaluated is driven not only
by Q2 but also by the mass of the vector meson, Mv, a generalised Q2 is introduced:

. (3.32)

However, the exact form differs between the models. It is suggested that a "hard
scale" is present at Q2 > 5GeV2. Equation (3.30) shows that the cross-section is
directly proportional to the square of the gluon density and the longitudinal momen-
tum xg(x,Q2). Hence, Jftp meson production can be used to test gluon densities
extracted from fits to inclusive measurements of F2 (Figure 3.5). In a second step it
might also be included in such a fit.

The particular models which are used for comparison with the measured cross-
sections are described briefly in Section 9.1.

3.7 Exclusive J/ip Production

Figure 3.10: Schematic diagram of exclusive vector meson V production and subse-
quent leptonic decay (I = e, ju).

In Figure 3.10 a diagram of exclusive Jjip production with subsequent decay in
a lepton pair is shown. The dashed line indicates that a particle or particle system
is exchanged between the proton and the photon which transfers nothing else than
four-momentum. In particular, there is no exchange of colour. In the language of
Regge theory the interaction can be described by Pomeron exchange, in the language
of pQCD by colour singlet exchange.

The J/ip is a vector meson with the quantum numbers of the photon (Jpc = 1 ).
Some selected properties are given in Table 3.2 together with those of the ip', which
is the corresponding state with principal quantum number n = 2. The J/iß lifetime
is r = h/T = 7.8 • 10~21s, so its decay vertex is experimentally indistinguishable from
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Jyv = 1—
M = 3.098 GeV
T = 87±5keV

->• e+e") = 5.93 ± 0.10%
-> ju+ / r) = 5.88 ± 0.11%

M = 3.686 GeV
r = 300±25keV
5(V>' -> e+e-) = 0.755 ± 0.31%
B(ip' -> JX+AT ) = 0.7 ± 0.8%

-»> J / ^ + neutrals) = 24 ± 1%

Table 3.2: Mass M, total decay width F and selected branching ratios B of Jjip and
•0' taken from the Particle Data Group [58].

the primary vertex. Mostly (87.7%) it decays hadronically. But sometimes it decays
into an electron (5.93%) or muon pair (5.88%). The leptonic decay modes of the J/ip
are used to study the exclusive J/ip production in this analysis. The reconstruction
of the kinematical variables from the measurements is described in Section 5.6.

The reaction ep —> eJ/ipp is measured for virtualities of the exchanged photon
in the range 2 < Q2 < 100 GeV2, for the photon-proton centre-of-mass energies in
the range 30 < W < 220 GeV and for the squared four-momentum transfer at the
proton vertex \t\ < 1 GeV2. This reaction allows to study the dependence on three
different hard scales: the mass squared of the vector meson, Mv, the square of the
centre-of-mass energy, W2, and the exchange photon virtuality, Q2.

The cross-section is proportional to the generalised parton distribution functions
(GPD) [59] which contain the correlations of the partons inside the proton. The
gluon density is probed at x = (Q2 + Mj^)/W2 and at a scale Q2 = Q2 + Mj^ (see
Section 3.6). The cross-section is thus expected to rise steeply with W a reflection of
the steep rise of the gluon density as x decreases (Figure 3.5).

The helicity structure of the J/ip can be investigated to test s-channel helicity
conservation (SCHC) and to extract the ratio of the cross-sections for longitudinally
(ox,) and transversely (or) polarised virtual photons. Such a study is based on the
measurement of the decay angular distributions of the J/ip . The formalism to analyse
these distributions is described in [60].

The decay angles of the J/ip are calculated in the so-called s-channel frame. The
quantisation axis, Z, is defined along the vector meson direction which is opposite
to the direction of the outgoing proton. The F-axis is defined as y = qx V/\qx V\,
where (fand V are the three-momenta of the incoming photon and the outgoing vector
meson, respectively. The X-axis is given by x = y x z. Three planes are defined in
the mass frame as shown in Figure 3.11:
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(a) fp center-of-mass frame

(b) J/V rest frame

Figure 3.11: (a) The three planes defining the decay angles <fr and fa of J/ip produc-
tion in the 7*p rest frame, e and p are the incoming electron and proton, respectively.
e' and p' are the corresponding outgoing particles, (b) The decay angle 9h in the J/ip
rest frame. The negative direction of the outgoing proton is used as the quantisation
axis.
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• a plane including the incoming and scattered electron, called the scattering
plane,

• a plane including the virtual photon and the produced J/tp meson, called the
production plane,

• a plane including the decay dilepton, called the decay plane.

$ is defined as the angle between the scattering and production plane in the j*P
centre-of-mass frame. <j>h is the angle between production and decay plane. 9h is
defined as the angle between the positively charged decay lepton and the negative
direction of the scattered proton in the J/ip rest frame (shown in Figure 3.11b).
The negative direction of the scattered proton in the J/ip rest frame corresponds to
the direction of the J/tp meson in the 7*p centre-of-mass frame and is used as a
quantisation axis.

The decay angular distribution, W<i, can be expressed in the following form [60]:

Wd(cos9h,<f>hi$) <xY^Dx(co80h,<l>hypx,x>{&)Dx,(cos9h,(j>h) (3.33)
X,X'

where A and A' indicate the helicity states of the photon and the J/ip meson (A, A' =
—1,0, +1), D\ is the spin-1 D-function and pxw is the density matrix. The exact form
of the D function depends on the type of the decay product (fermions or bosons).
The density matrix, p\,x>, contains the information on the polarisations of both the
virtual photon and the J/tp meson:

where the suffix a corresponds to the polarisation state of the incoming photon. IIQ

indicates the photon density matrix elements [60]. In case of unpolarised lepton
beams, which is the case in this study, the elements a = 3.7,8 of the photon density
matrix are zero. The more commonly used spin-density matrix is defined as:

„04 _ Pik +

for a = 1,2 and (3.36)

ra = yfffraxx> = y f f f for a = 5,6 (3.37)

where R and e are defined in Equation (9.4) and (3.14), respectively. The superscript
a = 0 corresponds to the case of unpolarised transverse photons, a = 1,2 describe
terms arising for the case of linearly polarised transverse photons, a = 4 corresponds
to longitudinal photon polarisation and a = 5,6 represent the interference terms
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between transverse and longitudinal polarisations. The reason of combining p°xx, and
p\x, is that those two cannot be distinguished from each other, since e has values in
the kinematical region o f 0 . 8 < e < 1 . 0 with e = 0.99 on average in this analysis.

If s-channel helicity is conserved (SCHC) most of the elements rfk vanish and the
angular distribution can be expressed as:

Wd[Bh,tl)h) = ^-[\{l + r%) + \(1 - Zr™)cos29h - e r ^ sin 9h
2 cos 2 ^ (3.38)

OTT Z Z

+ v/2e(l + e)fterjj0 sin 20h cos if>h]

where iph, is the polarisation angle defined as ißh — <j>h~ ®h- The element r ^ gives
the probability of the vector meson to be longitudinally polarised, r{_a represents
the probability of the vector meson to be transversely polarised in the helicity +1
state, 7?.erf0 is related to the interference between the production amplitudes for
transversely and longitudinally polarised photons.

SCHC implies that p{j0 = 0, poo = 1 a n d p\-i = 2 • ^ ^ e spin-density matrix
elements r^ and rj_x can be written as:

04 _ e R . 1 _ 1

r rr ° ° " l + ejR' ri~l ~ 2(1 + eR)

where R = OL/VT-, and the following relations hold:

»•00 = 1 - ^\-i (3-40)

The one-dimensional distributions, W(cos0k) and W(iph), a r e obtained by inte-
grating Equation (3.38) over ^/i and cosOh, respectively:

h) = § [1 + r™ + (1 - 3r«0
4) cos2 0h] (3.42)

0

W(iph) = i - [1 - er\_x cos 2^J (3.43)

( 3 - 4 4 )
" " "00



Chapter 4

Monte-Carlo Simulation

A good simulation of the detector performance and acceptance is essential for a pre-
cise cross-section measurement. The Monte-Carlo (MC) simulation has to correct for
detector effects such as trigger efficiencies, geometrical acceptances, resolutions and
migrations. In addition Monte-Carlo simulation is important to understand the detec-
tor response to the physical processes and to estimate the background. The measured
cross-sections include contributions from higher order QED processes. Monte-Carlo
simulation is also used to determine radiative corrections to obtain the one-photon
exchange Born cross-section. In this chapter the ZEUS Monte-Carlo event genera-
tors and the subsequent detector simulation are described for J/tp production and
background estimates.

Figure 4.1: Exclusive J/tft electroproduction and QED radiative effects accounted by
HERACLES and PHOTOS.

4.1 Signal Monte-Carlo Simulation

The signal events (J/ip MC) of elastic Jfip electroproduction, ep —>• e J/ipp, were gen-
erated using the ZEUSVM generator [61]. The parametrisation of the cross-sections
in ZEUSVM is motivated by the soft VDM model [62, 63] and Regge theory. The
basic steps of the generation are summarised below:

41
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The four-momentum of the scattered lepton is generated as a function of Q2

and W according to the following parametrisation of the cross-section:

(4.D

where n and 8 are the Q2 and W slope parameters, respectively. Based on
previous analyses [64, 65] the parameters S = 0.75 and n = 2.3 were used for
the generation.

• The four-momenta of the J/ip meson and the scattered proton are generated
using a single exponential \t\ distribution:

dt dt

where the slope was set to b = 4.0 GeV~2.

• The four-momenta of the leptons from the J/ift decay are generated assuming
fiat distributions of the helicity angles cos9h, 4>u and $h- Therefore the dis-
tributions are reweighted to describe the data according to Equations (3.42)
and (3.43).

• Radiative corrections for the incoming and outgoing lepton, which are shown
in Figure 4.1, are also included. These calculation are done by the HERA-
CLES [66] program.

• The leptonic decay of the J/ip ->• 1+Tj is simulated by the PHOTOS [67]
program which includes final state radiation from the decay leptons.

Finally, the ZEUSVM Monte-Carlo events are reweighted with the following set of
the parameters: n = 2.5, ß = 0.75 and 6 = 0.5 which describe the data best. For the
t distribution an effective exponential slope, b = 4.3GeV~2, is used to describe the
exclusive and the proton-dissociative J/ip events.

4.2 Background Monte-Carlo Simulation

There are two types of background events which are simulated by Monte-Carlo
programs. QED-dilepton production, which cannot be distinguished from the sig-
nal events, is simulated by the G R A P E - D I L E P T O N 1.1 [68] package. The proton-
dissociative J/ip production is generated by the EPSOFT [69] program. A brief de-
scription of the two programs is given here.
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4.2.1 GRAPE-Dilepton Generator

The main non-resonant background process is the two-photon lepton-pair production:
ep —>• epl+l~ and ep —> eYl+l~, were Y describes the proton-dissociative production.
There are four Feynman diagrams included in the GRAPE-Dilepton generator. Fig-
ure 4.2 shows the contributing two-photon Bethe-Heitler and the internal photon
conversion diagrams. Radiative corrections to the incoming and outgoing electron
are also included.

(a) Two-photon Bethe-Heitler

(b) Internal Photon Conversion

Figure 4.2: Feynman diagrams included in the QED Monte-Carlo simulation,
represents a proton or a nucleon resonance.

N

4.2.2 EPSOFT Generator

The main resonant background is the proton-dissociative J/ip production ep —>
eYJ/ij), where Y describes the dissociated nucleonic system (Figure 4.3). It is de-
scribed by the same parametrisation of the cross-section as the signal Monte-Carlo
simulation (Equation (4.1)). The generation of the nucleonic system My is done ac-
cording to the following parametrisation of the diffractive dissociative cross-section:

dtdMy
<7J*p —t J/ipp-,-w (4.3)

with the parameters n = 2.5, 8 = 0.75, b = 0.81 GeV 2 and ß = 2.57. A dedicated
study was performed by R. Ciesielski [70] using data taken by the Forward Plug
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Calorimeter (FPC) to determine the optimal set of parameters which describe the
data best (see Section 7.2).

Figure 4.3: Schematic diagram of processes generated with EPSOFT.

4.2.3 DIFFVM Generator

Another source of background events is the elastic ifi{2S) production ep —> eip(2S)p
where the tp(2S) meson decays into a J/tp meson and neutral particles ip(2S) —>
J/ip + neutrals. These events are simultated with the DIFFVM [71] program which
simulates soft diffractive processes in ep-collisions in the framework of Regge phe-
nomenology and the vector meson dominance model.

A summary of the Monte-Carlo data sets used in this analysis is given in Table 4.1.

MC set

J / ^ M C
QED MC

ip(2S) MC

EPSOFT

Process

ep —¥ e J/ipp
ep —> e l+l~ p
ep ->• e l+r Y

ep —> e'ip(2S)p
ij)(2S) —> Jji\) neutrals

ep —> e J/ip Y

Generator

ZEUSVM
GRAPE
GRAPE
DIFFVM

EPSOFT

No. of generated events
ß+fj,~ e+e~

channel channel
100000
150000
150 000
100 000

50 000

80 000
15 000
15 000

100 000

50 000

Table 4.1: Summary of Monte-Carlo data sets used in this analysis.
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4.3 ZEUS Monte-Carlo Simulation
The output of the described generators are the four-momenta and particle ID codes
of the scattered particles. They are the input to the ZEUS detector simulation pro-
gram MOZART [17] which propagates the particles through the ZEUS. MOZART is
based on the detector simulation package GEANT [72] which takes the interactions
with matter like decays, multiple scattering and ionisation into account. In addition
MOZART simulates the detector response including the signal processing in the elec-
tronics. After the simulation of the detector response the trigger simulation is done
by the ZGANA [73] package. After this step the Monte-Carlo events are in the same
data format as the real data and processed in the same way by the ZEUS recon-
struction package ZEPHYR [74] taking all of the calibration constants into account.
Therefore, the same condition is always applied on both the data and MC events.



Chapter 5

Event Reconstruction

The chapter deals with the techniques which are used to reconstruct the events which
were recorded using the ZEUS detector. In the beginning the typical event topology
of exclusive J/xß production is presented. The chapter further explains which detector
components are used to reconstruct the different parts of this particular final state.
Depending on which detector components are used to reconstruct the J/xß meson the
events are divided into two subsamples. Afterwards the track finding in the CTD
and the calorimeter reconstruction are briefly introduced. Their information is used
for the more complex reconstruction of the scattered electron and the J/xß decay
leptons, which are described in the subsequent sections. The chapter ends with the
description how the kinematic variables are reconstructed.

