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Abstract

The HERA collider is the first electron-proton accelerator. During 1992 and 1993, it pro-
vided collisions between 26.7 GeV electrons and 820 GeV protons, with a centre-of-mass energy
of 296 GeV. The ZEUS experiment collected about 600 nb~" of integrated luminosity during
these running periods.

Separation of hadrons and electrons is crucial for experiments at HERA. Identification of iso-
lated electrons is relatively straightforward by taking advantage of the differences in the longitu-
dinal development of electron and hadron showers in a calorimeter. However, electrons near or
within hadronic jets pose a special problem. Electron-hadron separation becomes more involved
as the energy of the particles decreases. Several techniques for electron identification with low
hadron contamination have been developed by using the uranium-scintillator calorimeter and
the hadron-electron separator of the ZEUS detector. The results obtained from the analysis
performed on beam test data with beam energies between 3 and 9 GeV are presented.

The study of high-pr jets provides a test of QCD. At HERA, the main source of jets comes from
collisions between protons and quasi-real photons emitted by the electron beam. The photon
contributes to the hard scattering cross section through the direct coupling (direct processes)
and through the coupling of its partonic constituents (resolved processes) to the partons in the
proton.

The large centre-of-mass energies available at HERA, allow for the first time the observation
of jet production in quasi-real photoproduction processes. The analysis that led to this obser-
vation is presented. The main mechanisms responsible for jet production, resolved and direct,
are identified. The characteristics of the inclusive jet sample are shown to be consistent with
the dominance of resolved processes. A fraction of the events shows back-to-back two-jet pro-
duction at the rate and with the features expected. A subsample of these events have energy
in the electron direction consistent with that expected from the photon remnant in resolved
photon processes. The method for isolating direct processes is explained and the results show a
clear direct-photon signal in the dijet sample. After separating both contributions, dijet cross
sections for the resolved and direct processes are given in a restricted kinematic range.

The two-jet cross section at small values of the fraction of the proton momentum carried by
the interacting parton (z) is dominated by gluon initiated processes. An estimation of the
gluon content of the proton (zG(z)) by using an isolated sample enriched in direct processes
is presented. The zG(z) obtained favours a more singular behaviour at small values of = than
the extrapolations of QCD fits based on pre-HERA data.

Inclusive jet differential cross sections in quasi-real photoproduction interactions have been
measured. These cross sections are given in the kinematic region 0.2 < y < 0.85 and for jet
pseudorapidities in the ep-laboratory range —1 < 77® < 2. These measurements probe a new
kinematic regime of the parton content of the photon at typical scales up to ~ 300 GeVZ2. They
are shown to be sensitive to the gluon content of the photon. Leading logarithm parton shower
Monte Carlo calculations including resolved plus direct processes and using the predictions of
current parametrizations of the photon parton distributions describe the shape and magnitude
of the measured 77¢ and E3* distributions except for the very forward, low- E3* region. These
measurements are consistent with QCD in this new kinematic regime of the structure of the
photon.
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Chapter 1

Hard scattering at low Q?

1.1 Introduction

The study of high-pr jets provides a test of perturbative Quantum Chromo Dynamics (QCD).
At HERA, which provides collisions between electrons and protons, the main source of jets
comes from collisions between protons and quasi-real photons emitted by the electron beam.
The photon contributes to the hard scattering cross section with two terms: a direct coupling
and through the coupling of its partonic constituents to the partons in the proton. The direct
coupling allows the study of the gluon content of the proton, since at the small values of the
fraction of the proton momentum carried by the interacting parton available at HERA energies,
the two-jet cross section is dominated by gluon initiated processes. On the other hand, the
coupling through the constituents of the photon is the main source of information on the poorly
determined photon structure function. In particular, the inclusive jet cross sections are sensitive
to the gluon content of the photon.

QCD-based models of quasi-real photoproduction processes, including parton distributions
in the photon and proton compatible with experimental data, predict that the processes in which
the photon has a hadron-like behaviour should dominate the inclusive jet cross section for a
wide range of jet transverse energy [1, 2]. Evidence for hard photon scattering, in quantitative
agreement with QCD calculations, has been observed in two-photon physics at ete™ colliders
[3], as well as in fixed target experiments [4], but the restricted phase space available at the
energies of these experiments has not allowed the observation of jet production. HERA energies
provide a wider phase space which enables the observation of jet production in quasi-real
photoproduction processes.

The H1 and ZEUS experiments at the electron-proton (ep) HERA accelerator started taking
data in June 1992. During 1992 and 1993, electrons of 26.7 GeV collided against protons of 820
GeV, with a centre-of-mass energy of 296 GeV. This centre-of-mass energy is by one order of
magnitude larger than in previous fixed target experiments and it allows to measure the proton
structure function and to study the photoproduction regime in new kinematic domains. During
the first year of HERA running, the ZEUS experiment collected about 30 nb™' of integrated
luminosity. From the analysis of these data, many results have been obtained in the field
of deep inelastic scattering (DIS), photoproduction and new particle searches [5]-[15]. During
1993, the luminosity delivered by HERA has increased by a factor of 20. This allowed the ZEUS
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Figure 1.1: Schematic diagrams showing examples of (a) a direct process and (b) a resolved

process.

experiment to collect about 0.5 pb~! of integrated luminosity during this running period. New
results have already been obtained [16]-[18].

This thesis is devoted to the study of high-pr jet production in phoroproduction with the
ZEUS detector. The main' mechanisms for jet production at HERA are explained in the next
section. Chapter 2 is devoted to the description of HERA and the ZEUS detector, whereas
chapter 3 presents a study of electron identification obtained from beam test data. The analysis
leading to the observation of jet production in 7Yp interactions is presented in chapter 4 and the
identification of the mechanisms responsible for high-pr jet production is provided in chapter 5.
The results obtained from the analysis performed to estimate the gluon content of the proton
via two-jet production are presented in chapter 6. Chapter 7 is devoted to the measurement of
inclusive jet differential cross sections and compafison to leading order (LO) QCD calculations.
Finally, chapter 8 gives the summary and conclusions.

1.2 Hard scattering: the resolved and direct processes

In the Standard Model, ep scattering is mediated by the exchange of a gauge boson (v, Z°, W#)
which interacts with the constituents of the proton. For very low four momentum transfers, the
reaction is dominated by the exchange of almost real photons. The ep cross section mediated
by photon exchange can be expressed in terms of the virtual 7*p cross sections as

d?0ep(s) T 2 2 L 2 N2

dyTsz = Aa‘v‘p(W ’Q )+ Ba'r‘p(W ’Q )
where a,{.p(af.p) is the cross section for transversely (longitudinally) polarized photons, (2
1s the virtuality of the photon, W measures the centre-of-mass energy of the 4p interaction!,

!This expression for W holds when the mass of the proton and electron are neglected.

2
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Table 1.1: Lowest order invariant matrix elements squared and total cross section (last two
rows) for prmi, = 5 GeV/c and prmin = 8 GeV/c for two choices of parton densities in the
photon (LAC1 and GRV-HO) and MRSD— for the parton densities in the proton for resolved

and direct processes.

W? = ys — Q% (~ ys for Q* < 1 GeV?), y is the fraction of energy transfer in the proton
rest frame, and A and B are known functions of y and Q2. A simple and convenient method
to calculate the ep cross section is the Weizsacker-Williams approximation (WWA). In this
method, the o, is approximated by the product of the equivalent number of photons in the
electron times the real «p cross section,

d?0.p(s) a1 14+(1—-y)?

dydQ? |y, 27 Q7 y
where « is the electromagnetic coupling constant. The WWA has been estimated to be good
to ~ 10% at HERA energies [19].

Most of the photoproduction cross section is due to soft processes. However, at the large
centre-of-mass energies available at HERA, a fraction of the 7p interactions is expected to
contain high-pr processes. In LO QCD, these hard processes are of two main types [1, 20]. In
the direct processes, the photon participates as a point-like particle, interacting with a parton
from the proton. In the resolved processes, the photon behaves as a source of partons which can
scatter off those in the proton. Therefore, one-photon exchange hard scattering cross sections
at HERA contain in general two contributions, the direct contribution and the resolved photon
one.

SUe
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Figure 1.2: (a) Gluon distribution for different parametrizations of the proton structure func-
tion; (b) gluon and (c) up-quark distributions for various parametrizations of the photon struc-
ture function.

Both type of processes produce two or more partons in the final state giving rise to multi-jet
structures with features similar to those observed in hadron-hadron collisions [21]. The general
expression for the electroproduction cross section for two high-pr jets at low Q% (Q? < 1 GeV?)
in the WWA is [1]

do(ep — jet + jet + X dé
“ ]dﬁ% : )=/dy Frre(y) //dwp doy folp) (o) 2o (1.1)

where the function f,(f,) is the parton density inside the proton (photon), with f,(z,) =
6(1 — ;) for the direct contributions, & is the parton-parton scattering cross section, z, (z,) is
the fraction of the proton (photon) momentum carried by the interacting parton, the function
f+/e describes the photon flux that originates from the electron beam, and pz is the parton
transverse momentum in the hard parton-parton scattering process.

The direct contribution is described by two subprocesses in which the initial parton in the
proton is either a gluon (7g — ¢g, Boson Gluon Fusion = BGF) [22] or a quark (y¢ — gq, QCD
Compton scattering = QCDC) [23]. For resolved processes, many combinations are possible
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Figure 1.3: do/dpr and do/dn LO QCD calculations for resolved processes, using LAC1 (solid
line) and GRV-HO (dash line) for the photon parton distributions, and for direct processes
(dash-dotted line). In both cases, the MRSD— set was used for the proton parton parametriza-
tions.

since the initial parton in the proton or the photon can be a quark or a gluon [1] (see figure 1.1).
For all these processes, the final state consists of two partons, carrying large transverse momenta
and balancing each other, with the proton remnant and the scattered electron both carrying
little transverse momenta. In resolved processes, a hadronic system from the fragmentation of
the spectator parton(s) in the photon is also expected.

The matrix elements squared for each subprocess [24] are shown in table 1.1, where s, ¢ and
u are the Mandelstam variables. The dominant subprocesses are those which contain a 1/t
or 1/u? term in the LO order matrix element squared. This is a consequence of the presence
of Feynman diagrams which proceed by gluon exchange in the ¢- or u-channel. Characteristic
behaviour for such channels with spin-1 particle (the gluon of QCD) exchange is the rapid rise
of the cross section with increasing cos 8*, where 6* is the scattering polar angle in the centre-
of-mass system of the two colliding partons. Next in dominance are those terms with a 1/ts,
1/us or 1/tu singularity, which proceed by spin-1/2 particle (quark or antiquark) exchange.
Finally, the subprocesses with a 1/s% term are suppressed with respect to the ones mentioned
above.