5.1 Event Topologies

The reaction of exclusive J/xß production ep —> e J/iß p is a subsample of inclusive
neutral current deep inelastic events. It has a clear signature in the detector. The
incoming electron is scattered and can be detected in the main detector. The J/iß
meson is detected through its prompt decay (the full width is 85 ± 5keV). The J/iß
signal can be reconstructed as a peak in the invariant mass spectrum of the l+l~
system (with l+l~~ = e+e~ or /J,+/J,~ ) with the mass mj/^ = 3.096 GeV. In general,
the three leptons are measured and the final state proton is scattered at small angles
and escapes undetected down the beampipe.

In order to reconstruct the full event it is necessary to reconstruct all three leptons.
For the scattered electron it is sufficient to measure energy and position where the
energy is deposited in the calorimeter. In the kinematical range from 2 < Q2 <
100 GeV2 the scattered electron deposits its energy in the RCAL. For most of the
events the scattering angle is so small that the CTD is not able to reconstruct a
corresponding track. For the decay leptons the three-momentum is reconstructed
using the tracking in the CTD or using the energy deposits and their positions in the
CAL. The exclusiveness of the reaction requires that no particles other than the J/iß

46
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Figure 5.1: Schematic view on event topologies for different ranges of the hadronic
energy W, drawn in the (z,r)-plane. Solid lines represent tracks of the decay lep-
tons which are reconstructed by the CTD. Dashed lines are trajectories of leptons
(scattered electron of leptons from J/tp decay) at low angles which are outside the
acceptance of the CTD. The energy deposits of all leptons in the calorimeter are also
indicated.

meson are produced.

5.1.1 One- and Two-TVack Events
The centre-of-mass energy of the YP system, W, is directly correlated to the lon-
gitudinal momentum of the J/ip meson. This leads to different event topologies for
different ranges of W. Figure 5.1 shows a schematic overview of the event topologies
for three events of different W ranges.

• At low W values the system is boosted in forward direction. Typically one
of the decay leptons hits the FCAL under small angle while the other one is
measured within the CTD (Figure 5.1c).
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• At medium W (W « 90 GeV) the J/ip meson is produced nearly at rest in the
laboratory frame and the trajectories of the decay leptons are in the acceptance
of the CTD (Figures 5.1a-b).

• For high W the 7*p system is boosted into the backward direction. In this case
usually one decay lepton can be reconstructed using the CTD while the other
one hits the RCAL under a small angle (Figure 5.Id).

From the Monte-Carlo simulation it is possible to extract the fraction of events with
zero, one and two reconstructed CTD tracks. The result is shown in Figure 5.2. It

zero-track
one-track
two-track

50 100 150 200 250
W (GeV)

Figure 5.2: Acceptance of the CTD as a function of the hadronic energy W for
2 < Q2 < 100 GeV2. The solid line represents the fraction of events with two tracks
reconstructed in the CTD. The dashed and dotted curves represent the fractions of
events with one and no tracks reconstructed in the CTD, respectively.

shows that for W < 45 GeV and for W > 160 GeV only one of the decay leptons
is reconstructed using the CTD in approximately 50% of the events. For electrons,
which deposit all their energy in the CAL, the missing four-momentum vector and
the full kinematics of the missing track can be reconstructed using calorimeter infor-
mation and the event vertex. Since the muons do not deposit all their energy in the
calorimeter this is not possible for one-track events in the muon decay channel.

Hence, the event sample used for this analysis is divided into the "two-track"
sample and the "one-track" sample according to the number of tracks measured in
the CTD. The two-track sample contains J/tp —> e+e~ and J/ij) —t fJ,+ß~, while the
one-track sample consists only of J/ip —» e+e~. The two-track sample dominates the
region of medium W (45 < W < 160 GeV), while the one-track sample dominates
the region of low and high W.
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Since the leptons from the J/ip decay have relatively low transverse momenta,
the muon detectors are not used for the identification of the muons, because of their
limited acceptance in the low pr region.

5.2 Track and Vertex Reconstruction

The CTD provides measurements of three-momenta of tracks which are also used to
reconstruct the event vertex. The accurate determination of the position of the event
vertex is essential as its position is needed to calculate the angle of the electrons if no
associated track is available. In general, the scattered electrons are deflected under
small angles outside the acceptance of the CTD. The CTD tracks and the primary
event vertex are reconstructed using the VCTRACK package [19, 20] which is briefly
described here.

At least three hits from the most outer axial superlayers are combined to form a
"seed", which is extrapolated inwards towards the vertex. During the extrapolation
more hits are gathered and added to the track pattern. The momentum and the
direction of the track are determined at each step by fitting a helix to the hits.

The vertex finding algorithm is described in detail in [75]. It is based on CTD
tracks and can be separated in two steps:

• A simple initial fit determines the weighted center of gravity for all tracks
extrapolated to environment of the beam line. Tracks with a high contribution
to the x2 °f the fit are discarded until the fit quality is reasonable. The obtained
vertex is the starting point for the full vertex fit.

• The full vertex fit is carried out in an iterative procedure. In each iteration step
the tracks associated with the vertex candidate are refitted using the obtained
vertex position from the previous iteration as additional measurement of the
tracks. The iteration stops when the vertex position has converged.

In this analysis only tracks which come from the primary vertex are used. The
momentum of each track determined by the CTD is scaled by a factor 1.004. The
factor was determined with J/ip photoproduction events by comparing the invariant
mass distribution of J/X/J events into e+e~ with the world average of the J/tp mass [76].

5.3 CAL Energy Reconstruction

The measurements of energy deposits and their impact positions in the calorimeter are
essential for the reconstruction of the events. The scattered electron is identified by a
neural network based on CAL information only (Section 5.4). The energy deposits of
the decay leptons are used in the reconstruction to distinguish electrons from muons
by the ratio of energies deposited in the EMC and HAC sections (Section 5.5.1).
For electrons the position of the deposits are used to reconstruct their four-momenta
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(Equation (5.3) in Section 5.5). In this section the basic steps of reconstruction with
the calorimeter are described briefly.

5.3.1 Clustering

The calorimeter cells which contain an energy deposit are clustered using the cone-
island algorithm [77] which works in two steps and is shown schematically in Fig-
ure 5.3:

cell
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Figure 5.3: Left: Schematic diagram of the cell-island algorithm in two dimensions.
Right: Schematic diagrams of combinating cell-islands to cone-islands.

• At the first step the so-called "cell-islands" are built. A twodimensional ex-
ample of the algorithm is shown in Figure 5.3(left). All cells with a nonzero
energy deposit are sorted by energy in descending order for each section of the
calorimeter (EMC, HACl or HAC2) separately. The cell with the highest en-
ergy automatically forms a local maximum. All neighbouring cells, which are
defined by having a common border, are assigned to it until there are no adja-
cent cells with energy deposits left. The remaining cell with the highest energy
then forms the next local maximum and the procedure is repeated until all cells
are assigned to cell-islands.

• The so-called "cone-islands" which are formed out of cell-islands from the dif-
ferent CAL sections are built in the second step. The grouping is based on a
probability function which depends on the angle between the cell-islands. The
angle is calculated using the reconstructed event vertex (see Figure 5.3(right)).

The reconstructed cone-islands are used for the analysis and are referred to as islands.
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5.3.2 Corrections to the CAL Energy

Due to the current knowledge of the calibration of the calorimeter the following
corrections are applied to the measured energies of the islands:

• Cells in the calorimeter which are known to be noisy are discarded by the
NOISE95 routine [78].

• The measured cell energies in the BCAL or RCAL are scaled by factors 1.05
and 1.025, respectively, using the RCALCORR routine [79, 80] in order to bring
the data in agreement with the Monte-Carlo simulation.

• The measured island energy is usually not the true energy of the particle. The
DEADCOR and EECORRBCAL routines [81, 82] are applied to correct for
energy losses in the dead material in front of the CAL.

5.3.3 Track-Island Matching

After independent reconstruction of CTD tracks and CAL energy deposits the islands
and tracks are matched according to the following procedure. The CTD predicts the
position and the direction of each extrapolated track at the CAL surface. Within the
CAL outside the magnetic field the trajectory is extrapolated using a straight line.
The reconstructed calorimeter islands are assigned to the tracks using the distance of
closest approach (dca) method (see Figure 5.3.3). The dca is calculated between the
centre of gravity of the island and the impact of the track in the plane perpendicular
to the track. Figure 5.5 shows the distributions of tracks as a function of dca before
the cut. It compares the data with the Monte-Carlo predictions. All islands within

< 25 cm are assigned to the track and their energies are added up.

5.4 Reconstruction of the Scattered Electron

5.4.1 Identification of the Scattered Electron
The scattered electron leaves an electromagnetic cluster in the calorimeter wich is
often well isolated. In this analysis the identification of the scattered electron is
done by a neural network called SINISTRA95 [83, 84]. The network is based on
the calorimeter information using a clustering algorithm which is slightly different
from that described above. It analyses the energy distribution in terms of lateral and
longitudinal shower profiles and evolves them in moments. These moments and the
total energy of the cluster are then used as input variables for the neural network. The
algorithm provides a probability of a cluster to be the scattered electron. Scattered
electron candidates are required to have a probability greater than 90%. If more than
one electron candidate is found in an event, the one with the highest energy is taken
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Figure 5.4: Calculation of the distance of closest approach dca between the extrapo-
lation of the track and the island.

as the scattered electron. The identification efficiency of SINISTRA for electrons in
the RCAL with energies above 10 GeV is greater than 90% and the purity is 98% [85].

5.4.2 Reconstruction of the Impact Position
The impact position measurement is essential since it is used to reconstruct the
direction of a particle trajectory (Section 5.6). For the reconstruction of the polar
and the azimuthal angle all position information which are available from different
detectors is used. In the Q2 range studied in this analysis the scattered electrons hit
the RCAL under a small angle. In this region the tracks go through the RCAL and
also RHES and SRTD detectors. They are also used for position measurement. A
brief description of the reconstruction and the precision obtained with these detectors
is given here.

• RCAL
The position of an energy deposit in a cell is determined in the y direction
by the geometrical centre of the cell (size 20 x 10 cm2) while in x the energy
imbalance measurement from the double-sided cell readout is used to correct
the position (Section 2.2.2). Since the scattered electron shower spreads over
several cells, the electron finder uses the weighted average of the positions of
cells, ?i — (xi, ?/j), belonging to the electron deposit:

r = (5.1)

where the weight Wi is proportional to the logarithm of the energy in the i-th.
cell, Ei. The resolution of the RCAL position measurement is « 0.8 cm for x
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Figure 5.5: The distance of closest approach (dca) in a plane perpendicular to
the track. The full circles represent the data. The open histograms are the sum of
signal and background Monte-Carlo simulation. The hashed histograms represent the
fraction of background Monte-Carlo events. The left plot is done for tracks identified
as muons. The right plot corresponds to electrons.

and w 0.5 cm for y, as shown in Figure 5.6a.

• RHES
The RHES has a diode size of 3 cm (see Section 2.2.5) which provides a better
precision for the position reconstruction [86, 87]. The reconstruction finds clus-
ters based on a 3-by-3 diode array where the central diode has an energy > 5
mips. The position is calculated as a weighted average, using the logarithmic
energy as weight. If more than one cluster is found by the reconstruction the
one which is closest to the SINISTRA position (Section 5.4.2) is taken. The
resolution of the HES position measurement is approximatly 0.5 cm, as shown
in Figure 5.6b.

• SRTD
The width of the SRTD scintillator strips is 1 cm in two layers which provides
the highest precision in the position reconstruction. The reconstruction of the
SRTD deposits proceeds in three steps [88]. In the first step in each layer
all strips are clustered to one dimensional clusters (so-called X- or F-cluster).
The weighted sum of the position of the strip with the highest energy and
the adjacent ones provides the X or Y measurement. In the second step the
two layers are combined. The electron impact position is determined by the
crossing of the X- and ̂ -cluster. If more than one cluster is reconstructed in
one or both layers all combinations are considered. Crossings where the vertical
and horizontal cluster have similar energies are chosen. In the reconstruction
[89] the best electron candidate is determined by comparing the HES cluster
position with the candidates from SINISTRA. The resolution of the SRTD
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Figure 5.6: The X and Y spatial resolution for the RCAL, RHES and SRTD,
estimated with the Monte Carlo sample. Solid lines present fits with a Gaussian; the
resolution is given by the parameter Sigma corresponding to standard deviation of a
Gaussian fit to the distribution.
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position measurement is approximatly 0.4 cm (Figure 5.6c)

The following corrections [90] are applied to the measured SRTD position:

- If only one strip contributes to a cluster, the position is always the centre
of the SRTD strip. In this analysis, XSRTD is smeared within the strip
dimension XSBTD i dxsBTD with 0.5 < dxsRTD < 0.5 cm.

- The relative position of the SRTD with respect to the CAL was found to
be different in the detector from that in the online reconstruction and in
the generation of the Monte-Carlo events. The quadrant 2 is shifted in Y
by +0.7 cm. Quadrant 1 is shifted in Y by (—0.2 cm) in data [90].

The following procedure describes which detector was chosen to determine the po-
sition of the scattered electron taking the priority of the detectrors given by their
resolution and availability into account.

• If SRTD has a good candidate the position measured with SRTD is used.

• If SRTD cannot provide a good candidate but RHES does, RHES determines
the position of the scattered electron.

• If neither SRTD nor RHES have good candidates the position determined by
SINSTRA with RCAL is taken for the scattered electron.

The number of events with the scattered electron position reconstructed using
the SRTD, RHES and RCAL amount to « 88%, « 10% and & 2% of all events,
respectively. Dead and noisy channels in the SRTD and HES detectors are simulated
with the CORRECT-SRTD-HES routine in the Monte-Carlo simulation. The data
are reproduced well as shown in Figure 5.7.

5.5 Reconstruction of J/I/J Mesons
The J/ip meson is reconstructed via its decay leptons. The identification of the
leptons is essential to distinguish between the decay channel. This is important since
the lepton mass is used in the invariant mass calculation according to the formula:

f+ + Ef_ - (pi+ + pi-)2 (5.2)

where Pi and Ei are the momentum vectors and energies of leptons i = l+ or i = l~.
The determination of the three-momentum vectors and the energy is different for
the one- and two-track samples (Section 5.1.1). For leptons with a "good" track in
the CTD (definition will be given in Section 6.2.2) the energy is calculated using the
momentum of the track: Ei — -\/pf + mf, where m* = me and mß, respectively.
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Figure 5.7: The fraction of events reconstructed using the RCAL, SRTD or RHES.

For the one-track sample only a J/ip meson decaying into an electron pair can be
reconstructed using the energy deposits in the calorimeter according to the formula:

- rvtx

\rcAL - rvtx

(5.3)

where ECAL is the energy of the CAL, TCAL is its position and rvtx is the event vertex.
One-track events with muons are excluded since they deposit only some fraction of
their energy in the calorimeter. The reconstruction of the one-track events is therefore
restricted to decays in electrons.

The following subsection describes the procedure of the lepton identification used
in this analysis.

5.5.1 Lepton Identification
The lepton identification in this analysis is based solely on the measurement of the
energy deposits in the calorimeter. The muon chambers are not used for the iden-
tification of muons. Instead they are used as a cross check of the method described
below.

Figure 5.8 shows typical profiles of energy showers originating from the elec-
trons and muons. Electrons produce an electromagnetic shower which is almost
entirely absorbed in the EMC section. The probability of sending out a photon by
bremsstrahlung is proportional to 1/m2. Since the muon is « 200 times heavier that
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the electron it looses only a fraction of its energy in the process of ionisation along its
path through the CAL. Hence, electrons and muons are distinguishable by the ratio
of the energy deposited in the EMC section to the total energy deposited in EMC and
HAC, TJEMC — EEMC/E, where E = EEMC+EHAC- Figure 5.9 presents distributions

electron muon

Figure 5.8: Schematic presentation of shower associated with passage of particles
through the calorimeter for an electron depositing all its energy in the electromagentic
part of the CAL and a muon traversing the CAL ionising along its path.

of VEMC f° r data and Monte-Carlo events, separately for the higher momentum and
the lower momentum tracks. The peak at TJEMC ~ 1-0 corresponds to electron tracks.
The entries of lower values of TJEMC correspond to muon tracks: they are also seen in
the Monte-Carlo simulation. The agreement between the data and the Monte-Carlo
simulation is good except for the region of intermediate TJEMC (0.4 < TJEMC < 0.8).
Here a contribution from misidentified pions is visible in the data and therefore not
accounted for in the Monte Carlo sample. In this analysis a track with TJEMC > 0.8 is
accepted to be an electron. The same cut on TJEMC is used by the SINISTRA electron
finder for the identification of scattered electrons (Section 5.4.2).

The identification of muons has been studied using the subsample of events tagged
with the muon chambers with at least one muon confirmed by the B/RMUON de-
tector. About 50% of events classified as J/ip —> /x+/i" are also identified with the
B/RMUON in the mass window 2.8 < Minv < 3.4 GeV. In Figure 5.10 the quan-
tity T\EMC for these events is plotted as a function of the polar angle, 9 cAL, of the
track calculated using the position of the track at the CAL surface and the mean
nominal interaction point (z — 0 cm). The dependence of TJEMC on 9cAL stems from
the different radiation length of the EMC and HAC sections in the FCAL, BCAL
and RCAL, as introduced in Section 2.2.2. In the region of overlaps of FCAL and
BCAL (35 < 9CAL < 50) or BCAL and RCAL (120 < 9CAL < 135), TJEMC shows
higher values, because muons can pass the EMC sections in both calorimeter parts.
In addition, for lower momentum tracks the TJEMC distribution is smeared towards
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0.2

b> • data
I I e+e MC
E H H V MC

Figure 5.9: The variable TJEMC — EEMC/E for (a) the higher momentum and (b) the
lower momentum decay lepton in the two-track sample. In the Monte-Carlo sample
the generated muon and electron events are shown separately.

higher values because low energy muons may stop in the CAL and deposit less energy
in the HAC section compared to muons passing through.

If the higher momentum track of the J/ip decay yields TJEMC < fcut, with fcut

depending on 6CAL, it is accepted to be a muon. The values of the cut parameter
fcut are shown as solid lines in Figure 5.10 and summarised in Table 5.1. If the lower
momentum track of the J/ip decay yields TJEMC < 0.8 it is accepted to be a muon
independently of &CAL-

Higher momentum track:

CAL part
FCAL

FCAL/BCAL crack
BCAL

BCAL/RCAL crack
RCAL

OCAL (deg.)
OCAL < 35

35 < BCAL < 50

50 < OCAL < 120

120 < BCAL < 135

BCAL > 135

fcut
0.3
0.6
0.4
0.8
0.5

Table 5.1: The definition of the upper cut,
muon in each part of the CAL.

(EMC < fcut)-, used to identify a
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Figure 5.10: The quantity TJEMC as a function of 6cAL for the higher momentum
lepton, for events tagged by the B/RMUON detector. Data (upper) and MC (lower)
are plotted separately. Lines show the upper cut used to define a muon track. 9CAL

and rjEMC are calculated using the position at the CAL surface and assuming the
nominal interaction point at z = 0 cm.
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5.6 Reconstruction of Kinematic Variables

5.6.1 The (E - Pz ) Variable
An important characteristic of DIS events is that (E — Pz ) is conserved. E is the
total energy and Pz is the total longitudinal momentum:

i-Pl (5.4)

where the sum runs over the initial state particles e and p. Energy and momentum
conservation demands conservation of (E — Pz ) . For the initial state (E — Pz) can
be calculated as follows.

Corresponding to the definition of the ZEUS coordinate system (Section 2.2) the
four-momentum vectors of the initial state particles are given by:

k=(Ee,0,0,-Ee) (5.5)

p=(Ep,0,0,Ep) (5.6)

where Ee and Ep are the energies of the proton and the electron, respectively. In
the high energy limit the masses mp and me are neglected (metP <C EejP). Thus the
(E — Pz) can be written as:

E - Pz = ̂ Ei - Pi = Ee + Ep - {-Ee + Ep) = 2Ee = 55GeV (5.7)

Since (E — Pz ) is conserved it follows that for the final state particles the same
relations must hold. This variable is used to ensure that the whole final state has
been measured. I.e. if the scattered electron escapes through the beampipe (E — Pz

) will be smaller than 2Ee so that such events are not accepted. But also if the
electron is detected (E — Pz ) could be smaller due to large energy loss by initial
state radiation, where photons are radiated at 07 PS 0° and also such events are lost.
On the other side [E — Pz) is not sensitive to particles which escapes through the
forward beampipe in proton direction since their energies and longitudinal momenta
cancel.

5.6.2 The Constrained Method
Various methods [91] exist to reconstruct the kinematic variables in ep scattering. In
this analysis kinematic variables are reconstructed using a method where the kine-
matical constraint on the total (E — Pz ) is used. Since the J/ip meson is produced
exclusively, (E — Pz ) is calculated according to the formula:

{E-Pt)m= Ys Ei - Pi = El+-pl+cos 0l+ + E,-.-Pl-. cos 0t- (5.8)
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where 9i , Pi , Ei = y/pf + mf are the polar angles, momenta and energies of decay
tracks. With the four-momentum vector of the scattered electron

k' = (E'e, E'e sin 0e cos 9e, E'e sin 9e sin 9e, E'e cos 9e) (5.9)

Equation (5.7) can be written as:

E - Pz = 2Ee = E'e{\ - cos9e) + (E- PZ)JH) (5.10)

The energy of the scattered electron can therefore be calculated from the measure-
ments of the J/ip final state and the polar angle of the scattered electron:

= 2B.(BP.)Jlt

l - C O S 0 e ^ ^

where 9e is the polar angle of the scattered electron with respect to the event vertex.
The DIS kinematic variables are reconstructed according to the formulae:

Q2 = 2EeEe,(l+cos9e) (5.12)

V ~ 1 2Ee ~—2Ee
 (

x = — (5.14)
ys

W = Jys-Q2 + ml = J2Ep(E-Pz)jM-Q2 + ml (5.15)

The squared four-momentum transfer (of the *y*P reaction) |i|, is calculated from
three-momenta of the scattered electron and decay leptons (J/ip -> l+l~) as follows:

1*1 = te + V1: + fc)2 + (Pi + P[+ + Ply-f (5-16)

where p% = Eei sin 9e cos <j>e and 4>e is the azimuthal angle of the scattered electron
measured by its position in the CAL and pl± are the momenta of the decay leptons.
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Event Selection

The signature of exclusive J/ip electroproduction ep —> e J/ip p and the methods
which are used to reconstruct the events in the ZEUS detector, were presented in
the previous chapter. In this chapter the selection criteria are described, which are
applied to filter out events of exclusive J/ip production from all events taken and
recorded by ZEUS. The selection is done in many steps which can be grouped into
two parts (see Figure 6.1). The first part of selection criteria were applied on-line
by the trigger during the data taking. The second part is done off-line which starts
with the reconstruction of the events. Cuts are applied to select neutral current
events with a scattered electron and two leptons in the final state. For those events
the invariant mass of the di-lepton system and further kinematical variables that are
relevant to the physics analysis can finally be calculated.

ZEUS Event

Trigger selection

Detector

Event Reconstruction
I

On-line1 Off-line
I

Event Selection

Final Sample

Figure 6.1: Schematic diagram of steps in the selection of the final event sample.

6.1 On-Line Selection
The data which are used in this analysis were taken in the running periods from 1998
to 2000. During this time a total integrated luminosity of 81.02 pb""1 was recorded
by ZEUS. First events are selected on-line by the ZEUS three-level trigger system
(see Section 2.2.7). The basic selection requires a scattered electron and a low track
multiplicity in the detector. There are two different trigger configurations used for

62
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the one-track and the two-track event samples. A more detailed description of the
trigger conditions used to select the events is given below.

6.1.1 Two-Track Trigger
To select the events DIS vector meson (DST13) trigger was used with the following
conditions:

• At the first level trigger one of the following conditions has to be fulfilled:

- An isolated electron deposit in the RCAL is found together with a total
RCAL electromagnetic energy of at least 2.032 GeV (excluding the ring of
towers around the RCAL beam pipe) or some track pattern in the CTD.

- The total electromagnetic energy in the RCAL is greater than 4.776 GeV
and a track pattern is found in the CTD.

- The total electromagnetic energy in the RCAL (excluding the ring of tow-
ers around the RCAL beam pipe) is greater than 3.404 GeV.

• At the second level trigger the following cuts are applied to ensure that the event
comes from a deep inelastic scattering. At least one of the following minimum
energy deposits is required. The values are:

- EREMC > 2.5 GeV

- EBEMC > 2.5 GeV

- EFEMC> 10 GeV

where EREMC, EBEMC, EFEMC and EFHAC indicate energies in the REMC,
BEMC, FEMC and FHAC, respectively.

The timing information from the CAL has to correspond to a electron-proton
scattering in the interaction zone. The value of (E — Pz ) (see Section 5.6.1)
is calculated using the energies in the cells and their positions. It is also taken
into account that the electron might have emitted a photon before entering the
interaction. The cut used at this stage is E - Pz + E1 > 24 GeV where £ 7 is the
energy of a possible photon measured in the lumi-7 detector (Section 2.2.6).

At the third level trigger (after full reconstruction including CTD tracks) all of
the following conditions have to be fulfilled:

- The scattered electron energy deposit must be larger than Ee> > 4 GeV
and its position in the CAL has to be outside a box cut around the BCAL
beam hole: \Xei\ < 12cm and |Fer| < 6cm.
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- The number of tracks reconstructed in the CTD has to be between 1 and
5 with at least one-track originating from the event vertex.

- The energy in the first ring of towers around the FCAL beam pipe has to
be smaller than EFCALBP < 5 GeV.

- The total energy in the calorimeter (without the scattered electron deposit
and the first ring of towers around the FCAL beam pipe) has to be (Etot —
Ee, - EFCALBP) < 30 GeV.

- The cut on (E — Pz) from the SLT is repeated more strictly since calorime-
ter calibration constants are now taken into account: E — Pz + 2i£7 >
30 GeV.

6.1.2 One-Track Trigger

All events which are selected by the two-track trigger are also candidates for the
one-track event sample. Additionally, for one-track events the inclusive DIS trigger
(DST11) was used to select events. The following cuts were required:

• At the first level trigger an isolated electron deposit in the RCAL must be found
and one of the following conditions has to be fulfilled:

- The total electromagnetic energy in the RCAL (excluding the ring of tow-
ers around RCAL beam pipe) is greater than 2.032 GeV.

- The total electromagnetic energy in the RCAL has to be greater than 3.75
GeV.

- The total calorimeter energy is greater than 0.464 GeV.

• The same cuts are applied on the second level trigger as for the two-track trigger.

• At the third level trigger the following conditions have to be fulfilled:

- The scattered electron energy deposit must be larger than Ee> > 4 GeV
and its position in the CAL has to be outside a box around the BCAL
beam hole: \Xe'\ < 12cm and \Yei\ < 6cm.

- E — Pz + 2E1 > 30 GeV, where E1 is the energy measured in the lumi-7
detector.

6.2 Off-Line Selection
Further selection cuts are applied off-line to the sample resulting from the on-line
trigger selection. First a set of general cuts is applied to ensure that a deep inelastic
electron-proton scattering event has taken place. In addition a reconstructed J/ip
meson is required. Since it can be reconstructed using the measurements of two tracks
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or one track different cuts are applied. Most important are the so-called elasticity cuts
(see below) which are applied to calorimeter objects, which are not associated with
the scattered electron or the leptons of the J/ip decay. This ensures the exclusiveness
of the J/ip production. The kinematical range of the events is restricted so that data
and Monte-Carlo simulations can be compared.

6.2.1 General Event Selection

To ensure good data quality only those runs are selected which are accepted by the
EVTAKE routine. This routine guarantees that the different components of the
detector were fully functioning during the data taking.