Therefore, the dominant processes should be ¢¢' — ¢¢’, 99 — qq, 4G — 94, 99 — gq and
g9 — gg. However, to obtain the cross section, the matrix elements must be convoluted with
the partonic density in the proton and in the photon (eq. 1.1) and this changes the hierarchy
of processes. This hierarchy is also pr-dependent. The transverse momentum of each massless
parton in the final state is given by p} = $3(1 —cos? 0*), where § = z,z,ys is the centre-of-mass
energy of the parton-parton system. For low pr, the low z region of the parton densities is
probed, in which case the gluon density in the proton and in the photon dominates; hence those
processes which contain a gluon in the initial state have the highest contribution to the cross
section. As pr increases, higher values of z are probed and the quark initiated processes become
more significant. This can be seen in the last two columns of table 1.1, where the expected LO



QCD cross section for each subprocess calculated using the PYTHIA Monte Carlo is shown for
two different pr.,.in values and for two different parametrizations of the parton densities in the
photon (LACI [25] and GRV-HO [26]) and the MRSD— [27] set for the parton parametrizations
in the proton. As can be seen in this table, the most important processes at prmin = 5 GeV/c
are gq¢ — gq and gg — gg. At prmin = 8 GeV/c, the processes ¢¢' — qq’, vg — qq and vq¢ — gq
become of the same order as the processes mentioned previously.

The cross sections for jet production are large enough to be observable and the different
features of jet production for both type of processes, resolved and direct, should enable their
identification. Moreover, the direct processes depend only on the proton parton distributions.
Therefore, this type of processes allow to probe the gluon content of the proton due to the
dominance of the BGF process at low z, values. Measurements of jet production for direct
processes allow to discern among current parametrizations. Figure 1.2a shows the gluon dis-
tribution evaluated at a typical scale of Qf, = 50 GeV? for two parametrizations (MRSD— and
MRSDO [27]), which are extrapolations of QCD fits based on pre-HERA data. At low z, values,
the MRSDO set contains a flat gluon distribution, z, - g(z,) ~constant, whereas MRSD— has
a singular gluon content, z, - g(z,) ~ /2.

Differential jet cross sections as a function of transverse energy (do/dE3") and pseudorapidity?
(do/dn?®') are sensitive to the partonic content of the proton and the photon [1, 2]. The depen-
dence on the parton content of the photon can be isolated by studying jet production at suffi-
ciently high E3*, which corresponds to a kinematic region where the proton structure function
is well measured. The hadronic structure of the photon has been experimentally investigated
mainly in inclusive ey scattering [28]. Leading order (LAC1 [25] and DG [29]) and next-to-
leading order (NLO) (GRV-HO [26], GS-HO [30] and ACFGP-HO(mc) [31]) fits to these data
allowed the extraction of the quark densities in the photon, leaving the gluon density essentially
unconstrained. The gluon and quark distributions in these parametrizations of the partonic
content of the photon are shown in figures 1.2b and 1.2c. As an example, the gluon distribution
(zy - g(z,)) and the up-quark distribution (z., - u(z,)) have been evaluated at a typical scale
Q?Y = 50 GeV?2. As is commonly represented in the literature, the photon parton distributions
have been divided by a. The main difference between the various parametrizations is in the
gluon content at low values of z.,, z., < 0.1.

Leading logarithm QCD calculations, using the predictions of LAC1 or GRV-HO for the
parametrizations of the photon parton distributions and MRSD— for the proton parton distri-
butions, are shown in figure 1.3, for resolved and direct processes, with prpin = 5 GeV/c. LO
QCD predicts a very different behaviour of the pr and 7 distributions for resolved and direct
processes. The resolved processes dominate over the direct for a wide range of pr, but the
direct processes finally dominate the distribution at large pr values. A different behaviour is
expected as well in the pseudorapidity distribution for the two contributions since for resolved
processes the two parton center-of-mass system is boosted in the proton direction. The different
gluon content of the photon parametrizations by LAC1 and GRV-HO (see figure 1.2b), can be
seen in figure 1.3 in the forward region. For direct processes the boost is smaller and hence,
the partons are distributed in the central region. The measurement of the differential jet cross
sections should test the predictions of the current parametrizations at higher QAg scales in the

photon (Q., ~ E%") and give information concerning its gluon density.

?n = —In(tan %)



Chapter 2
HERA and the ZEUS experiment

2.1 The HERA machine

The Hadron Electron Ring Accelerator (HERA) [32] is an electron-proton collider built at the
DESY site (Hamburg - Germany). The tunnel has a circumference of about 6.3 km and is
situated 10 - 25 m underground. It contains two separate rings, one that stores and accelerates
protons and the other electrons. The proton ring lies above the electron one, except at the
interaction points. The main HERA parameters are summarized in table 2.1 (design parameters
and, in parentheses - if different, the values for the Fall ’92 run). The layout of the HERA
accelerator is shown in figure 2.1.

During the 1992 data taking period, bunches of electrons with energy E, = 26.7 GeV and
bunches of protons of energy E, = 820 GeV were colliding at HERA. The accelerator is designed
to run with 220 bunches in each of the electron and proton rings, with a time between bunch
crossings of 96 ns. For the data taking periods of 1992 only ten consecutive bunches (0-9) were
filled for each beam. In addition, electron bunch number 19 was filled for measuring electron
induced background, and the electron bunch number 9 (BCN = 9) was left empty, in order to
study proton beam backgrounds. These umpaired bunches pass through the detector without
encountering any other bunch in the opposite direction and hence, they are useful to estimate
backgrounds coming from interactions of the beam with the gas inside the beam pipe (beam
gas) or with the elements of the accelerator. The electron and proton beam currents were
typically 1-3 mA and the length of the interaction region, determined by the proton bunch
length, was about 25 cm for the Fall ’92 running period.

During the 1993 runs of HERA, 84 bunches were filled with electrons and protons. In
addition, 10 electron and 6 proton bunches were left unpaired to study beam induced back-
grounds. The currents were typically 10 mA for the electron and proton beams. The length of
the interaction region, determined by the proton bunch length, was about 11 cm.

2.2 The ZEUS detector

Construction of a good detector for HERA is a challenge since particles and jets with energies up
to ~ 800 GeV have to be measured with high precision. The most important component of such
a detector is a high resolution calorimeter. The large momentum imbalance between incident
protons and electrons sends most particles into a narrow cone around the proton direction.
Thus the calorimeter has to achieve simultaneously high hermiticity, good energy resolution
and fine segmentation. The detector has also to cope with high particle densities and with a

7



| HERA Parameters ]relectron T proton |

Nominal Energy (GeV) 30 (26.7) | 820
Luminosity (cm™2s71) 1.5 10% (0.2-1.6 10%°)
Circumference (m) 6336
Magnetic Field (T) 0.165 1.65
Energy Range (GeV) 10-33 300-820
Injection Energy (GeV) 14 40
Circulating Current (mA) 58 (0.5-3) | 163 (0.5-3)
Number of Colliding Bunches 220 (9)

Time Between Crossings (ns) 96
Horizontal Beam Size o, (mm) 0.26 (0.3) | 0.29 (0.4)
Vertical Beam Size o, (mm) 0.07 (0.07) | 0.07 (0.1)
Longitudinal Beam Size o, (cm) 0.8 11 (25-55)
z-Vertex width, 0,_vertes (cm) 6 (12-28)
Filling Time (hours) 0.25 (~ 1) | 0.3 (~ 5)

Table 2.1: HERA parameters

time interval between bunch crossings of only 96 ns.

A complete description of the detector can be found in ref. [33]. A general view of the
detector is presented in figure 2.2. The essential elements of the detector are:

(The following elements are situated within a thin magnetic solenoid (COIL))

— Vertex Detector (VXD)

— Central Tracking Detector (CTD)

— Transition Radiation Detector (TRD)

— Planar Chambers (FDET, RTD) (partially inside the COIL)

(The following elements are outside the COIL)

— Electromagnetic and Hadron Calorimeter (CAL) surrounding the COIL over the full solid
angle

— Backing Calorimeter (BAC)

— Muon Detector (MUON)

— Leading Proton Spectrometer (LPS)

— Luminosity Monitor (LUMI)

— Vetowall

— C5 counter

The detector is structurally subdivided into the inner components supported by the bottom
yoke, and the clam shells carrying most of the backing calorimeter and the muon detectors.
The clam shells can be retracted sideways by as much as 4.9 m. In this way, fast and simple
access is provided to all components of the detector. In addition, planar arrays of silicon diodes
are imbedded within the CAL to improve electron identification. This subcomponent is the
Hadron-Electron Separator (HES).

In this thesis, only the components used in the analysis that follows are described in some
detail. These are the high resolution uranium-scintillator calorimeter, the central tracking
detector and the luminosity monitor. The vetowall and C5 counter were used for rejecting
beam induced backgrounds. The HES has been used to study the identification of low energy
electrons.



Figure 2.1: Layout of HERA.

2.2.1 The uranium calorimeter

The uranium calorimeter (CAL) (see figure 2.3) covers the polar angle range between 2.6° <
6 < 176.1°, where in the standard ZEUS right-handed coordinate system, z =y = z = 0 is the
nominal ZEUS interaction point (IP), the positive z-axis points in the direction of flight of the
beam of protons and y points upwards. It is constructed with alternating layers of depleted
uranium and scintillator with one sampling every radiation length. The relative thicknesses
of uranium and scintillator in the layer were chosen to give equal calorimeter response to
electrons (or photons) and hadrons. Scintillator tiles form towers in depth that are read out on
two sides through wavelength shifter bars, light guides and photomultipliers (PMTs). The CAL
consists of three parts: rear calorimeter (RCAL)#covering the backward pseudorapidity’ range
(—3.4 < 7 < —0.75), barrel calorimeter (BCAL) covering the central region (—0.75 < 7 < 1.1)
and forward calorimeter (FCAL) covering the forward region (1.1 < 7 < 3.8). The CAL is
segmented in depth into electromagnetic (EMC) and hadronic (HAC) sections. The EMC
sections are divided into cells of transverse dimensions 5 x 20 cm? (10 x 20 cm? in RCAL) and
the HAC sections consist of transverse dimension 20 x 20 cm?. Figure 2.4 shows a diagram of
an FCAL module. The energy resolution as measured under test beam conditions is og/E =
0.18/VE ® 1% (E in GeV) for electrons and op/E = 0.35/vE & 1% for hadrons [34]. The
timing resolution of the CAL cells, o(t) = 1.5/v/E @ 0.5 ns [34, 35], allows rejection of out of
time beam gas interactions. In the analysis presented here, CAL cells with EMC (HAC) energy
below 60 (110) MeV were excluded to minimize the effect of calorimeter noise. This noise is
dominated by uranium activity due to the high quality of the readout system, and has an r.m.s.
value below 19 (30) MeV for EMC (HAC) cells. The uranium activity also allows a periodic
calibration of the CAL to within 1%.

1
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Figure 2.2: Schematic view of the ZEUS detector.

2.2.2 The central tracking detector

The central tracking detector (CTD) [36] measures charged particle trajectories. It consists of
a jet-type drift-chamber which surrounds the beam pipe and is operated in a magnetic field of
1.43 T, provided by a thin superconducting coil. The chamber consists of 72 cylindrical drift-
chamber layers, organized into 9 ‘superlayers’. The wires in the even-numbered superlayers
have small stereo angles to allow a three dimensional reconstruction of tracks. In the other,
axial, superlayers the wires are parallel to the z axis. For the 92 data taking periods, only the
inner three axial superlayers were instrumented using a z-by-timing readout with single wire
resolutions of ¢, = 4 ¢cm and 0r¢ = 1 mm. The tracking information was used to reconstruct
the vertex position along the z direction. During the 1993 data taking period, the CTD was
fully instrumented. Figure 2.5 shows a schematic diagram of the CTD.