The quantity [E — Pz ) introduced in Section 5.6 is required to be within the
range of 45 < (E — Pz) < 65 GeV. This cut rejects photoproduction, beam-gas
and DIS events with hard initial state radiation. Figure 6.2 shows the comparison
of data (two-track events) and Monte-Carlo1 simulation for the (E — Pz ) variable.
The vertical lines indicates the cut on this variable. The tail towards lower values of
[E — Pz ) comes from initial state radiation (see Section 5.6.1). In order to distinguish

30 35 45 50 55 60 65 70
E-Pz (GeV)

Figure 6.2: Distribution of (E — Pz ) for the event sample after all selection cuts,
compared to the Monte-Carlo simulations of the studied process (white histogram)
and QED background (shaded histogram).

between electron-beam-gas and electron-proton collisions exactly one reconstructed
event vertex is required to be in the middle of the CTD \zvtx\ < 50cm and close to

lrThe QED background Monte-Carlo is normalised to the known cross-section while the signal
Monte-Carlo distribution is normalised to the number of events in the J/ip peak in the invariant
mass spectra assuming the same luminosity in both cases, (see Section 6.5)
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the beam line: Rytx = y/xltx + ultx < 0.6 cm. Figure 6.3 shows the comparison of
data and Monte-Carlo simulation for the z vertex position and the radial distance of
the vertex from the nominal beam line after all selection cuts except the cuts on the
vertex position. The vertical lines indicate the cuts on these variables2. There is a
good agreement between the data and Monte-Carlo distributions.

i , 1 1 1 , 1 1 1 1 1 , 1 1 1 , 1 1 i 1 1 1 1 , i

-100 -80 -60 -40 -20 0 20 40 60 80 100
Zv.x

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

fit» (cm)

Figure 6.3: Distribution of the Zvtx vertex position and the radial distance Rytx for
the event sample after all selection cuts, compared to Monte-Carlo simulations. The
symbols are the same as in Figure 6.2.

6.2.2 Scattered Electron Selection
The exclusive J/i}) production is a subsample of neutral current events which have a
scattered electron in the final state. In this analysis the scattered electron is found
by the SINISTRA electron finder. The position determination for the best candidate
is done according to the procedure described in Section 5.4. The following conditions
have to be fulfilled:

• The probability of the SINISTRA candidate has to be greater that 90%.

• The corrected CAL energy of the scattered electron has to be greater than
10 GeV to obtain high efficiency and good purity for the electron identification.

• Three groups of fiducial volume cuts on the reconstructed position on the surface
of RCAL in the X — Y plane are applied (Detailed studies are done in [93, 94]).

- The box cut excludes the regions,

- 1 3 < X < 1 3 c m and - 8 c m < K , < 8 c m
2 The z vertex distribution in the Monte-Carlo simulation was generated according to the dis-

tribution describing 1997 data. For the analysis the position is reweighted to the distributions of
1998-2000 data, using VtxZCorr651 and VtxZCorrllp routines [92].
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where part of the electron shower may have been lost into the beam pipe
hole.
For Events in which the scattered electron position is reconstructed with
the CAL only (see Section 5.4.2) an additional region of \X\ < 10 cm and
Y\ < 10 cm around the beampipe is excluded. In this region the scattered

electron provides a cluster typically consisting of only one cell. So its Y
position is given by the cell centre. This would cause a systematic bias in
the reconstruction of the angle and therefore for the kinematic variables
(Section 5.6).

The pipe cuts exclude the regions

and

-14 < Xe < - 7 c m and -11 < Ye < 11 cm

4 < X , < 1 3 c m and -11 < K, < 11cm.

The reason is that the description of the copper cooling pipes attached to
the rear beam pipe in the Monte-Carlo simulation is not sufficient.
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Figure 6.4: The reconstructed positions of the scattered electrons on the RCAL
surface (for events after all selections) in a) data, b) MC. Lines represent the fiducial
volume cuts which are applied.

— The crack cuts,

\Xe + 10.51 < 2.5cm and y e < 4 c m

and

\Xe - 10.5| < 2.5 cm and Ye > - 4 cm
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are applied to ensure that the electron shower is not lost in the gaps
between the two halves of the RCAL.

Figure 6.4 shows the positions of the reconstructed scattered electrons which
have been accepted finally. The fiducial cuts described above are indicated.

Figure 6.5 shows distributions of scattered electron variables after all selection
cuts. The distribution of azimuthal angles 4>e is not flat due to the box cut applied
on the scattered electron position. The data are in good agreement with the Monte-
Carlo distributions.

Figure 6.5: Distribution of variables of the scattered electron: (a) Ee is the measured
and corrected energy (b) the energy calculated using the constrained method (see
Section 5.6) (c) polar angle 9e (d) azimuthal angle </>e. The data are represented by
the black markers and the Monte-Carlo simulations by the histograms.

6.2.3 Two-Track Sample Selection

The following cuts are applied to select events with a J/ip meson decaying into an
electron or muon pair.
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• Exactly two oppositely charged vertex-fitted tracks are reconstructed by the
CTD. Each track must have crossed at least three CTD superlayers and must
have a transverse momentum pr greater than 0.2 GeV. These cuts ensure that
the tracks are within the acceptance of the CTD where the efficiency is described
sufficiently by the Monte-Carlo simulation. If a third track is present it has to
be associated with the scattered electron candidate.

• The higher momentum decay lepton track has to be matched to at least one
calorimeter island. The maximum distance of closest approach allowed is cutdca <
25 cm. For the lower momentum track no matching condition is required.

• The lepton channel is determined from the closest matched island of the higher
momentum track according to the method described in Section 5.5.1.

6.2.4 One-Track Electron Sample Selection
Since the CTD is restricted in its geometrical acceptance it is not always possible to
reconstruct the J/tp meson via two tracks. Such events typically have low or high
values of W. They are reconstructed via one CTD track and one CAL energy deposit.
This method can only be applied for J/ijj mesons decaying into electrons since they
deposit all their energy in the CAL (see Section 5.5). For such events the following
selection cuts are applied:

• Exactly one vertex-fitted track is required. A possible second track has to
be associated to the scattered electron. The track must have crossed at least
three CTD superlayers and must have a transverse momentum pT greater than
0.2 GeV.

• The track has to be matched to a CAL island with the maximal distance of
closest approach of doc A < 25 cm. The matched CAL island has to be identified
as an electron by its energy ratio EEMC/E > 0.8.

• In addition to the track another electromagnetic island in the RCAL or the
FCAL, with an energy of 2 < E < 10 GeV and an energy ratio of EEMC/E >
0.8, is required. For islands in the RCAL the detector components SRTD and
RHES are also used to improve the position determination. This is done in the
same way as for the scattered electron (Section 5.4.2). On the island position
the same fiducial volume cuts are also applied.

• The island not associated with the CTD track has to be outside of the geo-
metrical acceptance of the CTD. The cuts used in terms of the polar angle 6isl

are:

- 6^1 < 25° for FCAL islands

- 6isl > 160° for RCAL islands.
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These cuts reject background events with additional neutral particles like TT0 —>
77 decays in the final state, because within the CTD acceptance 25° < 9iSi <
160° an electron would have produced a track.

6.2.5 Elasticity Cuts

The exclusiveness of the reaction requires that no other particles than the scattered
electron and the J/tp decay leptons are produced and that the proton stays intact.

To ensure this it is required that the energy of the most energetic island, which
is not associated with the scattered electron or one of the decay leptons, is below
300 MeV. This value corresponds to the noise level in the calorimeter which is de-
termined using events with empty bunches (see Section 2.1). These events should
contain only signals from noisy cells.

For studies on the systematic error the cut is also performed on calorimeter cells
instead on islands. The threshold for the cell-based cut is 250 MeV for cells which are
not associated to any islands associated with the J/ip meson nor with the scattered
electron.

In order to reject proton-dissociative and non-diffractive events cuts on the energy
deposits in the very forward region are applied:

• The energy sum in the first ring of towers around the FCAL beam pipe has to
be smaller than 0.5 GeV.

• The total energy in the FPC has to be smaller than 1 GeV.

6.3 Events in the ZEUS Event Display
Two examples of events belonging to the two-track and the one-track event samples
are shown in Figure 6.6 and Figure 6.7, respectively. Fig. 6.6 shows an exclusive J/ip
production candidate in the ZEUS event display in two different point of views. On
the right hand side a cross-section of the ZEUS detector is shown. In this picture
the proton entered from the right hand side while the electron came from the left.
The interaction took place in the middle of the picture. The scattered electron was
deflected under a small angle and measured by the RCAL. The proton stayed intact
and escaped undetected down the beam pipe. Two tracks coming from the event
vertex were measured by the CTD. Both track point to energy deposits in the BCAL.
The size of the squares in the CAL is proportional to the amount of energy deposited
in the cells. The two islands associated to the tracks contain a certain fraction of
energy in the hadronic sections of the BCAL. They are identified as muons by the
ratio of the energy in EMC to the total energy deposits. There are no other particles
measured in the detector.

Fig. 6.7 shows a candidate of a one-track electron event. In this event the scat-
tered electron hit the RCAL under a small angle and deposited all its energy in its
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Figure 6.6: Example of an event belonging to the two-track sample, a candidate for
the Jji) - • j u V decay (Minv = 3.26 GeV, Q2 = 3.34 GeV2, W = 111.8Ge1/ and
i = 0.59GeV2 ).

electromagnetic part. The J/ip candidate decayed into two electrons. One was mea-
sured by a CTD track and had an energy deposit in the electromagnetic part of the
BCAL. The other decay electron hit the FCAL under a small angle. The forward

Figure 6.7: Example of an event belonging to the one-track sample, with the
electromagnetic island in the FCAL, a candidate for the J/tp —> e+e~ decay
{Minv = 3.09 GeV, Q2 = 4.1 GeV2, W = 41.1 GeVand t = 0.3GeV2 ).
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trackers are able to reconstruct tracks in this polar angle region. However, since these
detectors cannot provide momentum information the energy and the position of the
CAL energy deposit is used to reconstruct the four-momentum of the lepton.

6.4 Comparison of Data and Monte-Carlo Simula-
tion

After all cuts the kinematic variables are calculated according to the formulae given
in Section 5.6. As already mentioned in Chapter 4 the Monte-Carlo simulation is
used to correct for detector acceptances. Hence, the simulation must really describe
the data. In the previous Figures 5.5, 5.7, 5.9, 6.2, 6.3, 6.5 and 6.10 the data were
already compared to the Monte-Carlo simulations. In these figures all selection cuts
except the cut on the displayed variable are applied. In addition Figures 6.8 and 6.9
show selected distributions (after all cuts) for the positively charged decay lepton and
the Jjip meson. Overall a good agreement for all distributions of quantities, which
are used for the reconstruction of the kinematical variables, is observed.

1S0

140

120

100

2 4 6 8 10 12 14
PT(J/<l0[GeV]

100 120 140 160 180
0(H')[deg.]

50 100 150 200 250 300 350
deg.]

0 20 40 60 SO 100 120 140 160 160
e<J/V)[deg.]

50 100 150 200 250 300 350
»(J/V)[deg.l

Figure 6.8: Comparison between data and Monte-Carlo event samples of the selected
distributions in a)-c) for the positive lepton, in d)-f) for the J/ip meson in the J/ip
mass window.
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Figure 6.9: Comparison between data and Monte-Carlo event samples of the selected
distributions in a)-c) for the positive lepton, in d)-f) for the J/ip meson in the electron
decay channel events in the J/ip mass window. The contribution from the one-track
sample is shown separately (J/iß 1TR).
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6.5 Invariant Mass Spectra
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Figure 6.10: Invariant mass spectra of events in the final sample of two track (a)
muons, (b) electrons, and one track electrons (c) in low W (d) in high W range. The
data is compared to Monte Carlo samples, indicated in the figure. The vertical ines
represent the definition of the J/tp mass window used to extract the cross-sections.

Fig. 6.10 shows the invariant mass spectra for the events after all cuts. The spectra
are given separately for the electron and the muon sample. The electron sample is
further divided into three bins of W where one-track events contribute at low and
high values of W. The distributions show a clear J/ip signal (Mj/^ = 3.0969 GeV) on
top of non-resonant contributions arising from the QED Bethe-Heitler process (see
Section 7.1). The peaks in the e+e~ invariant mass spectra have tails towards lower
masses. These tails come from events where the decay electrons have lost energy due
to photon emission in the bremsstrahlung process (e -> ej). The mass spectra for
low and high W containing one-track events show a worse mass resolution than the
mass spectra consisting exclusively of two-track events. This reflects the fact that
the energy resolution of the CAL for this energy region is worse than the momentum
resolution of the CTD.

The Monte Carlo predictions are shown as well. They are found as sum of events
building up the J/tp signal and from the QED background processes (shaded area).
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The prediction of the QED Bethe-Heitler process is normalised to the luminosity
of the data using the known cross-section. The signal Monte-Carlo prediction is
normalised to the J/ip peak remaining the subtraction of the QED background in
the data. In general, good agreement between data and Monte-Carlo simulation is
obtained. Only in the region of low invariant masses the agreement is worse due to
some contribution from events with two pions in the final state (see Section 7.4).

In order to determine the number of J/ip events, they are counted in regions of the
invariant mass spectra. The mass windows are chosen to be 2.8 < M^J1 < 3.4 GeV
and 2.6 < Mf^~ < 3.4 GeV. The window for e+e~ is larger in order to take into
account that J/ip events are shifted to lower values of the mass due to bremsstrahlung
of the final state electrons. The mass windows are represented by the vertical lines
in Figure 6.10.

After all selection cuts the final samples used in this analysis contain 728 events
with J/ip decaying into ß+ß~ and 966 events with J/ip decaying into e+e~ , including
278 one-track events.

6.6 Kinematical Coverage
Figure 6.11 shows the distributions for the kinematic variables Q2, W and t after all
selection cuts. The analysis is restricted to the kinematical ranges indicated by the
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Figure 6.11: Distribution of the kinematic variables Q2, W and t after all selec-
tion cuts for the event sample after all selection cuts, compared to the Monte-Carlo
simulations.

vertical lines in Figure 6.11:

• 2 < Q2 < 100 GeV2

The lower cut is applied because of steeply falling acceptance for low values
of Q2 due to the beam-pipe hole in the RCAL. The upper cut is introduced
because of decreasing statistics for Q2 > 100 GeV2.