2.2.3 The luminosity monitor and the luminosity measurement

To measure the luminosity as well as to tag the scattered electron from very small Q% processes,
two lead-scintillator electromagnetic calorimeters are installed in the HERA tunnel [37] (see
figure 2.6). The luminosity is determined by a measurement of the rate of hard bremsstrahlung
photons produced in the Bethe-Heitler process ep — epy. The experimental signature of this
process is a coincidence of a photon and an electron at small angles to-the electron beam
direction, with energies adding up to the beam energy: Ee. + E, = E. (see figure 2.7) [5].
Photons emerging from the electron-proton IP at angles 6, < 0.5 mrad with respect to the
electron beam axis hit the photon calorimeter at 107 m from the IP. The background rate from
electron beam bremsstrahlung on the residual gas in the beam pipe was substracted using the
unpaired electron bunch. The final integrated luminosity was determined from the corrected
photon rate, the detector acceptance and the known Bethe-Heitler cross section.

Electrons emitted from the IP at scattering angles 0, < 6 mrad and with energies 0.2E, <
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Figure 2.3: The uranium scintillator calorimeter.

E{ <0.9E. are deflected by beam magnets and hit the electron calorimeter placed 34.7 m from
the IP. For photoproduction, the electron calorimeter tags events in the Q2 range from 4 10~8
to 2 1072 GeV?. These events will be referred to as ‘tagged events’ throughout this thesis.

2.2.4 The C5 counter and the vetowall

In order to discriminate against the very high interaction rate produced upstream of the detector
by interactions of the beam protons with residual gas in the vacuum pipe (beam gas), two small
lead-scintillator sandwich counters (C5) partially surround the beam pipe just upstream of the
RCAL (z = —315 cm). These counters are also used to measure the timing and longitudinal
spread of both the proton and electron bunches at HERA. In addition, two layers of scintillator
counters are installed at z = —727 cm on either side of an 87 c¢m thick iron wall (vetowall) to

signal background particles.

2.2.5 The hadron electron separator

The main purpose of the HES is the identification of electrons near to or overlapping hadron
jets. The HES is composed of planar arrays of silicon pad diodes mounted within the CAL.
The silicon diodes size was chosen to be 3x3 cm?. This assures that the HES can handle the
particle density, and the buffered readout will take care of the high bunch crossing rate. The
HES also has the potential to improve the spatial resolution of the EMC.

The complete HES will comprise two planes of diodes in the FCAL, behind the third and
sixth uranium plates, respectively; one plane in the barrel after the fourth plate; and one plane
in the rear behind the third plate. At these depths, where each layer corresponds approximately
to a radiation length, an incident electron will have showered producing a large number of e*e~
pairs and consequently a large signal in the depleted diode, while the typical hadron will simply
leave a minimum ionization trail in the 400 pm thick pad.

11
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In order to operate a silicon diode as a detector, a reverse bias voltage is applied so that the
depletion region is maximal. When a particle crosses a diode, it creates electron-hole pairs in
the depletion region. These charges drift in the space-charge electric field of the depletion region
toward the electrodes. The generated charge is collected and amplified. A minimum ionizing
particle traversing the silicon produces approximately 7500 electron-hole pairs per 100 pym.

The diode mechanical unit consists of two diodes with two preamplifiers mounted upon
a ceramic card. They are mounted on long boards or “skis”. The remainder of the analog
readout electronics is located in the top frame of the CAL. The signal from each diode goes
to the first element of the analog card, which has 48 channels, followed by 12 pipelines which
store information from sequential beam crossings. The card contains, in addition, multiplexor
buffers, control logic, and cable drivers.

The total number of pads required is 50,000 which will cover a total area of approximately
50 m?. The HES is being implemented in stages. In the first stage of the experiment, only the
Rear Hadron Electron Separator (RHES) covering the RCAL, consisting of 10,000 channels,
has been implemented (2,000 channels were ready as a pilot project for the 92 runs of HERA
and the rest was implemented for the ’93 runs).

2.3 The trigger and data acquisition system

The ZEUS trigger is organized in three levels [33]. Its design was determined in order to deal
with the short (96 ns) intervals between bunch crossings and the high rate of background.
The first level trigger (FLT) selects events according to either energies measured in the central
calorimeter or in coincidence with energy detected in the electron calorimeter of the luminosity
monitor, and veto signals from the C5 counter. At the second (SLT) and third (TLT) level
triggers, rejection of beam gas and non-beam related backgrounds is performed.

The FLT uses cells grouped into trigger towers (each tower is approximately 20 cm x 40 cm

12
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Figure 2.5: The central tracking chamber.

in cross-section). For the Fall 92 runs, a FLT was issued if the energy deposited in a trigger
tower in any EMC section or in the HAC section of the FCAL exceeded a certain threshold.
For the EMC, this threshold was set to 50 GeV for the innermost ring of trigger towers around
the beam pipe, 20 GeV for the second ring, and 10 GeV elsewhere. For the FCAL HAC, the
thresholds were 70, 25 and 10 GeV, respectively. For the RCAL EMC, the setting was 10 GeV
for the innermost ring and 1 GeV elsewhere. The BCAL EMC threshold was 2.5 GeV for an
integrated luminosity of ~ 17 nb~! and then lowered to 1 GeV, corresponding to an integrated
luminosity of about 8.5 nb~!.

The SLT and TLT levels were used for removing triggered events in which an electrical
discharge in only a single PMT caused the trigger conditions to be satisfied. At these trigger
levels cosmic ray contamination was also rejected.

A major source of background comes from the interactions of the beams with the resid-
ual gas (beam gas), the proton beam gas having a higher rate than the electron gas. This
background can be subtantially reduced by using the timing information given by the CAL.
Calorimeter signal times, tpcar and trcar, were defined for groups of FCAL and RCAL cells
with deposited energy above 1 GeV. The time offsets were adjusted so that tpcar, and troar
were approximately zero when particles emitted from the IP reach the CAL. Hence, particles
generated upstream of the detector will reach the RCAL ~ 12 ns earlier than those emitted from
the IP. Figure 2.8 shows a plot of tpcar — troar Vs. trear, demonstrating a clear separation
between the background events and the physics candidates. Events were rejected in the TLT if
at least two photomultipier channels in FCAL (RCAL) each registered more than 1 GeV and
if the signal times were consistent with an interaction upstream of RCAL, i.e. tpcar ~ 0 ns

and trcar ~ —12 ns.
During the Fall 92 runs, about four million events were collected by the trigger described

above.
During the 1993 data taking period, the three-level trigger was largely modified with respect
to the previous year in order to cope with the increase in luminosity. The FLT for the sample

13
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of events analyzed here required a logical OR of four conditions on sums of energy in the
CAL cells: either the total transverse energy, excluding the towers immediately adjacent to
the beam pipe in the forward direction, exceeded 11.6 GeV; or the total energy, excluding the
towers immediately adjacent to the rear beam pipe and the first three (four) rings of EMC
(HAC) towers around the forward beam pipe, exceeded 15 GeV; or the total EMC energy,
excluding the same towers as in the previous case, exceeded 10 GeV; or the BCAL EMC energy
exceeded 3.4 GeV.

The SLT rejected beam gas (and electronic noise) triggers according to the times measured
in the CAL cells, using an algorithm that reduced the RCAL and BCAL FLT rates by ap-
proximately 90% and 50% respectively, but without any loss of physics events. The TLT then
applied stricter cuts on the event time, and rejected beam halo and cosmic muons. The TLT
for the 1993 running period also had available the full event information on which to apply
physics-based filters. The TLT physics filter for photoproduction is explained in section 7.1.
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Figure 2.8: Distribution of the signal time measured by ZEUS in the RCAL (tgrcar) versus the
difference tpcar — troar between signal times seen in FCAL and RCAL.
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Chapter 3

Electron identification using the HES
and CAL

Separation of hadrons and electrons is crucial for experiments at HERA. Even the simplest and
most basic experiments must distinguish between charged current and neutral current events
for which it is necessary to determine if any one of the high energy particles produced in the
event was an electron. Separation of isolated electrons from hadrons by comparing the energy
deposited in the EMC and HAC is relatively straightforward. The technique takes advantage
of the differences in the longitudinal development of electron and hadron showers. However,
electrons near or within hadron jets pose a special problem.

The electron-hadron (e-%) separation at ZEUS can be substantially improved by employing
silicon pad detectors (diodes) behind a few radiation lengths in the EMC sections of the CAL.
Semiconductor detectors (silicon diodes) are an almost ideal solution because they have excellent
dFE /dz resolution and large dynamic range, limited in practice only by the readout electronics;
they are compact and have flexible design; they can be operated at low power with safe bias
voltages at room temperature and are unaffected by magnetic fields; they contain no flammable
gases for their operation. These properties indicate that semiconductor detectors should be very
useful for e-h separation in calorimeters.

Electron-hadron separation in HES and CAL depends upon the fact that electron and
hadron interactions behave differently in a calorimeter: electrons start showering early and
the ensuing showers are narrow. Hadronic showers tend to be wide with low particle density.
The HES is an essential detector component to measure non-isolated electrons, e.g. electrons
coming from semileptonic decays of heavy flavour events.

We present here results on e-h separation in the ZEUS detector, comparing results from
beam test data and single particle Monte Carlo, to determine the combined effectiveness of the
HES and the CAL. The analysis was done on data taken at an experimental test performed
at the CERN PS and SPS in 1988, using silicon detectors and the prototype ZEUS FCAL, in
the energy range from 1 to 100 GeV. Results of the analysis performed with the 3, 5 and 9
GeV beam energy runs are shown [38]. Electrons and hadrons generated by a Single Track
Generator and passed through the ZEUS Trigger Monte Carlo detector program ZG313T3 [39]
were compared to the data. This analysis serves as a critical calibration of the HES Monte
Carlo for e-h separation in real physics interactions where test data are not available.
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Figure 3.1: Experimental set-up of beam tests.

3.1 Beam test studies

The experimental set-up consisted of planes of silicon diodes that were inserted in FCAL DU-
scintillator prototype motules (see figure 3.1). The module is divided into 16 towers which
are read out independently. Two planes of diodes were inserted in the EMC portion of this
prototype in towers 6 and 10. The beam was centrally shot at tower 6. CAL tests were done in
parallel with occasional dedicated HES runs. Data were also taken for runs with one radiation
length of extra material in front of the prototype FCAL in order to simulate the average amount
of material in the ZEUS inner detectors. Thus these data more accurately reflect the expected
performance of the ZEUS HES. )

A coincidence of the beam defining counters, B;.B;.B3.By, was used to trigger the data
acquisition system. Hadrons and electrons were then identified in the two Cerenkov counters
C; and C;. The pulse heights from the Cerenkov counters were sometimes included in the
trigger in order to enhance the electron or hadron content of a particular run.

In order to determine the e-h separation on the silicon diodes, tight disjoint cuts were
imposed on each of the two Cerenkov counters in order to identify electrons and hadrons; a
particle was tagged as e(h) only if it satisfied the e(h) cuts in both counters. Some particles
were not identified as either e or h, since the e and h cuts were disjoint, and were rejected.
Table 3.1 shows the cuts used for both Cerenkov counters for the different energies studied (see
figure 3.2). '

Figure 3.3 shows the characteristic pulse height distributions on silicon pads for electrons
and hadrons in ADC (Analog to Digital Converted) units at beam energies of 3, 5 and 9 GeV;
the electron and hadron distributions are normalized to one. Most hadron signals are at a low
pulse height; however, there is a long but weakly populated tail toward higher pulse heights.
Electrons peak at distinctly higher pulse heights with an approximately Gaussian distribution.