• 30 < W < 220 GeV (electrons) and 45 < W < 160 GeV (muons)
The upper limit in W for the electrons is required by the ambiguity between
the scattered electron and the decay electron. In events with W > 220 GeV the
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scattered electron energy is typically lower than the energy of the decay electron
from the J/ip meson. Hence, the SINISTRA electron finder tends to misidentify
the decay electron as scattered electron, which leads to a lower reconstructed
mass of the e+e~ system. These cuts are also applied because of decreasing
statistics.

|*| < 1 GeV2

This cut is applied to limit the contributions of events with proton-dissociation
(see Section 7.2). Figure 6.12 presents the distribution of events in the (x, Q2)
plane after all selection cuts, the lines display the cuts on Q2 and W.

10 10

Figure 6.12: The distribution Q2 versus x for events with electrons and muons in the
final state after all selections. Lines correspond to Q2 and W cuts applied in this
analysis.



Chapter 7

Background Estimates

After applying all selection criteria described in Chapter 6 the resulting event sample
still contains events from several other processes called background events. Since their
signature in the detector is similar to the signal events they have to be subtracted
statistically.

The background processes, which have been studied in this analysis, are described
in more detail in this chapter. The electromagnetic di-lepton production and the
ip(2s) production are studied using Monte-Carlo simulations. The contributions from
proton-dissociative and di-pion events are estimated using data.

7.1 QED Bethe-Heitler Background

The most striking background in the invariant mass spectrum originates from QED
processes with two leptons in the final state ep —> epl+l~ and ep —> eYl+l~, where
Y stands for the dissociated proton state. The diagrams for two-photon lepton-pair
production and Compton scattering are shown in Section 4.2.1. These processes can
be calculated precisely with QED. As indicated above two sets of samples are created
for elastic and proton-dissociative events and combined in proportion to their known
cross-sections.

The GRAPE-Dilepton package (Section 4.2.1) is used to generate distributions of
all relevant variables used in this analysis. For invariant di-lepton masses significantly
higher than the J/ip mass this source of background event dominates (Minv > 4 GeV).
Figure 7.1 shows the comparison between data and the Monte-Carlo samples for this
region. The Monte-Carlo distributions are in good agreement with the data in both
shape and normalisation. Therefore the Monte-Carlo event sample is used to subtract
the background statistically in each bin. The average contribution is « 10% of the
J/ip sample.

77
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7.2 Proton-Dissociative Background

Proton-dissociative J/ip production, ep —> e J/ip Y, in which the particles of the
nucleonic system Y escape the detection by the FCAL or FPC, are indistinguishable
from the exclusive events. A schematic representation of the event topology is given
in Figure 7.2a. At low values of the mass My of the dissociated system, the particles
escape undetected through the beampipe. The event will "look" like exclusive J/ip
production. For higher values of My (Figure 7.2b) the FPC is used to veto these
events. Knowing the tagging efficiency of the FPC and the numbers of events that
have deposited energy in this detector one can determine the fraction of events (ep —>
eJ/ipY), that need to be subtracted from the exclusive sample. For this study a
sample of proton-dissociative events is selected (Section 7.2.1). Since the measured
dissociative events deposit energy only at higher values of My it is necessary to
extrapolate to lower My- The determination of the efficiency £FPC f° r the whole
range of My is done with the dissociative Monte-Carlo sample generated by EPSOFT
(Section 4.2.2).

7.2.1 Selection of Proton-Dissociative Events

The sample of dissociative events is obtained with the same selection criteria on
the reconstructed scattered lepton and the J/ip meson as for exclusive events. The
following conditions are applied in addition (see also Figure 7.2b):

• The energy in FPC is required to be larger then 1 GeV to select the particles
from proton-dissociation.

• The polar angle of the decay lepton tracks must be greater than 30° which
corresponds to a rapidity gap of 2 units.

• The elasticity criterion is applied with exclusion of the region of approximately
50 cm radius around the FCAL beampipe.

The resulting sample contains 100 events for t < 3 GeV2 in the kinematic range
45 < W < 155 GeV and 2 < Q2 < 100 GeV2. Figure 7.3 shows the distributions
of the energies deposited in FPC and CAL. The corresponding distributions of the
kinematic variables Q2 and W of these events are shown too. As already mentioned
a dedicated study has provided a set of parameter, which describe the data best.
They were determined by fitting the FPC energy spectrum distribution with the
Monte-Carlo spectrum reweighted according to Equation (4.3). The values are given
in Table 7.1 as well as the part of the formulae where they appear. A good agreement
with the data is obtained.
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Figure 7.1: Comparison between data and the GRAPE QED Monte-Carlo simulation
for two-track events at high invariant masses, Minv > 4 GeV. Histograms corresponds
to the combined samples of elastic and proton-dissociative events. The upper row
describe the positive leptons from J/ip decays. The lower row the J/iß itself.

a)

Figure 7.2: Schematic representation of proton-dissociative events with the excita-
tion into: (a) a low mass MY system, which is indistinguishable from exclusive J/ip
production in the detector (b) a high mass My system with the cuts indicated used
to select the proton-dissociative sample.
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Figure 7.3: Comparison between the proton-dissociative sample and the EPSOFT
Monte-Carlo [69], for (a),(b) energy distributions in the FPC and FCAL correspond-
ing to the dissociated proton and (c),(d) kinematic variables. The shaded histogram
represents the non-resonant QED Bethe-Heitler background, ep —> eYl+l~ , simu-
lated with GRAPE- Dilepton [68].

7.2.2 The FPC Tagging Efficiency

The tagging efficiency of the FPC is defined through the cut on the deposited energy
of 1 GeV in the FPC. It is calculated in Monte-Carlo simulation:

Number of events with EFpc > 1 GeV
Total number of events

With the used EPSOFT Monte-Carlo the efficiency is found to be 32 ± 3%.

(7.1)

parameter
^(GeV-1

n
Ö

formula
exp(—b\t\)

w»+Q2T

value
0.81 ±0.25
2.57 ±0.67
0.61 ±0.4

Table 7.1: Parameters used to reweight the EPSOFT Monte-Carlo [70] and their
appearance in the formulae.
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1*1bin (GeV2)
0.0-0.1
0.1-0.2
0.2 - 0.4
0.4-1.0

/ i
0.05
0.11
0.21
0.20

vdiss

±
±
±
±

0.02
0.04
0.05
0.05

1 -
0.95
0.89
0.79
0.80

Jpdiss

±
±
±
±

0.02
0.04
0.05
0.05

Table 7.2: Fraction of the proton-dissociative events in bins of
e p ^ e J/ip p cross-section, da/d\t.

used to calculate

7.2.3 Determination of fpd,Itss

The fraction fpdiss of the proton-dissociative events in the sample of exclusive J/ip
events is determined using the following procedure. The fraction fvis of events "visi-
ble" with the FPC is given by the total sum including the non-visible fraction fpdiss

multiplied with the FPC tagging efficiency eppc'-

(7.2)fvis — £ FPC {fvis + fpdiss)

So the fraction of non-visible events is:

Jpdiss == Jvis\ (7.3)

Using the dissociative data sample and the efficiency from the Monte-Carlo simulation
one obtains:

fpdi$$ = 14.2 ± 2.0(stat.)ttH(syst.)

This is in agreement with the value obtained for the J/ip photoproduction, 17.5+3;°% [8].
This value of fpdiSS is used to subtract the proton-dissociative background in bins of
Q2, W and helicity angles of the J/ip decay, assuming the same dependence on these
variables for ep —> epJ/ip and ep —>• eYJ/tp cross-sections.

Figure 7.4 shows the fraction fPdiSS as a function of these variables. There is no
dependence of fPdiss o n Q2 and W while the ratio increases approximately linearly
with \t\. This comes from the different b slopes of t dependence for exclusive and
dissociative Jji\) production. Hence, the fraction fPdiSS is evaluated in bins of \t\. The
resulting values are presented in Table 7.2 and shown in Figure 7.4c.

7.3 Contribution from ip(2S) Production

Events from exclusive ip(2S) production contribute to the final J/iß event sample
through decays into a J/xß meson and neutral particles with the branching ratio of
(24.6%). The process is dominated by the following decay:

->
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°o o.i

Figure 7.4: Ratio of proton-dissociative to exclusive events as a function of a) Q2,
b) W and c) t. The distributions are not corrected for the inefficiency of the FPC.

with a branching ratio Br = 18.8 ± 1.2% [58],
The energy of the pions in this three-body decay is low, because of the small mass

difference of 590 MeV between the ip{2S) and the J/tp meson. The pions decay in
98.8% into two photons of low energy.

There is a high probability that these events are not rejected by the elasticity
cuts (Section 6.2.5). Even if the pions are detected by the calorimeter their energy
deposits are at the noise level of the calorimeter and therefore below the cuts.

The fraction /*(2s) of events in the invariant mass range is estimated using DIF-
FVM Monte-Carlo (Section 4.2.3):

(7.4)

where ^2H _ Q.166 -j- 0.013 is the measured cross-sections ratio [951.

The assumption is made that the cross-section dependences on Q2, W and t for
the exclusive $(2S) and J/ip electroproduction are the same. Therefore only one
constant fraction from iß(2S) events of /*(2S) = 1-8 ± 0.2% is subtracted.

7.4 Pionic Background
The lepton identification described in Section 5.5.1 for the decay leptons is limited in
purity. There are events in the final sample where pions are misidentified as muons
or electrons. These pions originate from events of non-resonant di-pion production
ep -> epTT+ir~ or from other hadronic final states with higher particle multiplicity.
Since this source of background cannot be simulated by Monte-Carlo generators its
contribution is estimated using data.

Events are selected according to the procedure described in Chapter 6. Except
that none one of the two Jjij) decay tracks is identified as an electron or a muon. The
invariant mass distribution of these two-pion events is shown in Figure 7.5a. The
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data are compared to Monte-Carlo events generated for signal and QED background
events corresponding to misidentified electrons and muons. After subtracting the
Monte-Carlo expectations the data show a non-resonant exponential distribution. For
events with invariant masses in the window 2.6 < Minv < 3.4 GeV the distribution of
the kinematic variables are shown in Figure 7.5.

2.2 2.4 2.6 2.8 3 3.2 3.4 3.6 3.S 4
invariant mass (GeV)

2.2 2.4 2.6 2.8 3 3.2 3.4 3.6 3.8 4
invariant mass (GeV)

Figure 7.5: Invariant TT+TT" mass distribution for the selected ep —>• ep-K+iv events.
In a) the contributions from the signal J/ip and the QED background Monte-Carlo
simulations where the electrons or muons are misidentified as pions, are also shown.
The MC distributions are normalised according to the procedure described in Sec-
tion 6.5. b) shows the invariant distribution after the subtraction of the misidentified
leptonic events, estimated using the Monte-Carlo simulations from Figure a).

In order to determine the normalisation of the pionic background fits to the in-
variant mass spectrum of the final event sample using the invariant mass spectrum

events, are carried out. The following ansatz is used:Of t h e 7T+7T

(7.5)

where i is the bin number, a and b are free parameters and Nj07""1/^ and N^m are the
number of J/ip Monte-Carlo and pionic background events in the i-bin, respectively.
NBH corresponds to the number of QED Bethe-Heitler events in the Monte-Carlo
sample normalised to the luminosity of the data. The fits are done separately for the
electron and muon decay channel and shown in Figure 7.6.

For the muon decay channel the contribution of pionic background events obtained
in the corresponding J/tp mass window, 2.8 < Minv < 3.4 GeV, is found to be 0.7 ±
0.2%. For the electron sample the obtained number for pionic events in the mass
range 2.6 < Minv < 3.4 GeV is 2.8 ± 0.4%. The pionic background determined in this
way is subtracted in bins of Q2, W, t and the helicity angles.
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Figure 7.6: Fits of the Monte-Carlo simulations and the invariant pionic mass
distributions to the invariant mass distribution of a) final muon event sample and b)
for final electron sample.
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Measurement of Cross-Sections

The ep cross-section is extracted separately for each decay channel (J/ifi —> e+e ,
J/ip —>• ß+ß~~ ) in bins of kinematic variables using the formula:

7V- — NBH — Nnn

' l l (1 / ) ( 1 / W (8-1)

where i is the bin number, Ni is the number of events after all selections in the i-th
bin, N?H the number of estimated QED Bethe-Heitler events, N[n the number of
estimated pionic events, A4 the acceptance, £ luminosity and B the branching ratio
for the J/ip decay channel [96], fpdiss is the fraction of proton-dissociative events and
fip(2S) is the fraction of tp(2S) events.

The number of events is determined by counting the events in the J/tp mass
windows: 2.8 < M^f < 3.4 GeV and 2.6 < M^f < 3.4 GeV for the decay
channels (Section 6.5).

The 7p cross-section is evaluated at the mean values of the generated Q2 and W
in each bin. The relation between 7p cross-section and the ep cross-section is given
by the photon flux:

where $« is the effective photon flux, including the bin-centre correction. It is calcu-
lated by integration of Equation (3.16) over the i-th bin:

LW dQ*dW{^)TT{^)o^{Q\ W)

The dependences of a]p(Q2, W) and R = OL/VT from Q2 and W have to be known
to carry out the integration. For the j*P cross-section, a]P(Q2, W), Equation (4.1) is
used with the parameters n — 2.5 and 6 = 0.75 (see Section 4.1). The (2W/s) term
in Equation (8.3) originates from changing the integration variable from y to W.
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The measured cross-sections using Equation (8.1) include contributions from higher
order QED processes as shown in Figure 4.1. For comparison with predictions the
cross-sections are corrected to the QED-Born level according to the formula:

aBorn = arad^ _ grad)

where i denotes the bin number, o\ad is the measured radiative cross-section and
is the radiative correction. The corrections S[ad for each bin are determined with the
HERACLES 4.6.1 generator [61] by taking the ratio of cross-sections generated with
and without contribution from higher order QED processes. The radiative corrections
range from 1% to 10% (on average 5%) depending on the kinematic region.

The cross-sections are extracted for the electron and the muon decay channel
separately. The final measurement is the weighted average of both channels.

8.1 Binning

Due to limited data statistics the sample has to be divided in bins of the kinematical
variables. For this analysis the binning is chosen so that the number of events in
each bin is approximately 30 — 60 providing a statistical error of the order of 8% on
average.

Other criteria for the choice of the binning are the purity, Pi, and the acceptance,
A4 in the i-th bin, which are defined as follow:

Number of events reconstructed in the i-th bin . .
1 Number of events generated in the i-th bin

Number of events generated and reconstructed in the i-th bin ,
Number of events reconstructed in the i-th bin

They were calculated using the ZEUSVM Monte-Carlo. For each bin the values of
Ai and Pi are given in Tables ??, ?? and ?? (see Appendix A).

High purity (Pi ~ 80 — 90%) is related to a very good resolution in the kinematic
variables Q2, W and |£|. Figure 8.1 shows how the acceptance rises with W and Q2

varying from 0.1 to 0.7.
For electron events a sufficiently high acceptance is provided in the entire W range

of the measurement, 30 < W < 220 GeV, where the one-track events populate the
regions of low and high W.

In the following the binning used for the extraction of the cross-sections as func-
tions of the kinematic variables are defined.

• For the measurement of the W dependence three Q2 bins are defined:

Q2 : 2 - 5, 5 - 10,10 - 100 GeV2

For each Q2 bin six bins of W are defined:
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Figure 8.1: The acceptance as a function of W and Q2 for the muon (a) and the
electron (b) decay channel.

- for 2 < Q2 < 5 GeV2

bins of W : 30 - 45,45 - 70,70 - 90,90 - 112,112 - 145,145 - 220 GeV

- for 5 < Q2 < 10 GeV2

bins of W : 30 - 50,50 - 74, 74 - 96, 96 - 120,120 - 150,150 - 220 GeV

- for 10 < Q2 < 100 GeV2

bins of W : 30 - 55,55 - 78,78 - 100,100 - 124,124 - 155,155 - 220 GeV.

• For the measurement of the Q2 dependence of the cross-section seven bins of
Q2 are defined:

Q2 : 2.0-3.2,3.2-5.0,5.0-7.0,7.0-10.0,10.0-15.0,15.0-40.0,40-100GeV2

The W range for this measurement reflects the geometrical acceptance of the
CTD and is defined as: 45 < W < 160 GeV for the two-track muon sample
and 30 < W < 220 GeV for the two-track and one-track electron samples. The
statistical error of the measurements amounts to approximately 8% per bin.
For each bin the purity is high (P > 90%) and the acceptance increases with
Q2 varying from 0.15 to 0.65 (see Table ??).

• The number of bins used in this analysis to extract the cross-sections as a
function of \t\ is limited by the resolution of this variable. Four bins are defined:

|t| : 0 - 0.1, 0.1 - 0.2,0.2 - 0.4,0.4 - 1.0 GeV2

The W ranges are: 45 < W < 160 GeV for the muon and 30 < W < 220 GeV
for the electron decay channels. The purity in those bins is shown in Figure 8.2a
and amounts to 50% for the ß+/j,~~ decay channel and 40% for the e+e~ decay
channel. The acceptance averaged over Q2 increases with \t\ varying from 0.25
to 0.4 (Figure 8.2b). The relatively low purity in |£| bins (w.r.to Q2 and W)
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Figure 8.2: Purity and acceptance in bins of |i|.

due to migration effects is related to the worse |i| resolution dominated by
the reconstruction of the position of the scattered electron and the momenta
of decay leptons which is more pronounced for electron decay channel due to
bremsstrahlung of the final state electrons, e —> ej.

8.2 Systematic Uncertainties

The systematic uncertainties of the measured cross sections are determined by chang-
ing the selection cuts or the analysis procedure in turn and repeating the extraction
of the cross sections. The difference between the now resulting value of cross-section
and the nominal value is used as an estimator for the systematic uncertainty. The
following sources of systematic uncertainty are taken into account. The numbering
in the following section corresponds to the bins in the plots in Chapters 8-11.

• l)the trigger uncertainty: the tracking conditions were removed from the first
trigger level and only the energy deposit of the scattered electron was required.
The corresponding uncertainty was on average 2.4 %.

• 3,4 the energy of a scattered electron measured in CAL was changed by ±2 %
resulting on average in an uncertainty of 0.7 %.

• 5 - 8) the fiducial volume cut on the electron position was changed by ± 1 cm.
The SRTD alignment was changed by ±2 mm along the Y axis. The corre-
sponding average uncertainty was 4.5 %. The highest value of 11 % was found
for the lowest Q2 bin.

• 9,10) the E — pz range of the analysis was extended in both directions by 3 GeV
resulting on average in an uncertainty of 0.7 %.
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• 11) the definition of elasticity cut was changed from island level to cell level
resulting on average in an uncertainty of 1.1 %.

• 12) the cut on pT of tracks was increased to 0.25 GeV resulting on average in
an uncertainty of 0.3%.

• 13) the cut on the number of CTD superlayers crossed by the track was increased
from 3 to 4 resulting in 3.2 % uncertainty.

• 14) the cut on transverse position of the reconstructed vertex: 0.6 cm was
changed by ±0.1 cm resulting on average in an uncertainty of 0.5 %.

• 15) the distance of the closest approach (DCA) between the CAL islands and
the CTD track direction was changed from 25 cm to 20 cm resulting on average
in an uncertainty of 0.3 %.

• 16) the selection of the electron and muon samples were changed varying the
cuts on EEMC/E ratio by ± 0.05. The corresponding uncertainty was on average
1.2%.

• 17) the mass window used for signal extraction was extended by 0.1 GeV re-
sulting in uncertainty of 1.7 %.

• 18) the cut of 0.3 GeV on CAL energy associated with the track was introduced
for two track event sample, and increased from 2 GeV up to 2.5 GeV for one
track electron sample resulting on average in an uncertainty of 0.6%.

• 19,20) the normalization of the QED background was changed by ± 10% re-
sulting in an uncertainty of 2.4 % on average. The highest value of 5 % was
found for the lowest t bin.

• 21-25) the MC model dependence: the MC parameters of the ZEUSVM sim-
ulation were varied within the range: 2.5 < n < 2.7, 0.55 < 6 < 0.95,
4.1 < b < 4.5GeV~2 (changed from nominal values by 1 a of final fit). The
resulting uncertainty was 0.7%.

• 26,27) the proton-dissociative subtraction: the mass spectrum of the dissociated
proton final state was changed by varying the ß parameter by 0.67 from nominal
value. The resulting uncertainty is on average 5 %.

• 28,29) the uncertainty of integrated luminosity: ± 2.25 % was applied.

• 30,31) the uncertainty of branching ratios: ± 1.7% was applied.

The total systematic uncertainty was determined by adding the individual contribu-
tions in quadrature, which is on average 10.4%.
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8.3 Dependence on W

The dependence of the cross-section of exclusive ep —>• e J/ip p on W is measured
covering the kinematic ranges 2 < Q2 < 100 GeV2, \t\ < 1 GeV2 and 30 < W <
220 GeV. Figure 8.3a presents the cross-sections separately for both decay channels.
Due to the geometrical acceptance and the event topology (Section 5.1.1) highest and
lowest value in W can only be measured in the electron channel. In these bins the
fraction of one-track events is approximately 50%. For the medium bins of W a good
overall agreement between both channel is obtained. The weighted mean of both
channels form the final cross-section presented in Figure 8.3b. The inner error bars
correspond to the statistical errors, the outer error bars were obtained by adding the
systematic errors in quadrature. All values are listed in Table ??. The contributions
to the systematic error are described in Section 8.2 and shown in Figure 8.7. For
most of the bins the systematic uncertainties are smaller than the statistical ones,
marked with dashed horizontal lines.

The combined cross-sections of this analysis are compared with the results of the
previous ZEUS measurement from the year 1995 [97] in Figure 8.3b. The previous
cross-section was measured at Q% = 3.5 and 13.0 GeV2 and was interpolated to the
values of Q2 used in this analysis, Q2 = 3.1 and 6.8 GeV2, using the Q2 dependence
of the cross-section measured in 1995, (Q2 + Mjfi))-

n, with n = 1.6 ± 0.2. The

measurements in 1995 were based on an integrated luminosity of 6pb~x while this
analysis can use a ten times higher statistics. Hence, the fair agreement is acceptable,
although in the lower Q2 bins the ZEUS95 points are systematically below the cross-
sections from this analysis.

In Figure 8.4 the cross-sections measured in this analysis are plotted together
with the ZEUS results for Q2 = 0 (photoproduction) [6], Q2 = 0.4GeV2using the
Beam Pipe Calorimeter (BPC) [98] and the results of the HI collaboration for photo-
and electroproduction of J/ip mesons [2] [3]. HI data points were measured at Q2, =
3.5,10.1 and 33.6 GeV2 and were interpolated to the values of Q2 of this analysis,
using the Q2 dependence measured by HI, (Q2 + M2^)~n, with n = 2.38 ± 0.11. In
general, a reasonable agreement between ZEUS and HI is observed. However there
are also significant differences at small W and high Q2.

In each Q2 bin the functional form a oc Ws is fitted to the ZEUS data. The
results of the fit are shown in Figure 8.5 and are listed in Table ??. The systematic
uncertainties are determined by repeating the fits to the cross-sections evaluated for
each uncertainty source listed in Section 8.2. In addition, the values of 8 obtained by
HI at Q2 — 0.0,3.5 and 10.1 GeV2 are shown in Figure 8.5. No significant variation of
8 with Q2 is seen. The mean value of 8 is O.73±O.ll(stat.)lo;og(syst.). ^ is consistent
with the values found for J/ip photoproduction, 8 = 0.69 ± 0.02 [6, 1].

In addition the results for the slope 8 for exclusive p electroproduction [99] are
shown in Figure 8.6. The line in the figure indicates resulting value of 8 « 0.2 [100]
of the W dependence of the cross-section in photoproduction which can be described
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within the Regge formalism for a soft Pomeron exchange. The parameter 5 rises with
Q2 reaching a value of 5 « 0.7 at high Q2 « 20 GeV2. The rise of 5 with Q2 can be
interpreted as the transition from a soft scattering process in photoproduction to a
hard scattering process at high Q2. Colour dipole models suggest a similar slope for
the J/ip production (see Section 9.1) and p° production at hard scales [101].

In this measurement of exclusive J/ip production no dependence of 5 on Q2 has
been found, which indicates that the presence of an additional scale, Q2, does not
significantly modify the perturbative character of the J/ip electroproduction. The
above conclusion is supported by the measured Q2 dependence of the cross-section.
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Figure 8.3: The J/ip electroproduction cross-sections as a function of W at Ql =
3.1,6.8 and 16 GeV2: (a) separately for electron and muon decay channels (statistical
errors only), (b) combined cross-sections (inner and outer errors bars correspond to
statistical and total errors, respectively). The ZEUS 1995 results [1] are also shown.
The cross-sections have been scaled for the purpose of presentation, by the factors
indicated in brackets.
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BPC {Q2 = 0.4 GeV2 ) [98] measurements. The results of HI are also shown [3, 2],
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for the purposes of presentation, as indicated in brackets. Solid curves present fits to
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Figure 8.6: The slope 5(Q2), extracted from the fits with the form Ws to the J/ift
and the p cross-sections measured by HI and ZEUS.
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8.4 Dependence on Q2

The dependence of the cross-section of ep —> e J/ip p on Q2 in the kinematic range
45 < W < 160 GeV for the muon and 30 < W < 220 GeV for the electron decay
channel and |i| < 1 GeV2 is shown in Figure 8.8. The measured cross-sections are
quoted at Wo = 90 GeV.

The cross-sections for the electron and the muon decay channels are shown sep-
arately in Figure 8.8a. The weighted mean cross-sections are shown in Figure 8.8c
and given in Table ??. The inner error bars correspond to statistical, the outer error
bars correspond to the statistical and systematic errors added in quadrature. The
systematic uncertainties are shown in Figure 8.9. The size of the systematic errors is
comparable to the statistical error for high values of Q2. At low Q2 the systematic
effects are larger. Low values of Q2 correspond to small scattering angles. The main
uncertainties come from the fiducial box cuts around the beampipe hole in the RCAL.
For comparison the previous ZEUS measurements at Qi = 3.5 and 13.0 GeV2 [1] are
also presented in Figure 8.8b.

Figure 8.10 also contains the cross-sections measured by ZEUS in photoproduc-
tion (PHP) at Q2 = 0 and at low Q2 = 0.4 GeV2 (BPC) [98]. The results of the
HI collaboration of photoproduction [3] and electroproduction [2] are also presented.
A fair agreement in the shape of the measurements is obtained, although HI elec-
troproduction points are systematically below the ZEUS results. A propagator-like
function inspired by the VDM model [62]:

M2

m V (8-7)
is fitted to the ZEUS data including the photoproduction point. The result is shown as
solid line in Figure 8.10. The fitted parameters are a0 = 79±3nb and n = 2.44 ±0.08
with x2 /ndf = 4.1/7. The fit which takes into account both the statistical and
systematic uncertainties describes well the data. The fit is able to reproduce the Q2

dependence of the cross-section fairly well over the full Q2 range.
If the fit is applied only to the ZEUS electroproduction (Q2 > 2 GeV) mea-

surements the following values of parameters are obtained: n = 2.45 ± 0.06 and
cr(0) = 77.9 ± 3.0 nb {y^/ndf = 1.3). This result is in agreement with the ZEUS
measurement at Q2 = 0: <r(0) = 75.34 ± 4.5 nb.

The fact that the magnitude of the Jjip cross-section at Q2 = 0 can be reproduced
using the parametrisation obtained for Q2 > 2 GeV2 is in contrast to the measurement
of the p production, for which the fit with the form (Q2 + Mj^)~n is not able to
describe the data at Q2 = 0 [99, 1]. The successful description of the Q2 dependence
of the J/tp cross-section using one parametrisation indicates that a hard production
mechanism due to the high mass of Jjip mesons is dominating the production process
at all values of Q2.
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Comparison to Colour Dipole
Model Predictions

9.1 Perturbative QCD Models

Colour dipole model predictions based on perturbative QCD are used to describe
exclusive vector meson production if a hard scale is present [6]. In Section 3.6 the
basic principles of such models were introduced already.