Data were converted to units of mip’s (minimum ionizing particles) in order to compare later
to Monte Carlo simulations. One mip was defined as the peak of the pulse height distributions
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uﬂnergy ” Cut for Hadrons | Cut for Electrons ]
3 GeV || €1 <15(15); Cy < 15(15) | Cy > 50(60); C, > 50(60)
5 GeV || 1 <25(15); Oy < 25(15) | Cy > 50(70); Cy > 60(70)
9 GeV || () < 15(15); O, < 15(15) | Cy > 70(75); Cy > 70(75)

Table 3.1: Cuts on Cerenkov counters for runs with (between brackets) and without material
in front of the calorimeter. '

500

G

400 [ °
300 |
200 [}

100

Figure 3.2: Pulse height correlation in the Cerenkov counters for 5 GeV runs.

of non-interacting hadrons, since a u trigger was not available for these data samples. Figure
3.4 shows the pulse height distributions in mip units for the central diode in the first plane at
3, 5 and 9 GeV. Electrons and hadrons are normalized to one separately.

Electron - hadron separation can be achieved by cuts in the pulse height recorded for the
silicon planes. The fraction of electrons with pulse height lower than the cut is defined as
the electron inefficiency and the fraction of hadrons with pulse height higher than the cut is
the hadron misidentification probability. Clearly, higher pulse height cuts imply lower hadron
misidentification but also lower electron efficiency. The first two columns in table 3.2 show
the hadron misidentification at 90% electron efficiency for one plane of diodes at two different
depths and different energies. Clearly, satisfactory levels of e-h separation can be achieved with
one plane of diodes inserted in the calorimeter. The improvement in hadron rejection with
increasing energy seen in the second plane is due to the fact that the shower maximum moves
deeper into the CAL as the electron energy increases.

Substantially improved e-h separation can be obtained using the correlation between the
signals in two silicon planes placed at different depths in the calorimeter. Electrons and hadrons
can be separated by using a hyperbolic cut in a two-dimensional analysis (see figure 3.5). The
third column in table 3.2 shows the hadron misidentification at 90% electron efficiency for the
correlation of two planes of diodes. These results illustrate directly the fact that two planes
at different depths can separate hadrons and electrons more efficiently than only one at either
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| Energy “ First Plane | Second Plane | Two Planes |

3GeV [[3.7+01(29+0.1)41+0.1(6.1+02)]08%0.1(1.2+0.1)
5GeV || 3.7+01(26=+0.1)|29=+0.1(44%02) |06 +0.1 (09 =£0.1)
9 GeV |38 +01(33+£0.1)|1.7+0.1(26%0.1)]0.7 +0.1 (0.9 +0.1)

(

Table 3.2: Hadron misidentification (in % ) at 90% electron efficiency for the HES with (between
brackets) and without extra material in front of CAL

depth.

In order to identify electrons in the calorimeter, the same Cerenkov cuts from table 3.1 were
applied to define the beam. Figure 3.6 shows the energy deposited in the EMC. As can be
seen in this figure, the EMC has energy deposited from minimum ionizing particles (left peak),
early showering hadrons (central peak), and electrons (right peak). Figure 3.7 shows the e-h
separation in the EMC. The first column in table 3.3 shows the hadron misidentification at 90%
electron efficiency for the EMC. As can be seen in this table, there is an improvement in hadron
rejection with increasing energy due to the fact that electrons give signals at larger pulse heights
as the energy increases. The second column in table 3.3 shows the hadron misidentification at
90% electron efficiency, where electrons and hadrons are identified requiring that the fraction
HAC/(HAC+EMC) is smaller than 0.015 for electrons and bigger than 0.015 for hadrons at all
energies.

The HES beam test data have been used as a direct measurement of electromagnetic shower
size. Data have been taken with the 3 and 9 GeV electron beam scanned across a diode in
3 mm steps (see figure 3.8) in the vertical direction. The beam defining counter was 3.5 mm
wide. The approximate shower radius, as determined by the distance needed to reach half the
shower maximum from either full pulse height or zero pulse height, is 6 mm. This is in fair
agreement with Monte Carlo studies of shower development in the ZEUS CAL which indicate
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| Energy ” EMC | EMC+HAC l EMC+HAC-H]at dev |

3 GeV 108 £ 0.3 (11.9 + 0.3) [ 9.3 £ 0.2 (10.8 £ 0.3) | 2.6 £ 0.2 (4.7 + 0.2)
5GeV || 47+02(69+02) | 40£02 (5.8 +02) | 04+£01(21%02)
9GeV || 31+£01(33+01) |21£01(26+£0.1) | 03%£01(1.0=0.1)

Table 3.3: Hadron misidentification (in%) at 90% electron efficiency with (between brackets)
and without extra material in front of CAL.

that for these energies, at a depth of 3 radiation lengths, about 90% of the tracks in the electron
shower are contained within a radius of 6 mm [40].

The e-h separation can be improved by taking advantage of the difference in lateral shower
development of electrons and hadrons. This difference arises from the fact that electrons pro-
duce very narrow showers which will be most of the time concentrated in one strip of the EMC
tower, whereas hadrons produce wider showers, hence a substantial fraction of their signals
will be concentrated in the neighboring strips with high pulse heights and since electrons will
deposit very low signals on these neighboring strips, this makes a good cut for better electron
identification. At 3 and 9 GeV for runs with no material in front of the CAL and 3, 5 and
9 GeV for runs with extra material, the beam hits the central tower between strips 2 and 3,
hence hadrons were rejected if their deposited energy in strips 1 and 4 was higher than 10 ADC
counts for 3 GeV (no extra material), 15 ADC counts for 9 GeV (no extra material), 15 ADC
counts for 3 GeV (extra material), 20 ADC counts for 5 GeV (extra material) and 25 ADC
counts for 9 GeV (extra material). For the 5 GeV run with no extra material, the beam hits
the central tower at the centre of the third strip, hence hadrons were rejected if the energy
deposited in strips 1, 2 and 4 was higher than 20, 50 and 50 ADC counts, respectively. The
last column in table 3.3 shows the hadrons misidentification at 90% electron efficiency for the
combination EMC + HAC + lateral development.

In order to further improve the electron identification, the HES was added to the combi-
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lfnergy || EMC+HES | EMC+HACH+HES | EMC+HAC+HES+lat dev ]

3GeV [[25+01(20+£01) [ 1.7 +0.1 (L4 +£01) 0.7 + 0.1 (0.8 £ 0.1)
5GeV |21 £01(1.6+01) ] 14+ 0.1 (1.3 +0.1) 0.2 £ 0.1 (0.6 + 0.1)
9 GeV |21 £01(28+01)] 1.5 +01 (1.0 +£0.1) 0.1 +01(04£01)

Table 3.4: Hadron misidentification (in%) at 90% electron efficiency with (between brackets)

and without extra material in front of CAL

nations of the different calorimeter elements. The first column in table 3.4 shows the hadron
misidentification at 90% electron efficiency for the combination of EMC and HES (one plane).
The second column shows the results for the combination EMC + HAC + HES and the last
column in these tables shows the hadron misidentification for the combination EMC + HAC +
HES + lateral development. As can be seen in the last column of these tables, a good electron
identification with low hadron contamination can be obtained by taking advantage of all the
elements present in the ZEUS CAL.

Comparing tables 3.2, 3.3 and 3.4, one can see that one plane of diodes gives a rejection
factor of about 27 and two planes give a rejection factor of about 143 for 3 - 9 GeV. A combined
analysis of EMC + HAC + lateral development gives a rejection factor of 38, 232 and 344 for
3, 5 and 9 GeV, respectively, whereas a combination of EMC + HAC + lateral development
+ HES gives a rejection factor of 143, 434 and 769, respectively. Therefore, the HES gives an
improvement of factor 3.8, 1.9 and 2.2 for 3, 5 and 9 GeV, respectively.
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Figure 3.6: Energy deposited in the EMC.

3.2 Monte Carlo studies

Electrons and hadrons generated by a Single Track Generator and passed through the ZEUS
detector simulation were compared to the data. The simulation was run using the standard
ZEUS configuration as described in reference [39]. The beam was shot at normal incidence at
the centre of a diode, the same relative position as in the beam tests. Figure 3.9 shows the
energy deposited in mip’s by hadrons in the central diode of the first plane at 3, 5 and 9 GeV
for data and Monte Carlo. The same distributions for electrons are shown in figure 3.10, where
each of the distributions was normalized to one. As can be seen in figure 3.9, hadrons yield
very similar distributions for data and Monte Carlo after the intrinsic electronic noise of the
data has been simulated in the Monte Carlo. The noise was simulated [39] by adding random
gaussian noise of 60 KeV width to the signal in each diode. The electrons also yield similar
distributions (see figure 3.10), except for a larger tail in the Monte Carlo. This might be related
to the fact that after about 50 mip’s, there is a saturation in the electronics used in these runs,
lowering the pulse heights in the data.

A similar comparison was done for the calorimeter. Figure 3.11 shows the energy deposited
in the EMC by hadrons, normalized to the beam energy. Data and Monte Carlo have similar
distributions, though the data presents a longer tail. Figure 3.12 shows the energy distribution
deposited in the EMC by electrons, normalized to the beam energy (both distributions were
normalized to one). The Monte Carlo reflects the 15\/% resolution which has been put in by hand
d 20%

[39]. The data shows a resolution of aroun , in accord with the expected behaviour of the
calorimeter. The results are the same for all three beam energies.

Tables 3.5 and 3.6 give the percentage of energy deposited for data and Monte Carlo in the
CAL (EMC 4 HAC) for the central tower and the eight neighbours for hadrons and electrons,
respectively. The percentage of energy deposited per tower for electrons and hadrons is similar
for Data and Monte Carlo, hence the Monte Carlo reproduces closely both distributions.

22



[r Data || Monte Carlo ”

20 43 |30 1.1] 46 |1.1

321694 |88 |43|77.9]4.1

2044 |3.1|1.1] 46 |1.1
3 GeV

[L Data || Monte CarloJ

3.1 6.7 |21]13]| 48 |1.3

6.2 71834145763 |44

1930 |16 13| 4.8 |1.3
5 GeV

[r Data " Monte CarloJI

1.6 46 |27 14| 44 |14
29(78.0 1.0 43 |77.2]4.2
1.6 149 |28 14| 45 |14

9 GeV

Table 3.5: Tower content for hadrons

” Data ” Monte CarloJl

0911 (09|02 0.2 [0.2

0.9(919]1.60.2]98.3]0.2

0.8 1.1 |09 0.2] 0.2 |0.2
3 GeV

” Data [[ Monte Carlo ”

0.6 1.0 |06 01| 0.2 |0.1

0.8194.6 |0.710.1]98.9]0.1

0.6 0.7 10501 0.2 ]0.1
5 GeV

Ir Data || Monte Carlcd]

04|06 |05]01] 01 0.1
041952 |130.1]993 0.1
03] 06 |07(01]| 0.1 |0.1

9 GeV

Table 3.6: Tower content for electrons
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Figure 3.7: e-h separation in CAL.
Data Monte Carlo
Energy electrons | hadrons electrons | hadrons

3 GeV [ 88.2% (86.2%) | 9-2% (1.3%) || 97.7% (94.7%) | 1.4% (0.2%)
5 GeV | 96.1% (95.7%) | 2.0% (0-5%) || 99.8% (98.2%) | 0.7% (0.2%)
9 GeV [ 98.1% (97.5%) | 3.7% (1.3%) || 100% (99.5%) | 0.6% (0.3%)

)
Table 3.7: Surviving events after cut a (b).

Figure 3.13 shows the fraction of energy deposited in the EMC by hadrons (EMC/(EMC +
HAC)). As can be seen in the figure, the fraction of hadronic energy deposited in the EMC is
well reproduced by the Monte Carlo. :

In order to further compare the response of data and Monte Carlo, a set of cuts was applied
on the combination of EMC and HES. The cuts applied were:

e a) 0.8 < ZmmMc <19 or,

beam

e b)0.8 < %ﬁfﬁ < 1.2 and Eggs > 5 mip’s

Table 3.7 gives the percentage of electrons and hadrons that survived the cuts. As can
be seen in these tables, electrons and hadrons are approximately reproduced by the Monte
Carlo. However, hadrons yield a factor 7, 3 and 6 for 3, 5 and 9 GeV smaller in the Monte
Carlo after cut a and 7, 2, 5 respectively after cut b. This effect can be explained by the fact
that the Monte Carlo has a smaller tail than the data for hadrons. When EMC+HAC+lateral
development cuts are applied to the data in order to have a better identification of hadrons and
electrons, the Monte Carlo reproduces the data in a much closer way (see table 3.8).

Summarizing this chapter, an analysis on the CERN PS-SPS beam test data has been
performed. Studies were done to test the HES and CAL electron identification at low energies.
The results prove that a good. electron identification with low hadron contamination can be
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Figure 3.8: Lateral shower development at 3 and 9 GeV.

Data Monte Carlo
Energy electrons | hadrons electrons J hadrons
3 GeV | 88.9% (86.7%) | 3.2% (0.5%) || 97.7% (94.7%) | 1.4% (0.2%)
5 GeV | 97.6% (97.2%) | 0.7% (0.1%) || 99.8% (98.2%) | 0.7% (0.2%)
9 GeV | 99.7% (99.5%) | 0.5% (0.1%) || 100% (99.5%) | 0.6% (0.3%)

Table 3.8: Surviving events after cut a (b) after EMC+HAC+lat development cuts.

achieved by using all the elements available in the CAL. A comparison to single particle Monte
Carlo simulation was also carried out. From the different tests done, one can conclude that the
Monte Carlo reproduces the data fairly well, thdugh differences have been seen in the tails of

some distributions.




Figure 3.10: Electrons in Monte Carlo (horizontal lines) and data (vertical lines) - HES.
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Figure 3.11: Hadrons in Monte Carlo (horizontal lines) and data (vertical lines) - EMC.

Figure 3.12: Electrons in Monte Carlo (horizontal lines) and data (vertical lines) - EMC.
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Figure 3.13: EMC/(EMC + HAC) for hadrons in data (points) and Monte Carlo (cross).
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Chapter 4

Observation of jet production at low Q2

Hard collisions between quasi-real photons and partons from the proton give rise to two or
more partons in the final state. In this case, the appearance of sprays of hadrons (jets) which
come from the parton fragmentation are expected. Experimental evidence has confirmed this
prediction, jets have already been observed in hadron-hadron collisions [21].

The first observation of jet structure in photoproduction was presented in ref. [6]. First
evidence for jet structure in resolved processes was also presented there. Lately, it was shown
that resolved processes dominate jet production in a wide kinematic range and the first evidence
for the observation of two-jet structure in direct processes was reported [14]. After separating
clearly both contributions, the measurement of the dijet cross sections for resolved and direct
processes was performed.

In this chapter, the analysis that led to the observation of jet production at low @Q? is
presented [6, 14, 41, 42, 43]. The data sample used in the analyses presented in this chapter
and chapters 5 and 6 was collected during 1992 with the ZEUS detector and corresponds to an
integrated luminosity of 25.5 nb~!. First, the selection criteria devised to obtain a clean sample
of photoproduction events is discussed and the Monte Carlo simulation used in this chapter
and chapters 5 and 6 is described. Then, the characteristics of the event sample obtained are
studied and it is proven that the final selected sample is coming from ep collisions and that
the events originate from photoproduction processes. Once a sample of photoproduction events
has been isolated, we search for evidence of jet production in our data. The last section of this
chapter is devoted to the study of inclusive jet production and its characteristics. Results on
dijet production are presented in chapter 5.

4.1 Hard photoproduction data selection

Photoproduction processes are characterized by the fact that the outgoing electron is scattered
at small very angles with respect to the initial electron direction (i.e. low-Q? values). These
interactions can then be tagged by using the luminosity monitor which covers a range from
4 1078 to 0.02 GeV? in @?. On the other hand, the main detector imposes a limit of Q? > 4
GeV? to tag the scattered electron. In order to have a data sample as large as possible, events
were not constrained to have a signal in the luminosity monitor. We relied on other means
to select photoproduction interactions and used the subsample of events with a signal in the
electron calorimeter of the luminosity monitor (tagged events) to ensure the photoproduction
origin of the whole sample.

A sample of photoproduction candidate events was isolated by taking advantage of the
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features of the hadronic final state measured in the CAL. By using this method of isolation,
the main source of physics background expected is from neutral current DIS, whose final state
is characterized by the presence of the scattered electron at an angle § < 176° (i.e. large-Q*
values). This background is rejected by searching electromagnetic clusters in the CAL with
characteristics compatible with the scattered electron in DIS. The number of charged current
events expected is negligible for the 1992 integrated luminosity due to its small cross section.

The data taken by the ZEUS detector during the 1992 running period (see section 2.3) were
passed through an offline filter designed to isolate hard photoproduction events [6, 14, 44]. The
conditions set up in this offline filter were:

— no signal from the C5 counter in time with the proton beam

— no signal from the vetowall counter

— |treacl, [treatl, trcar — troar < 6 ns

— REMC or BEMC trigger bit on

— Ercar > 2.5 GeV ® Ercar, > 10 GeV (branch 1) ® Eror > 20 GeV ® Err > 10 GeV
® Ercar <40 GeV ® Pr < 10 GeV (branch 2).

where Erp is the total transverse energy and Pr is the missing transverse momentum. The
first three requirements reject beam gas collisions with a negligible effect on ep interactions.
The latter two require significant hadronic activity in the CAL and, in particular, they select
the hardest collisions from the bulk of photoproduction interactions.

This filter reduced approximately four million triggered events from the 1992 data taking
period to about 350,000 candidate events. Cosmic rays and beam halo muons were rejected at
this stage with a suitable algorithm which takes into account the topology of these events seen
in the CAL [7]. Then, events in data taking periods with the CTD or the magnet switched
off were removed and more refined timing cuts were applied. A visual scan of a subsample of
the remaining events and the analysis of the events coming from the unpaired proton bunch
revealed that beam gas background was still large. At this stage, this contamination was
estimated (using the BCN = 9) to be about 71%. About 22% of the sample was triggered by
the REMC, with a proton beam gas contamination of 5%, and 78% of the sample was triggered
by the BEMC, with a 90% proton beam gas contamination. The contamination coming from
electron gas interactions was estimated to be negligible since no event from the unpaired electron
bunch was found in the sample.

A second filtering stage was set up [41, 45] in order to reject the proton beam gas contam-
ination with a minimal loss of physics events. Details on the selection criteria applied in this
second filter can be found in appendix A. The conditions are:

Beam gas and cosmic rejection:

— accept events with Froar < 30 GeV.

— a) rejection of REMC-triggered events with tpoar, < -3 ns and,

b) rejection of BEMC-triggered events with |tpcar| > 8 ns

— only events with a reconstructed vertex are accepted

— an event is accepted if |14 - tpcar + 2| < 40 (with tpcar in nsec and z in cm)

— rejection of events with (£ — p,)/(2E.) < 0.2

DIS neutral current rejection:

— reject events with an electron candidate with y. < 0.7

— reject events with (£ —p,)/(2E.) > 0.7

where E is the total energy of the event as measured by the CAL, p, is given by S E¢!.cos 0,..;
with the sum carried over all CAL cells and the polar angle of the cell is computed using its
geometrical centre and the vertex of the interaction as measured by the tracking detectors. The
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variable y. is given by
/

Ye=1— 2l;;i(l — cos 0.)
where E! denotes the energy of the electron candidate as measured by the CAL and 0, is the
polar angle of the candidate as measured by the point of impact in the CAL and the vertex of
the interaction.

In addition, only events with E7r > 10 GeV were accepted in order to study the hard part
of the spectrum. Monte Carlo studies show that soft photoproduction processes (elastic, single-
diffractive, double-diffractive and low-pr), have a tail in ETg that does not extend beyond 10
GeV [6].

After the application of all these selection criteria, the final sample contained 19,589 events.
The remaining beam gas contamination was estimated to be about 0.3% and the cosmic ray
contamination, below 0.1%. The contamination from DIS events with an electron in the CAL
(Q? > 4 GeV?) was estimated by using Monte Carlo techniques to be below 0.5%.

4.2 The Monte Carlo simulation

The hadronic final state in ep scattering at low Q? has been modelled using the Monte Carlo
programs PYTHIA [46] and HERWIG [47]. Direct and resolved processes are simulated in these
generators according to the leading order matrix elements. These matrix elements are singular
in the limit pr — 0, hence a lower cutoff is imposed. Monte Carlo samples were generated
setting this lower cutoff at 2.5 GeV/c.

Initial and final parton showers are included in both generators, though according to different
models. The PYTHIA generators uses the LUND string model [48] as implemented in JETSET
[49] to perform the fragmentation into hadrons. The cluster model is used in the case of the
HERWIG program to fragment the partons.

The lepton vertex has been treated in the Weizsacker-Williams approximation, with the
scattered electron forced along the beam direction, except in the case of direct processes gen-
erated by the HERWIG program, where exact matrix elements have been used.

Different parametrizations of the photon and proton structure functions were used in order to
study the behaviour of the distributions of the jet properties with the various prescriptions. The
photon structure function was parametrized according to the prescriptions: LAC1 [25], GRV
[26] and DG [29], and the parton densities in the proton were described via the parametrizations
MRSDO0 and MRSD— [27].

Samples of resolved and direct events generated by both programs were passed through a
detector simulation which is based on the general purpose program GEANT 3.13 [50]. The
description of the responses of the various detector components was tuned in this simulation to
reproduce test data. Then, these samples were processed with the trigger and the same offline
reconstruction procedure as the data.

4.3 Characteristics of the event sample

In section 4.1, the selection criteria that were set up in order to isolate a clean sample of
photoproduction events were described. This section is devoted to prove that the final selected
sample is indeed coming from ep collisions and that it is originated from photoproduction
processes.
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Figure 4.1: z-Vertex distribution: total sample (white histogram); final selected sample (shaded
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Figure 4.2: Calorimeter timing distributions for the final selected sample: (a) trcar; (b) trcarL—

trcAL-

Figure 4.1 shows the z-Vertex distribution of the selected sample (shaded area). The distri-
bution is centered at -5 cm and the width is 23 cm. This is in agreement with the mean value
of the z-position of the interaction point and the length of the proton beam bunch and shows
that the contributions from non-ep backgrounds are negligible. The trcar and trcar — troaL
distributions are shown in figures 4.2a and 4.2b, respectively. These distributions are centered
at zero and fall rapidly confirming that the selected sample has no significant background from
non-ep interactions.