In the model calculations it is assumed that the reaction factorises. Hence, the
scattering process can be separated in several steps :

• The photon emitted from the electron fluctuates into a qq state. This qq pair
subsequently interacts with the proton through the exchange of gluons in a
colour-singlet configuration. The transverse size of the qq pair depends on Q2

and on the quark mass. This part of the reaction can be calculated perturba-
tively. Since the models exist so far only in leading order (LO) several methods
are used to correct the LO cross-sections.

• After the interaction the colour dipole might form a vector meson. The wave
function of the J/ip meson can be calculated using e.g. a relativistic potential.

• The cross-section depends on the momentum distribution of the gluons in the
proton which are considered to be known from measurements. The available
sets of parton density parametrisations were discussed in Section 3.3.

In the following the models which provide predictions for exclusive Jjip production
are briefly introduced.

9.1.1 FKS Model

In the Frankfurt-Koepf-Strikman (FKS) model [9] calculations are performed in the
leading asln(Q2) approximation. They use gluon distributions from CTEQ4L [102]

100
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and extend the calculations of Brodsky et al. [57] for heavy vector mesons and apply
higher order corrections. In the FKS model the scale, q2, at which as and gluon
densities are calculated is related to the transverse size of the dipole. It is obtained
by the so-called rescaling of the hard process:

where < ö2
L > and < b^v > are the effective sizes of the qq pair for the longitudinal

photon and the vector meson. The J/ip wave-function is based on a non-relativistic
potential and accounts for the Fermi motion of quarks in the vector meson. The cross-
section for transversely polarised photons, o^, is evaluated in terms of the longitudinal
cross-section, c^, and the QCD inspired parametrisation of R = OL/VT-

The prediction of FKS for the energy dependence of heavy vector meson produc-
tion (J/ip (cc) or T (bb)) is:

a oc W0-7'0-8 (9.2)

which is significantly steeper than expected from Regge theory. This value is given
already for photoproduction (Q2 ~ 0) where a hard scale is provided by the vector
meson mass.

9.1.2 MRT Model

A detailed examination of the Q2 dependence of the cross-section reveals that there
are significant contributions from the so-called "skewed" gluon distribution, i.e. the
two gluons forming the exchanged colour singlet state carry different fractional mo-
menta of the proton, x and x': g(x,x',Q2), where g(x,x,Q2) = g(x,Q2). This is
taken into account by the model of Martin, Ryskin and Teubner (MRT) [8].

The calculations are performed in the leading asln(Q2) approximation. In contrast
to FKS they do not involve modelling of the vector meson wave function. In the MRT
model the 'yp —>• Vp process is calculated as diffractive open qq production, 7p —> qqp,
and the qq state is projected onto the J — 1" vector meson state, qq —> V, using the
hypothesis of parton-hadron duality.

The cross-sections are calculated using generalised gluon distributions (GPDs),
Hg(x, x', q2), which take into account the difference between the longitudinal momenta
of two gluons, x and x'. GPDs are estimated from conventional CTEQ4L [102] PDFs,
xg(x,q2), probed at the scale:

q2 = z{l - z)(Q2 + M2) (9.3)

where z is the fraction of photon longitudinal momentum carried by one of quarks.
For symmetric qq configurations [z = | ) it corresponds to the Ryskin formula. The
cross-section for transversely polarised photons is calculated leading to the prediction
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for the ratio of OL and <TT cross-sections:

where 7 is the effective anomalous dimension of gluons xg(x, q2) oc ar7(<?2)7 deter-
mined from GPDs.

9.1.3 GLLMN Model
Gotsman et al. (GLLMN) [103] have presented a dipole model where the cross-section
is expressed as convolution of the wavefunction of the virtual photon, the dipole
scattering amplitude and the J/ip wavefunction. The dipole scattering amplitude
is estimated at leading order of as ln(l/:r) as the solution of the BFKL evolution
equation, including both the linear terms due to parton splitting and nonlinear terms
due to recombination of partons at the high-density QCD region at low x. The J/ip
wave function is estimated in the non-relativistic approximation.

9.2 Comparison of Model Predictions to the Data

The W and Q2 dependence of the cross-sections ô otf ~̂  measured in this analysis
are compared to the QCD predictions in Figure 9.1. As the full NLO corrections have
not yet been estimated all the models have significant normalisation uncertainties.
Therefore the normalisations are fixed using the ZEUS photoproduction data at W =
90 GeV; the different normalisation factors applied to the predictions are indicated in
the figure. The gluon PDFs ZEUS-S [43] for MRT and CTEQ4L [102] for FKS were
used. The Q2 dependence of S is compared in the insert in Figure 9.1a. All models
predict a rise of the cross-section with increasing W and have a Q2 dependence similar
to that of the data. This rise is steeper than predicted by the Regge theory. It can
be explained by the steep increase of the gluon density in the proton towards low x
(Section 3.3).

9.3 Comparison with MRT Predictions for Differ-
ent PDFs

The MRT model was used to test three different gluon distributions: MRST02 [45],
CTEQ6M [50] and ZEUS-S [43], obtained from NLO DGLAP analyses of structure
function data. Again the predictions were normalised to the ZEUS photoproduction
measurement at W = 90 GeV. The different normalisation factors are: 2.98 for
MRST02, 2.22 for CTEQ6M and 1.49 for ZEUS-S.

Figure 9.2 compares the data with these predictions. While CTEQ6M describes
the W and Q2 dependence of the data fairly well, MRST02 has the wrong shape in
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Figure 9.1: The exclusive J/ip electroproduction cross-section (a) as a function of
W for five values of Q2 and (b) as a function of Q2 evaluated at W = 90 GeV.
The ZEUS measurement at Q2 — 0 is shown as well. In the insert, the parameter
5(oc Ws) is shown as a function of Q2. The curves represent the predictions of the
QCD models: FKS, MRT and GLLMN normalised to the ZEUS PHP at W = 90
GeV.
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Figure 9.2: The exclusive J/ip electroproduction cross-section (a) as a function of
W for five values of Q2 and (b) as a function of Q2 evaluated at W — 90 GeV.
The ZEUS measurement at Q2 = 0 is shown as well. In the insert, the parameter
5(<x W5) is shown as a function of Q2. The data are compared to the prediction of
MRT obtained with different parametrisations of the gluon densities and normalised
to the ZEUS PHP at W = 90 GeV.
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W, particularly at low Q2. ZEUS-S describes the W dependence but falls too quickly
with increasing Q2.

The data exhibit a strong sensitivity to the gluon distribution in the proton.
However, full NLO calculations are needed in order to use these data in global fits to
constrain the gluon density.
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Dependence on t

The differential cross-sections of ep —> e J/tp p as a function of \t\ in the kinematic
range 45 < W < 160 GeV for the muon and 30 < W < 220 GeV for the electron decay
channel and 2 < Q2 < 100 GeV2 are shown in Figure 10.1. Figure 10.1a shows these
cross-sections for the electron and the muon decay channel separately. A straight
line fit indicates the consistency between them. The weighted mean values of the
cross-sections are shown in Figure 10.1b and given in Table ??. The inner error bars
are the statistical errors, the outer error bars correspond to statistical and systematic
errors added in quadrature. The systematic uncertainties are shown in Figure 10.2.
The size of the systematic errors is comparable to the statistical errors. The main
uncertainties come from the fiducial box cuts around the beampipe hole in the RCAL
and the reconstruction of the scattered electron.

A function of the form

da da
ebt (10.1)

t=o

is fitted to the data and the results of the fit are represented by the solid line in
Figure 10.1c. The fit yields the following parameters: b = 4.72 ± 0.15 GeV~2 and
da/d\t\t=0 = 95.2 ± 4.9 nb GeV"2 {x2/ndf = 1.2). The value of the slope b is in agree-
ment with the previous ZEUS measurement: b = 5.1 ± 1.1 GeV~2(stat.) ± 0.7(syst.)
performed in the kinematic range, |t| < lGeV2 , 2 < Q2 < 40 GeV2 and 55 < W <
125 GeV.

The slope of the exponential dependence, b, is related to the transverse size of
the interaction region (Section 3.4 ). For the exclusive J/ip production it can be
expressed in terms of the proton and the vector meson radii, Rp and Rj/^p:

(10.2)

Since the obtained value of b implies a radius of 0.9 fm, which is compatible with the
proton size [104], there is little space for a contribution from the transverse size of
the J/i/> meson. The latter is estimated to be b w 0.3 GeV2 [9, 105].
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Figure 10.1: The differential J/ip electroproduction cross-sections as a function of
|i| (a) for the electron and the muon decay channel separately (only statistical errors
are shown), (b) the combined cross-sections, the solid and dotted lines represent the
results of the fit with the exponential and double exponential functions, respectively.

Under the assumption that the t dependence of the cross-section is given solely
by the gluon distribution in the proton, the cross-section may also be fitted using the
elastic form factor suggested by the two-gluon exchange [105]:

da da
dt ~ dt

(10.3)

The result of this fit is shown by the dotted curve in Figure 10.4. The following
parameters have been extracted from the fit: m2

g = 0.55±0.02 GeV2 and dafdt\t=o =
114.9±7.1 nb/ GeV2. The value of the forward cross-section, ds/dt\t=0, is significantly
higher than that obtained using the exponential function.

10.1 b Slope Dependence on Q2

The Q2 dependence of the b slope is studied by measuring the cross-sections in three
bins of Q2. The differential cross-sections da/dt are shown in Figure 10.3a-c and listed
in Table ??. The solid lines are the fits performed according to Equation (10.1). The
resulting values of the parameter b are plotted in Figure 10.3d as a function of Q2

together with the ZEUS measurement at Q2 = 0 [6] and the HI measurement at
Q2 = 8 GeV2 [2]. The line in Figure 10.3d represents the value of b = 4.5 ± 0.2 GeV"2

obtained as average of the Q2 bins. No significant Q2 dependence is seen over the
measured range of Q2. The values of b are also listed in Table ??.
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The absence of a Q2 dependence in the J/ip electroproduction is in contrast to the
results of exclusive p electroproduction, where the b slope decreases with Q2 starting
from b & lOGeV2 at Q2 = 0 [56] and reaching a value consistent with that of J/ip
meson approximately at Q2 = 20GeV2 [99], as shown in Figure 10.5.
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single exponential function given by Equation (10.1), (d) the values of b slopes as a
function of Q2, compared to the result of the ZEUS photoproduction measurement [6]
and the HI measurement at Q2 = 8 GeV2 [2]; the solid line corresponds to the average
value of b calculated using all data.



10.1. b Slope Dependence on Q2 111

I ' ' ' ' I ' ' ' T - p i I I I I I I - I 1 I I . I I I I M I I I I

combined channel

— Fit exp(-bt), b = 4.65t0.2 GeV2

Fit (1-t/n^g)"" , rr^O.57 ±0.07 GeV5

i i , i I i , , i I i i , i I i , i i I i i , i I i i , i I i i i i I i i i i I 1 1 1 1 1 1 1 1 1

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
|t| (GeV2)

Figure 10.4: The differential J/ip electroproauction cross-section as a function of
|t|, the solid and dashed lines represent the results of the fits with the exponential
function and with the two-gluon form-factor given by Equation 10.3, respectively.

5 12 -

10

8

6

4

2

_, . . .
-

— 1

j

' * 0
$

1

• this analysis

i
i

i
—$--

i . . . . i

* ZEUSPhPJ/y

• H1 Ji|»

i

0

D

i . . j

ZEUSp
H1p

• • • • .

-

—

T -
10 15 20 25

Figure 10.5: The values of the slope parameter, b(Q2), extracted from the fits with
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10.2 Effective Pomeron Trajectory
Soft diffractive processes are described by Regge phenomenology (Section 3.4) in
terms of the exchange of a Pomeron trajectory a]p{t). In hard interactions, which are
short-range and so it is not " natural" to apply Regge phenomenology, the parametri-
sation of an effective Pomeron trajectory can still be extracted. The J/ip DIS data
is analysed in this way, too. In the Regge formalism the differential cross-section can
be expressed as:

~ oc W^x>V-V (10.4)
at

where the trajectory OLJP is parametrised usually as

ap(t) = ajp(0) + a'jpt (10.5)

This formula can be derived from the Equations (3.21, 3.23) [53]. The effective
Pomeron trajectory is determined by fitting Equation (10.4) to the differential cross-
sections at different t values. Since the proton-dissociative process has the same
W dependence as the exclusive process (Section 7.2), the extraction of as> is not
sensitive to this background contribution, which populates predominanly the high-t
region. Therefore the analysis is extended up to \t\ — 2GeV2.

The measurement is performed in four bins of |£| and six bins of W for each |t|
bin in the kinematic ranges given by 2 < Q2 < 100 GeV2, 30 < W < 220 GeV and
|i| < 2 GeV2. The cross-sections are shown in Figure 10.6 for the electron and the
muon decay channels separately as well as combined at medium values of W, where
measurements in both decay channels are available. Solid curves represent the re-
sults of fits to the combined cross-sections with the form given by Equation (10.4).
The extracted values describing the Pomeron trajectory are four values of ajp(t) at
the values of |i| as listed in Table 10.1 and presented in Figure 10.7. The corre-
sponding systematic uncertainties are shown in Figure 10.9. All systematic effects
are smaller than the statistical uncertainties of the measurement. The parameters of
the trajectory are determined from a linear fit (Equation (10.5)):

aP(0) = 1.20 ±

= 0.07 ± O.O5(stat.)l£o4(syst.)

These values are in good agreement with the ZEUS results from J/tp photoproduc-
tion [6]: ajp{0) = 1.200 ± 0.009 and dw = 0.115 ± 0.018 GeV2.

In addition this measurement can be compared with the parametrisation of the
soft Pomeron exchange, ajp(t) = 1.0808 + 1.25 -t, extracted by Donnachie and Land-
shoff (DL) [106] from fits to low energy hadron-hadron total cross-sections (Sec-
tion 3.4) with results of the exclusive p photoproduction, ajp(0) — 1.096 ±0.021 and
a'jp = 0.125 ± 0.038 GeV2 [100] and with results of the exclusive p electroproduction,

= 1.14 ± 0.01 and a'jp = 0.04 ± 0.07 GeV2 (2 < Q2 < 40 GeV2, 32 < W < 160
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tron decay channels, separately (left column) and combined cross-sections with the
solid lines describing the results of the fits with the formula given by Equation (10.4)
(right column).