The #p centre of mass energy (W,,) is given via the formula

W2 =4E,E,

The photon energy for the whole selected sample (tagged and untagged) can be estimated via
E, =~ ysgE. (Wcar), where y;p = %5%‘- based on the Jacquet-Blondel method [51]. The range
in Weap extends from 130 GeV to 250 GeV (see figure 4.3). The subsample of events with an
electron in the luminosity monitor (the electron energy in the range 5 GeV < E.ruvmr < 25 GeV,
where E.iumr is the energy of the scattered electron as measured by the luminosity monitor)
was used to ensure that the selected sample consists of photoproduction events. There are 5390
events with an electron in the luminosity monitor with an energy in the range quoted above,
which corresponds to about 28% of the sample. This is in agreement with the expectations from
the Monte Carlo simulations, since in a certain fraction of photoproduction events the scattered
electron hits the electron calorimeter of the luminosity monitor. The W4y distribution for the
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Figure 4.3: W distribution for the final selected sample. The distribution for the subsample of
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Figure 4.4: Correlation between W computed from the calorimeter energy deposits (Wcar)
and W computed from the electron energy measured in the luminosity monitor (Wrunmr).

tagged events is shown in figure 4.3 (shaded histogram). The shape of W4 distribution for
the tagged sample is somewhat different from the one for the whole sample due to the restricted
acceptance of the luminosity detector.

For the tagged events, W,, can also be estimated by using the electron energy measured
in the luminosity monitor (Wrumi), via E, = E, — E.ivmr. Thus, a comparison of the W,
as measured from the LUMI electron and from the hadronic system can be made. As can
be seen in figure 4.4, the correlation is good. The Wiy estimation has an error of ~ 2%,
whereas the Wg 41, measurement is influenced by the loss of particles in the rear beam pipe and
in inactive material in front of the CAL. Monte Carlo studies show that these effects result in
a systematic underestimation of W by Wgar, of about 10%); as can be seen in figure 4.5, this
effect is adequately reproduced in the Monte Carlo simulation of the detector. These results
allow us to reconstruct W,, for all events (tagged and untagged) using the Wc 41 estimation.

Taking into account the characteristics of the sample described above, we can conclude that
the sample of events selected is due to photoproduction interactions at an average uncorrected
centre-of-mass energy of about 180 GeV.

The selected sample consists of events coming from the hard part of the spectrum of the
photoproduction interactions due to the condition Erg > 10 GeV. The distributions for E7g
and the missing transverse momentum are shown in figure 4.6a and 4.6b, respectively, for the
whole sample and the tagged events, together with the prediction of the Monte Carlo simulation
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Figure 4.5: (Wrumr — Wear)/Wirumr as a function of Weyy.

of HERWIG including resolved and direct processes. The total transverse energy deposit is large
whereas the whole event is well balanced (small missing transverse momentum). This is what
is expected in hard scattering in yp processes, where the final state consists of two back-to-back
(in the transverse plane) jets with high transverse momentum balancing each other. Moreover,
these events can not come from soft interactions since the Erg is large, Erg > 10 GeV. The
Monte Carlo simulation of hard processes is in rough agreement with the data. The subsample
of tagged events shares the same behaviour as the whole sample for both distributions.

The energy depositions in the different parts of the CAL can be used to check whether
the Monte Carlo simulation gives an acceptable description of the events and if the observed
distributions are consistent with what is expected in hard photoproduction as predicted by
QCD. Figure 4.7 shows the energy and transverse energy depositions in the different parts of
the CAL for the whole sample and for the subsample of tagged events. Both samples share the
same characteristics. A comparison to the Monte Carlo simulations of HERWIG is shown as
well. The sample shows a large energy deposit in the FCAL and a sizeable one in the RCAL,
whereas the transverse energy in the FCAL is large, but in the RCAL is small. Hence, the
large transverse energy activity is mainly associated to the forward direction. These energy
depositions can be interpreted as the two jets and the remnant of the proton in the forward
direction and the remnant of the photon in the rear; the two partons coming from the hard
scattering are expected to be boosted to the forward direction due to the very asymmetrical
configuration of the beams. The predictions for these distributions of the QCD-based Monte
Carlo simulation are in agreement with the data.

Hence, we can conclude that the selected sample is coming from ep interactions since:

— the background from beam gas and cosmic rays are at a very low level (0.3% and below
0.1%, respectively)

— the 2-Vertex and CAL timing distributions are well behaved and consistent with the
expectations
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Figure 4.6: Transverse energy distribution (a) and missing transverse momentum (b) for the
final selected sample. The distribution for the subsample of tagged events is included as a
shaded histogram. The Monte Carlo simulation of HERWIG, normalized to the total number
of events has been included as well (solid line).

Furthermore, it is originated from photoproduction processes since:

— the scattered electron is not hitting the main detector (Q? < 4 GeV?), and the remaining
DIS contamination with Q? > 4 GeV? is below 0.5%

— the total transverse momentum is well balanced

— the fraction of tagged events is consistent with expectations

— the kinematic distributions for the selected sample and for the subsample of tagged events
share similar characteristics.

In addition, the sample comprises events from the hardest part of the transverse energy
spectrum. The predictions of the QCD-based Monte Carlo simulations of hard scattering
processes are in agreement with the data.

4.4 Observation of jet production

Our data sample shows a large deposit of transverse energy. In particular, the observed large tail
in the transverse energy spectrum can not be explained in terms of soft processes. Moreover,
the cross section integrated in transverse energy o(Err > E3g) has been measured [6] and
found to be in agreement with the QCD-based expectations of the HERWIG generator. These
facts lead naturally to the explanation that the events are the result of the hard scattering of
the photon (and its constituents) and the partons in the proton. In this case, QCD predicts that
the transverse energy appears as sprays of hadrons (jets) which are the result of the parton
fragmentation. Furthermore, QCD predicts that two-jet production should dominate as the
transverse energy increases, as it has been observed in hadron colliders. Hence, we first look for
evidence of jet production in our sample. Once jet structure has been observed, we compare
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Figure 4.7: Distributions of the FCAL (a), BCAL (c) and RCAL (e) total energies, and of the
FCAL (b), BCAL (d) and RCAL (f) transverse energies. The distribution for the subsample
of tagged events is included as a shaded histogram. The Monte Carlo simulation of HERWIG,
normalized to the total number of events has been included as well (solid line).

the rates to the QCD predictions. Then, we look into the inclusive jet distributions to check
that the observed jet properties (jet transverse energy spectrum) are in agreement with QCD
and, to study jet variables (like the jet pseudorapidity spectrum) which are sensitive to the
underlying process, resolved or direct.

The multijet structure found in hard photoproduction interactions is expected to be similar
to the one observed in hadron-hadron collisions [21]. Cone algorithms are generally used in
hadronic collisions to reconstruct jets in the final state due to the presence of the fragments
of the spectator partons (remnants). In this type of algorithm, jets are reconstructed taking
into account only the particles inside a cone of fixed radius and according to transverse energy
deposits. Hence, we have used a cone algorithm to look for jet structure in our sample.

We have searched for jet structure in the selected data sample using a jet cone algorithm [52]
in pseudorapidity (7) - azimuth (¢) space [53, 54]. For the purpose of the present analysis, CAL
cells in a cone of 10° (7 > 2.44) with respect to the proton beam direction were excluded from
the jet search. The 7 — ¢ position of each CAL cell was taken from the unit vector joining the
vertex of the interaction and its geometrical centre. In a first step, CAL cells with a transverse
energy in excess of 300 MeV were considered as initiators for the search. These initiators were

joined if the distance between them in 7 — ¢ space, R = \/A¢? + An?, was smaller than 1 unit.
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Figure 4.8: General characteristics of the events with jet structure: (a) Efp, (b) missing
transverse momentum, (¢) W and (d) RCAL energy distributions. The data (solid dots) and
the tagged subsample (shaded area) are compared to the predictions of the HERWIG (dashed)
and PYTHIA (dash-dotted) Monte Carlos.

Then a cone of radius 1 unit, R = 1, was drawn around each initiator and the CAL cells within
that cone were added to the initiator to form a cluster. The axis of the cluster was defined
according to the Snowmass Convention [54]: n(cluster) and ¢(cluster) are the transverse energy
weighted mean pseudorapidity and azimuth of all the CAL cells belonging to that cluster. A
new cone of radius 1 unit is drawn around the axis of the cluster. All cells inside the cone
are used to recalculate a new cluster axis. The procedure is iterated until the content of the
cluster does not change. The ambiguities concerning overlapping clusters are then considered:
two clusters are merged if the sum of the transverse energies for the cells which are common
to them exceeds 75% of the total transverse energy of the cluster with the lowest transverse
energy; otherwise two different clusters are considered and the common cells are associated
to the nearest cluster. The total transverse energy associated to each cluster, Er(cluster), is
taken to be the sum of the transverse energies of the cells belonging to it. The final clusters of
cells were called jets if Er(cluster) was larger than 5 GeV. Jets were accepted for the present
analysis if 77°* was less than 1.6 (§ > 22.8°). In addition, the cone radius R in the algorithm
was varied to 0.7 units to study the dependence of jet production on the cone radius.

The application of this algorithm with R = 1 unit to the selected sample (19,589 events)
yields 1264 (6.5%), 266 (1.4%) and 18 (0.1%) events of the one-jet, two-jet and three-jet type.
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Figure 4.9: Inclusive jet distributions for (a) transverse energy of jets, (b) pseudorapidity of
jets, where the Monte Carlo distribution is normalized to the data in the region 77 < 1.2,
as discussed in the text. The relative contributions of the direct and resolved processes as

predicted by the Monte Carlo simulation are also shown.

The fact that most of the events are of the zero-jet type is a consequence of the pseudorapidity
cut. Due to the very asymmetrical configuration of the colliding beam particles, many of the jets
are expected to be boosted in the proton beam direction beyond the fiducial region considered
in the jet finding. '

From a comparable number of Monte Carlo events, the HERWIG generator predicts the
fractions to be in the range 6.3-9.8% and 0.7-1.9% for the one-jet and two-jet categories, re-
spectively. The quoted ranges indicate the spread of the values obtained with the different
proton and photon parton distributions. The agreement between data and Monte Carlo for the
jet multiplicities is also good if the radius of the cone is set to 0.7 units. The fraction of three-
jet events in the Monte Carlo sample, which does not include higher order matrix elements, is
0.01%.