GeV, \t\ < 0.6 GeV2 ) [107]. The parameters change as a function of Q2 and the
vector meson mass indicating that there is no universal Pomeron exchange.

The value of the Pomeron intercept, ajp(O), is higher for the J/ip meson than
obtained from the DL fit or from exclusive p electroproduction. In Regge phe-
nomenology this parameter is responsible for the rise of the cross-section with W,
8 « 4[a2p(0) — a'jp/bo — 1] (see Section 3.5). The high value observed for Jjtp mesons
has been explained by the enhanced gluon distribution in the proton at low x.

The value of Pomeron slope, a'p, is lower for the J/ip meson, compared to the
value obtained from DL fit and comparable with the result for the p electroproduction.
This parameter describes the W dependence of the slope parameter b, b(W) = b0 +
ia'jpln(W/Wo), where bo denotes the transverse size of the interaction b0 = 2(Ba+Bb)
according to Equation (3.27). The lower value of otjp obtained for the J/ip meson
corresponds to less shrinkage. This result supports the expectations of QCD models
which predict little or no shrinkage if a hard scale is present in the interaction. The
hypothesis of absence of shrinkage however cannot be tested precisely in this analysis
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because of insufficient amount of the data.

t
(GeV2)

-0.046
-0.186
-0.483
-1.123

Q2

(GeV2)

2 -100

(Q2)
(GeV2)

6.8

aip(t)

1.22 ± 0.04+^
1.17±O.O4lS.o|
1.17 ± 0 . 0 3 + ^
1.13±0.04i8;°4

Table 10.1: The Pomeron trajectory otip{t) measured in four t bins, averaged over
the range of Q2. The first uncertainty is statistical and the second systematic.
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Chapter 11

Decay Angular Distributions

The study of the angular distributions of the J/tß decay provides information on
the photon and J/tß polarisation states. In general, the angular distributions of
lepton pairs from the J/tß decay depend on three helicity angles, W (cos Oh, 4>hi®h),
and can be described by a spin-density matrix containing 15 independent parameters
(Equation (3.33)). The angles (ßh and $h are correlated according to * = <f>h —
$/j. The angular distributions can be described by two helicity angles only (see
Equation (3.38)) and W(cos6h,^) is analysed according to Equations (3.42 and 3.43).

In this analysis it is assumed that the J/tß meson retains the helicity of the virtual
photon, i.e. s-channel helicity is conserved and W(cos0/j,\l/) is analysed according
to Equations (3.42 and 3.43). In this case only three of the 15 spin-density matrix
elements are non-zero: r^ , r\_1 and rf0 . Moreover r^ and rj_x are related to each
other by Equation (3.40) and r ^ provides a measurement of the ratio of cross-sections
of longitudinal to transverse polarised photons R = OL/OT (Equation (3.44)).

The statistics of events in this analysis is not sufficient to test s-channel helicity
conservation (SCHC) thoroughly. However the SCHC assumption was confirmed for
p electroproduction. There it was shown that the values of R derived from the SCHC
hypothesis and those obtained without assuming SCHC differ by less than 3% [108].

11.1 Angular Resolution and Purity

In this section the resolution power and the purity in the reconstruction of the decay
angles is studied. Based on this information the binning for the angular distributions
is chosen.

The resolutions for the helicity angles, cos9h, <f>h, §h, \P, are determined us-
ing Monte-Carlo simulated events calculating the difference between true and recon-
structed values. The results are shown separately in Figure 11.1 for the two-track
muon, two-track electron and the one-track electron samples. The resolution of cos Oh
is approximately one third of the resolution of the <ßh and $/,, angles. This comes from
the uncertainty of the position reconstruction of the scattered electron. This effect

117



118 Chapter 11. Decay Angular Distributions

cancels out for the ̂  angle.
The purity (Equation (8.6)) for cos9h and \&, shown in Figure 11.2, is above 85%

within the entire kinematic range in Q2, W and \t\. The purity in the cos 6^ bins for
the electron decay channel is slightly lower than for the muon decay channel, which
is caused by smearing due to bremsstrahlung from the decay electrons.
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(upper row) and electron event samples (lower row). The angles are given in degrees.
The curves represent the fits with a double Gaussian distribution, the parameter a
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11.2 Differential Cross-Sections da/dcos9h and

The analysis of the angular distributions has been performed in the same kinematic
range as the cross-section measurements: 2 < Q2 < 100 GeV2, \t\ < 1 GeV2, 30 <
W < 220 GeV for electron and 445 < W < 160 GeV for muon decay channel events.

The differential 7*p cross-sections are measured as a function of cos Oh and ̂  in
three bins of Q2, five bins of W and four bin of |t|. For each bin in Q2, W and t five
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for the entire

bins of equal width are defined for the cos 9h distribution and six bins of equal width
for the \& distributions.

Figure 11.3a-c show the cross-sections dojdd for the electron and muon decay
channel separately. Both channels agree fairly well. The weighted mean of the mea-
surements is presented in the Figure 11.3d-f. The corresponding measurements for
the do/dft cross-sections are shown in Figure 11.4a-f. The differential 7*p cross-
sections da/d cos 9h are measured in bins of W and are shown in Figure 11.5a-e.
Finally Figure 11.6a-d show the cross-sections da/d9 in four bins of \t\.
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11.3 Spin-Density Matrix Elements r[jo and r\^

The fits to the data according to Equations (3.42) and (3.43) provide the spin-density
matrix elements r^ and r\_x , respectively.

The fits with Equation (3.42) are performed in each bin of Q2 in order to extract
the Q2 dependence of the spin-density matrix element r°o • The normalisation of
the distributions is a free parameter. The results of the fits are represented by solid
curves in Figure 11.3d-f. The measured values of the matrix element r ^ are shown in
Figure 11.3g as a function of Q2. The dotted curve is introduced to guide the eye and
corresponds to the prediction which assumes the SCHC hypothesis (Equation (3.39)).

In Figure 11.4 the fits according to Equation (3.43) are performed for each bin
of Q2 in order to extract the spin-density matrix element r}_1 . The normalisation
of the distribution is used as a free parameter. The values of r j _ ! are shown in
Figure 11.4g as a function of Q2. The dotted curve corresponds to the prediction of
SCHC (Equation (3.39)) and is plotted to guide the eye.

The values of the spin-density matrix elements r ^ and r j_ l 5 determined by the
fits, are given in Table 11.1. If s-channel helicity is conserved the spin-density matrix
elements r ^ and r\_i are related according to Equation (3.40). In order to verify
the validity of this relation it is extended according to:

Asc*c = rU-^ ( l - rgS) (11.1)

ASCHC is determined as a function of Q2. The results are presented in Figure 11.7 and
given in Table 11.1. The results confirm the SCHC hypothesis. This is in agreement
with measurements of proton-dissociative J/ip photoproduction by ZEUS [109] and
HI [110] as well as QCD expectations, which predict the violation of SCHC but only
for light vector mesons [111].
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Q2

(GeV2)
2 - 5
5 - 10

10 -100

(Q2)
(GeV2)

3.1
6.8
16

r04
'00

0.12 ± 0.08+.^
0.25 ± 0 . 0 9 1 ^
0.54 ±0.10+.^

ri-i

0.34 ± 0 .09+^
0.44 ± 0.09+^7
0.26 ± 0.09t0

0f4

R = OLJOT

0.13 ±0.11+^6
0.33±0.16to:J?
1.19 ± O.51±8;fS

r l - l
1 (-[ r04\
2 V1 r00J

-0.10 ± 0 .09+^

0.06 ±0.10+^6
0.03 ±0.11+[|:o2

Table 11.1: The spin-density matrix elements, r ^ and r\_x, the ratio of cross-sections
of longitudinally and transversely polarised photons, R, and tests of SCHC measured
in bins of Q2. The first uncertainty is statistical and the second systematic.

w
(GeV)

30-55
55- 80

80 - 120
120 - 160
160 - 220

(W)
(GeV)

43.5
68.1
95.6
128.1
184.4

roo

0.21±0.16+o'i8
0.24±0.13ig;}g
O.25±O.O9lo'o5
0.12±0.1lio'o5
0.36dz0.16±8;ig

R = aL/aT

0.27±0.26+o'i7
0.31±0.23+o:22
0.33±0.16lo'o7
O.14±O.15+o:o5
0.56±0.40+_^

Table 11.2: The spin-density matrix element r§o and the ratio of cross-sections of
longitudinally and transversely polarised photons, R, measured in bins of W, in the
range 2 < Q2 < 100 GeV2 at a mean value (Q2) = 6.8 GeV2. The first uncertainty is
statistical and the second systematic.

(
0
0
0
0

1*1
GeV2)

.0-0.1

.1 - 0.2

.2 - 0.4

.4 - 1.0

(

(|i|)
GeV2

0.046
0.146
0.285
0.579

)

o
0

o
0

r04
'00

.24±0.11+oo6

.36±0.13i{J:??

.19±0.10io'?2

.i6±o.ioig:8|

R = aL/aT

O.31±O.19lo1o
0.56dz0.30io:2o
0 23±0 15+o'i6
O.19±O.14185|

Table 11.3: The spin-density matrix element r^J and the ratio of cross-sections of
longitudinally and transversely polarised photons, R, measured in bins of |i|, in the
range 2 < Q2 < 100 GeV2 at a mean value (Q2) = 6.8 GeV2. The first uncertainty is
statistical and the second systematic.
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Figure 11.7: The values of ASCHC (Equation (11-1)) in three bins of Q2
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11.4 Transverse and Longitudinal Cross-Sections

The ratio of longitudinal to transverse cross-section, R = <JL/&TI is calculated as a
function of Q2, W and t from r^ according to the relation given in Equation (3.44)
which is valid under the assumption of SCHC.

• R dependence on W and t
The differential cross-sections dajd cos Oh are fitted in bins of W and \t\ accord-
ing to Equation (3.42). The results are shown as solid lines in Figure 11.3a-d
and Figure 11.5a-e. The values of R as a function of W and |i| are given in Ta-
ble 11.2 and 11.3 and shown in Figure 11.3f and Figure 11.4g, respectively. The
results are consistent with no W and no t dependence of R. No W dependence
of R has been measured also in the analysis of exclusive p electroproduction at
high values of Q2 [99]. Both results indicate that transverse and longitudinal
cross-sections have the same W and t dependence.

• R dependence on Q2

The values of R as a function of Q2 are given in Table 11.1 and shown in
Figure 11.8. The ratio of R rises with Q2 starting from zero (transverse pho-
tons only) at Q2 = 0. The vector dominance model (Section 3.4) motivated
expression:

(11.2)

is fitted to the ZEUS data yielding Q = 0.52 ± 0.16(stat.).

11.5 Comparison of R with Model Predictions

In Figure 11.8a the measured values of R(Q2) are compared to the model predictions
of MRT and GLLMN. The MRT [8] reproduces the data satisfactorily, while the
prediction of GLLMN tends to overestimate the values of R at higher values of Q2.
The MRT predictions are shown with ZEUS-S gluons PDFs (it was checked that the
the ratio is insensitive to the gluon PDFs used). The behaviour of R(Q2) indicates
that the cross-sections measured in this analysis are dominated by the contribution
from or and that the contributions from o^ and OT are of the comparable size at
Q 2 «20GeV 2 .

The measured values of R(Q2) are also compared to the results of exclusive p elec-
troproduction analysis [99]. The solid line in Figure 11.8b represent a phenomeno-
logical parametrisation used to fit to the p data:

R = (Q2/M2)a/ß (11.3)

with a = 0.8 and ß = 1.76 introduced to take into account the non linear Q2 depen-
dence of R measured at higher Q2. The values of R measured for the J/ip are below
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the measurement of p analysis by approximately a factor of 10. The p parametrisation
however is able to describe the J/ip data if the p mass, Mp, is replaced by the Jjip
mass, MJ/TP, which is shown by the dashed curve in Figure 11.8b. This observation
indicates the universal behaviour of/? with Q2/M2, where M is a vector meson mass.
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Figure 11.8: The ratio of longitudinal and transverse cross-sections, R, as a function
of Q2. a) compared to ZEUS photoproduction [6] and HI electroproduction [2] mea-
surements and predictions of theoretical models, the solid curve represent the result
of the fit with the function given by Equation (11.2), b) the comparison with the
parametrisation obtained from the ZEUS measurement of the exclusive p electropro-
duction [99].
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Summary

The exclusive electroproduction of Jfij) mesons, ep —> eJ/ip p, has been measured
with the ZEUS detector at HERA for photon virtualities 2 < Q2 < 100 GeV2, for
photon-proton centre-of-mass energies in the range 30 < W < 220 GeV and for four-
momentum-transfer squared in the range |i| < 1 GeV2.

The cross section of the process "f*P ~^ J/tp P rises with W as a oc Ws, with a
slope parameter ö of about 0.7. This parameter does not change significantly with
Q2 and is consistent with that observed in J/ip photoproduction.

The cross section averaged over the ranges of W and |i| varies with Q2 according
to the function o oc (Q2 + M2^)"7 1 , with n = 2.44 ± 0.08.

The t distribution, measured for \t\ < 1 GeV2, is well described by an exponential
dependence over the range 2 < Q2 < 100 GeV2. The slope parameter, b, is consis-
tent with being constant in this range. The mean value is b = 4.72 ± 0.15(stat.) ±
0.12(syst.) GeV~2, consistent with that observed in J/ip photoproduction.

An analysis of the cross sections in the framework of Regge phenomenology yields
an effective Pomeron trajectory consistent with that measured in J/ip photoproduc-
tion.

The spin-density matrix elements rj_ a and r^ are consistent with s-channel-
helicity conservation. The ratio of the cross sections for longitudinally and trans-
versely polarised photons, R, increases with Q2, but is independent of W and t.

The J/tp electroproduction data are fairly well described on a qualitatively level
by predictions of colour dipole models which are based on leading order calculations
and use as input "known" parametrisations of gluon density functions of the proton.
The data exhibit a strong sensitivity to the gluon distribution of the proton. Full
next-to-leading order QCD calculations would allow this data to be used in global
QCD fits to constrain the gluon density distribution in the proton.
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