Before studying the jet properties, we have checked that the global variables of the events
with jet structure are in agreement with the expectation of the QCD based Monte Carlo sim-
ulation. The global variables of the events with jet structure are shown in figure 4.8. The
distributions of the total transverse energy outside a cone of 15° with respect to the proton
beam direction (E7g) (figure 4.8a), the missing transverse momentum (figure 4.8b), Wear (fig-
ure 4.8c) and the energy in the RCAL (figure 4.8d) for the data are compared to the Monte
Carlo simulations (normalized to the data) of HERWIG and PYTHIA including resolved plus
direct processes. It should be noted that the data in these and subsequent figures are not cor-
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Figure 4.10: (a) Inclusive jet pseudorapidity distribution (with R = 1.0): data (solid dots)
and the predictions of HERWIG including resolved and direct processes for two choices of the
photon parametrization (GRV: dashed line; LAC1: dot-dashed line) and MRSDO for the proton.
(b) The same as (a) but with the cone radius set to 0.7 units.

rected for energy absorbed in inactive material nor for resolution smearing and other detector
effects. These effects are included in the Monte Carlo simulation. Only statistical errors are
quoted in the figures. The distributions for the tagged sample are shown as shaded areas. The
features of the whole sample are in agreement with the ones of the tagged sample. The differ-
ences in the Woaz and Egcar distributions reflect the restricted electron energy acceptance in
the luminosity monitor. The Monte Carlo simulations of resolved and direct processes provide
a good description of the global event shapes of the data. The E7p spectrum shows a large tail
while the missing transverse momentum is small. These are the properties of hard scattering
events in yp processes, where the final state consists of two back-to-back partons well balanced.
The Ercas, distribution, where the photon remnant energy deposit is expected, is well repro-
duced by the Monte Carlo simulations which include resolved processes. The uncorrected yp
centre-of-mass energy for the sample of events with jets ranges from 130 to 250 GeV.

The inclusive jet sample consists of 1850 jets. The jet transverse energy (ET ) distribution,
shown in figure 4.9a, falls steeply, and reaches values as high as 18 GeV. The Monte Carlo
distribution (normalized to the data) for HERWIG including resolved+direct processes with
parton densities in the proton and in the photon parametrized according to MRSD— and GRYV,
respectively, is shown as a full line. The shape of the data is described well. The expected
relative contributions of direct (dot-dashed) and resolved (dashed) processes are also shown.
The different behaviour of resolved and direct processes can be seen in the figure. The resolved
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process dominates over the direct for a wide range of E'%Et. The expected contribution from
resolved processes, calculated using Monte Carlo techniques, is about 85%. The shapes using
different structure functions for the proton and/or the photon are similar to those presented.

The inclusive jet pseudorapidity (7’¢!) distribution is sensitive to the type of underlying
process, resolved or direct. The distribution is shown in figure 4.9b together with the Monte
Carlo simulations from HERWIG. Also shown for the Monte Carlo simulation are the separate
contributions from resolved and direct processes. The two contributions are expected to have
a different behaviour in pseudorapidity since for resolved processes, the interacting parton
coming from the photon takes a fraction of the photon momentum, which is already a fraction
of the incoming electron energy. On the other hand, the momentum carried by the interacting
parton coming from the proton is usually higher since the initial proton energy is larger. In
this case, the two parton centre-of-mass system is boosted in the proton direction. For direct
processes, the photon enters the interaction as a whole and its momentum can be comparable
to the fraction carried by the interacting parton of the proton. Hence, the boost to the proton
direction is usually much smaller for direct processes than in the case of resolved, and the jets
are distributed in the central and rear direction.

As can be seen in the figure, the data require a substantial resolved component. Also the
data show a rise of the jet rate towards high 77 values which is not well reproduced by the
Monte Carlo simulation. It is not clear whether this excess is due to an incorrect description of
the proton remnant region or to the choice of parton distributions’ (see below). In the figure,
the Monte Carlo distribution is normalized to the number of jets in the data excluding the
highest 77¢* bin.

The inclusive 7?¢ distribution should have an increased sensitivity to the parton densities
in the photon due to the dominance of the resolved contribution and to the fact that the
distribution of the fraction of the proton momentum carried by the interacting parton in this
type of processes peaks at high values, within a kinematic region which has already been
measured with good precision. The data for two choices of the cone radius (R = 0.7 and
1.0) are compared to simulations using two different parametrizations for the photon structure
function (GRV and LACI1) in figure 4.10a and 4.10b, respectively. The shape of the distribution
for R = 0.7 is rather well described by the simulation using either GRV or LAC1. It is observed
that the comparison between data and Monte Carlo predictions in the range 7¢* > 1 is shown to
be dependent on the cone radius and the discrepancy mentioned above disappears for R = 0.7.
Therefore, this discrepancy can be interpreted either as an effect of the low fractional momentum
behaviour of the photon parametrizations or of the proton remnant in the most forward region.

Summarizing this section, the results obtained show that the jet rates and the E3 distri-
bution are in agreement with QCD based Monte Carlo simulations. Jets were observed with
a EX' spectrum that reaches values as high as 18 GeV. The ni¢ distribution is reasonably
described (except in the most forward region). All the results obtained are consistent with the
dominance of resolved processes. The data show clearly that the specific properties of the jets
studied are consistent with the expected features of the hard scattering of the photon (and
its constituents) and the partons in the proton. The same conclusions are reached using the
PYTHIA Monte Carlo and other parameterizations of the proton (MRSD—) and photon (DG
and LACI) parton distributions.

!The Monte Carlo samples have been generated without any tuning of the parameters of the programs.
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Chapter 5

Two-jet production: resolved and
direct processes

Two main processes are expected to contribute to dijet production in -yp interactions: resolved
and direct. This chapter is devoted to investigate the appearance of two-jet structure in the
data sample, and the identification of the specific mechanisms, resolved and direct processes.
The description given by the QCD expectations is investigated. In addition, the distribution
of the scattering angle in the centre-of-mass system of the two jets gives information about the
spin of the exchanged particle in the hard collision and the jet-jet mass distribution is a very
useful tool for studying possible deviations from QCD predictions.

5.1 Analysis of dijet events

Dijet production has been studied by selecting events from the data sample as explained in
section 4.4 with two or more jets in the accepted rapidity range. In the case of events with
more than two jets, the two jets with highest E%ft are taken as these are expected to most
closely reflect the kinematics of the final state partons in LO QCD. The dijet sample for a
cone radius of 1 unit, consists of 284 events, which corresponds to ~ 1.4% of the total sample,
in agreement with HERWIG which predicts fractions between 0.7 and 2%. Agreement is also
found when the cone radius is lowered to 0.7 units.

The dijet invariant mass (M) spectrum, shown in figure 5.1a, extends up to values of
40 GeV. Monte Carlo simulations from HERWIG for resolved+direct events with MRSDO and
GRYV for the proton and photon parton parametrizations, respectively, are included as well. The
simulations (normalized to the data) reproduce the steep fall-off exhibited by the data. The
E%et spectrum of the dijet sample, which reaches values as high as 18 GeV, is compared to the
Monte Carlo simulations from HERWIG in figure 5.1b. The behaviour of the jet pseudorapidity
distribution, shown in figure 5.1c, is similar to that of the inclusive jet sample (figure 4.9b). In
all cases, the data and Monte Carlo distributions are in reasonable agreement. In particular,
the agreement extends up to the highest pseudorapidity bin. Figure 5.1c shows again the need
for a large contribution from resolved processes.

Further insight into the mechanism of dijet production is gained by studying the centre-of-
mass scattering angle distribution. The cos 6* distribution reflects the angular distribution of
the parton-parton scattering processes. This distribution depends on the spin of the exchanged
particle in the process. The resolved processes are dominated by the channels in which a spin-1
particle is exchanged (the gluon) and the angular dependence of the cross section is given by
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Figure 5.1: Kinematic distributions for events with two or more jets. The Monte Carlo is
normalized to the data, and in all cases the relative contributions of the direct and resolved
processes, as predicted by the Monte Carlo simulation, are shown. (a) Jet-jet invariant mass
for jet pairs. (b) Transverse energy of jets. (c) Pseudorapidity of jets.

~ (1 — cos 8*)~2 [55]. On the other hand, in direct processes the exchanged particle is a quark
(spin 1/2) and thus, the angular dependence is given by ~ (1 — cos 6*)~! [55].

The cos §* variable is computed in the rest frame of the two selected jets with respect to
the proton momentum boosted into the same frame. The angular distribution, displayed in
figure 5.2a for jet-jet masses above 10, 12, 14 and 16 GeV, shows a rise towards large values
of cos 6* (the distributions are normalized to unit area) for the highest mass cuts. This rise
becomes more evident as the mass cut increases since the transverse momentum cut on the jets
decreases the acceptance for events with low M?/ and high cos #*. The drop beyond cos 6* = 0.8
is an artifact resulting from the 7’ region selected. The HERWIG simulations reproduce the
data acceptably. This result, observed for the first time in vp interactions, complements similar
results in hadron collider data [56, 57], where the ‘Rutherford’ scattering between partons have
been observed.

Another characteristic of hard scattering photoproduction processes is the fact that the two
high-pr jets arising from the interaction balance their pr. This can be seen in the transverse
plane by looking at the difference in azimuth between the two jets, Ap = |pi®h — @I¢%2|,
since in the longitudinal direction the large boost due to the asymmetric beam configuration is
present. Figure 5.2b shows the A¢ distribution for different E5* thresholds (the distributions
are normalized to unit area). As can be seen in this figure, the two jets are more back-to-back
as the E3 increases. This is due to the fact that as E3 increases, the jets are more collimated
and, consequently, the distribution shrinks to A¢ ~ 180°. The simulations of HERWIG are in
agreement with the data.
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Figure 5.2: (a) cos6* distribution for M% >10, 12, 14 and 16 GeV. (b) Ay distribution for
E¥' > 5,6, 7 and 8 GeV. The predictions of the HERWIG Monte Carlo for resolved and direct

processes (normalized to the data) are presented as well (solid line).

The conclusions to this section are that in a certain fraction of the data sample, two-jet
structure is observed. These events are characterized by a back-to-back structure, becoming
more collimated as the E3* threshold increases. These results give support to the explanation of
these events in terms of the hard scattering of the photon and its constituents with the partons
in the proton. The QCD predictions for the E3" and ¢ distributions are in agreement with
the data and they show once more the dominance of the resolved processes. The dijet centre-of-
mass scattering angle distribution further supports an interpretation in terms of hard parton-
parton scattering and the jet-jet mass distribution is well described by the QCD predictions;

no significant deviations from QCD are observed.

5.2 Observation of resolved processes
As discussed above, a large contribution from resolved processes is needed to describe the n?¢
distribution of the data. In addition to the different 7’¢* dependence in resolved and direct
processes, the presence of a hadronic system steaming from the fragmentation of the photon
remnant in the direction of the incident electron is a unique feature of resolved processes [58].
This has been investigated analyzing the topology of the dijet sample. The correlation
between the energy deposited in RCAL and the minimum pseudorapidity of either of the two
jets is shown in figure 5.3a for the dijet sample. It is observed that in a subset of the data there
is a substantial energy deposit in the RCAL even when both jets appear in the forward region
(Mmin > 0), the nearest jet to the RCAL being at least one unit of rapidity away. This is an
unambiguos signature of resolved interactions, where the two jets go forward and the photon
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Figure 5.3: (a) Correlation between the energy deposited in the RCAL and the minimum
pseudorapidity of the two jets. (b) Transverse energy in the 7 — ¢ plane for an event showing a
two-jet structure plus additional activity in the incident electron direction associated with the

L j

photon remnant.

remnant emerges approximately in the direction of the incident photon. A resolved candidate
is shown in figure 5.3b, where two-jet structure is clearly seen together with a sizeable energy

deposit in the electron direction.
By requiring pl5;, > 0 and RCAL energy larger than 5 GeV for the two-jet sample, 61 events

are selected. This is in agreement with Monte Garlo calculations which predict 66 + 8 events
in this region.

This observation confirms the presence of resolved processes in the dijet sample, which can
now be identified as one of the mechanisms of jet production.

5.3 Observation of direct processes

The jet properties studied until now are consistent with the dominance of resolved processes.
The direct processes are expected to contribute to the dijet sample. However, no evidence
for the presence of the direct processes can be inferred from the data shapes discussed in the
previous sections, as they can be roughly described by the resolved processes alone. In this
section we use the selected dijet sample to separate the contributions from direct and resolved
processes [14, 41, 42].

Direct processes are characterized by the fact that the photon enters the interaction as
a whole, whereas in resolved processes, the photon ‘resolves’ into partons and one of them,
carrying only a fraction of the photon momentum, participates in the interaction. Thus, for
resolved processes the fraction of the photon momentum invested in the hard collision is smaller

44



than 1 and for direct processes it is equal to 1.

In two-to-two parton scattering, the two partons in the final state carry information on the
momenta of the incoming partons. The fractional momenta of the incoming partons (z, and
z.,) can be obtained using the final state partons via the relations [55]:

By = 212‘ (e™ + e™) (5.1)
pr , — - .
Ty = ﬁ:(e m +e "72) (52}

where pr and 7 are the transverse momenta and pseudorapidities of each of the final state
partons, respectively, E, is the proton beam energy and E, is the initial photon energy. For
resolved processes, ¢, < 1, and for direct processes, z, = 1. Hence the different behaviour of
the z., distribution for direct and resolved processes should allow the separation of these two
contributions.

In order to calculate the fractional momenta of the incoming partons, the final state partons
can be approximated by the two highest E7r final state jets:

:E;neas - 2E (Ejetl :,715‘1 + E%"Eh ean’Z) (53)
]. et y et
mzl,eas — o - (EJCtl —piet + E%‘etze—m 2) (54 )

where E] “2 and ne12 are the transverse energies and pseudorapidities of each jet, respectively.
and the energy of the photon has been approximated by E, ~ E.y ~ E.y;s.

Use of the formula 5.4 for z., has the advantages over using E, obtained from the energy
of the electron measured in the luminosity monitor (which can be done only for tagged events)
that a wide range of photon energies is accessible, and that many systematic uncertainties in
the energy measurements in the CAL cancel out. The z7*** distribution for direct processes
calculated using eq. 5.4 is expected to peak at values slightly smaller than 1 due to the
uncertainties coming from the finite size of the cone used in the jet search.

Monte Carlo studies were performed in order to optimize the momentum fraction mea-
surements (see appendix B). From these studies it is found that imposing the requirements
[piett — piet2| < 1.5 and i — 2| > 120° improves the z7'*** and z**** resolution [14].
Based on the Monte Carlo studies performed, we reconstruct the initial state parton kinematics
with a resolution of 10 to 25%. The number of data events surviving these cuts is 193.

High-pr dijet production has been used in hadron colliders to extract an effective parton
distribution in the proton [56]. Similarly, we can probe the low-z behaviour of the proton
and photon parton distributions at HERA. However, in our case, the situation becomes more
involved due to the presence of two processes: the direct component which depends solely
on the proton parton distributions and the resolved one that depends both on the proton and
photon parton distributions. Once both contributions are separated, direct processes constitute
a probe of the gluon distribution in the proton due to the dominance of the BGF process at
low z, values (see chapter 6).

First, we study the range of z,, values probed by the selected dijet sample. The distribution
of 27*** is shown in figure 5.4a together with the predictions of the simulation using HERWIG.
The z7*** in the data ranges from 1.6 107° to 107!, with a mean value of 1.4 10~2. The Monte
Carlo distributions describe well the shape of the data and are insensitive to the choice of
parton distributions in the proton. This is due to the fact that the bulk of the range covered by
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Figure 5.4: Kinematic distributions for events with two or more jets. (a) z, distribution for
the final sample. (b) z, distribution for the final sample and the tagged subsample (shaded
histogram). For both figures, the Monte Carlo distributions are the result of the fit to the data

shown in figure 5.4b (see text).

the present data is in the region where precise measurements of the proton structure function
exist, and these are well described by the parameterizations of the proton structure function
used here (MRSDO and MRSD-).

The z7'*** distribution of the data is shown in figure 5.4b together with the predictions of
the simulation using the HERWIG generator. The tagged subsample is shown as a shaded area.
The data exhibits a two-peak structure, at low and high z7'*** values. The behaviour of the
tagged subsample is consistent with that of the whole sample.

The predictions of the Monte Carlo simulations of resolved and direct processes have quite
different behaviour. The resolved contribution rises towards low z7'*** values while the direct
component peaks sharply at high z7****. Tt has been studied whether resolved processes alone
can account for the peak at the hlgh end. From the Monte Carlo simulation of the resolved
processes, the distribution of (z7'*** — 2°") peaks at around 0.1 (0.2) and has a width of 0.14
(0.22) for HERWIG (PYTHIA), and we conclude that the peak at the high end of the g7
distribution cannot be reproduced from resolved processes by experimental and acceptance
effects. The same conclusion is reached for both HERWIG and PYTHIA generators and for
all the parton distributions in the proton and in the photon studied. On the other hand, the
shape and location of this peak in the data is well described by the direct contribution. The
direct processes predict a sharp rise towards high z7"** as observed in the data and only a
small number of events for z7**** < 0.75. This constitutes an unambiguos evidence for dijet
production through the dlrect process [14, 41, 42].

The relative contribution of the direct process to dijet production was evaluated as follows.
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Figure 5.5: (a) ., distribution for the tagged subsample calculated using the electron energy
measured by the luminosity monitor. (b) Energy flow of the hadronic system for the subset
of the dijet data (tagged subsample) with the most backward jet with ni¢ > 0 and either
z, > 0.50 (shaded histogram) or z, < 0.50 (white histogram). (c) Distribution of Ercar for
the subset of the dijet tagged sample with z, > 0.50.

The shapes of the simulation of resolved and direct processes were added with independent
normalizations and fitted to the z7'*** distribution of the data (see appendix C). The fit, shown
as a full line in figure 5.4b, reproduces acceptably the data, although at low z7*** values is
below the data. This is related to jets in the most forward region, where a discrepancy has
already been observed in the 77 distribution. The fit yields a contribution of 65+17 events
(34% + 9% of the selected dijet sample) coming from the direct processes, in good agreement
with the predictions of the Monte Carlo simulation (38%).

The subsample of tagged events, which have @ < 0.02 GeV?, is used to check the photo-
production origin of the sample. This subsample also exhibits a peak in the high 27°** region,
as can be seen in figure 5.4b. For the tagged subsample, an alternative method can be used to
estimate .,. In this case, E., in eq. 5.2 is estimated by using the electron energy measured in
the luminosity monitor, E, ~ (E, — E,iumi). In order to increase the statistics, the cut on niet
was set to 1.8 in this case; the selected sample contains 50 events. Figure 5.5a shows the meMI
distribution for these events. As can be seen in the figure, this distribution also presents a peak
at high :BSUMI values, though in this case, this peak is smeared and shifted towards smaller
values than when z., was estimated using the CAL. This effect is due to the fact that when z,
is estimated using the CAL for measuring the jets and the luminosity detector for measuring
E,, the uncertainties in the energy measurement do no longer cancel.

This subsample of tagged events can be used to investigate the characteristics of the jets

and the global shapes of the events. The sample of events with mI;UMI > 0.5 is expected to
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have an enriched contribution of direct processes. After applying this cut, 28 data events were
selected. All the characteristics studied for this subsample exhibit the features expected for
direct processes. As an example, the energy flow of the hadronic system for those events with
the most backward jet at 77** > 0 and zZVMT > 0.5 is shown in figure 5.5b (shaded histogram).
This is to be compared to the same distribution for those events with the same cut on the most
backward jet and zZUM! < 0.5 instead (unshaded histogram). For 77 > 0, the jet activity
is restricted to the forward region. The events with :BSUMI < 0.5 exhibit a sizeable hadronic
activity in the backward region while the events with a:fUMI > 0.5 show little activity in that
region. The former are consistent with originating from resolved processes, where the two
partons go into the forward region and the photon remnant is in the backward direction. The
latter are instead interpreted as emanating from direct processes due to the lack of activity in
the backward region. This is a complementary method to the one described in section 5.2 for
the observation of resolved processes.

In the region ac,I;UMI > 0.5, a subset of the data shows little activity in the RCAL range. In
fact, 15 events of the 28 have an energy deposit in the RCAL less than 1 GeV. The distribution
of the energy deposit in the RCAL (Ercar) for the dijet selected sample is shown in figure
5.5c. The lack of hadronic activity in the backward region, as expected from Monte Carlo
simulations of direct processes and as it has been shown in the comparisons of figures 5.5b and
5.5c confirm the observation of dijet production by direct processes [42].

In conclusion, firm evidence for the hard scattering processes responsible for dijet production
in 7p interactions, resolved and direct, has been given. In a subset of the data, two-jet structure
appears together with energy deposit in the direction of the incident electron consistent with
the remnant of the photon. This constitutes an unambiguos signal for dijet production through
resolved processes. This is further substantiated by the agreement in the jet pseudorapidity
distributions of the data and the QCD simulations involving the partonic content of the photon.
In addition, the expected dominance of the resolved component is clearly demonstrated. In the
dijet sample the distribution of the measured fraction of the photon energy participating in the
hard collisions, shows a clear peak at large values consistent with the expectations of the direct
process. This distribution allows a separation of the resolved and direct components.

5.4 Determination of direct and resolved dijet cross sec-
tions

This section is devoted to the measurement of the cross section for two-jet production. In the
previous sections, it was shown that the shapes of the distributions for several jet properties
are well described by the HERWIG Monte Carlo, thus we can go further and measure the dijet
cross section which can be compared to theoretical calculations. Moreover, the resolved and
direct two-jet cross sections are related to the structure functions of the proton and photon in
the case of resolved, and to the proton structure function in the case of direct processes. Hence,
the cross sections for both contributions were measured separately to check the agreement with
the QCD predictions in each case.

The dijet cross section was measured for the kinematic region covered by the data (0.2 <
y < 0.7) since extrapolation beyond this region implies a dependence on the Monte Carlo
simulation which can not be checked against the data.

The clear separation between resolved and direct contributions as explained in the previous
section, allowed us to measure the dijet cross sections for each of the two processes separately.

48



The cross section was calculated for resolved and direct processes via the expressions

TES

o(resolved) = —to 5.5

(resolved) = Dile (5.5)
éiir

o(direct) = —2 5.6

(direct) = Jyisia (5:5)

where N7 is the number of the data events corresponding to resolved (direct) processes,

g% is the acceptance correction for resolved (direct) processes, and L is the integrated
luminosity.

From the fit of the z**** distribution (figure 5.4b), we obtained a contribution of 65 £ 17
events from the direct processes. We subtracted this number from the total of 193 events in the
data sample, and attributed all the remaining events to resolved interactions. This was done to
reduce possible bias due to the poor agreement between the resolved Monte Carlo distribution
and the data at low z77**.

The acceptance correction was calculated as follows: from the full Monte Carlo sample, gen-
erated over the complete y range, we calculated the number of reconstructed dijet events, N,..,
using the full detector simulation and including the experimental trigger conditions and the
complete set of selection cuts used in the data analysis. Also from the full Monte Carlo sample,
events with a generated y in the range 0.2 - 0.7 were selected. Using the generated momenta
of the final state particles, two jets with transverse energies above 5 GeV and pseudorapidities
below 1.6 were also required. These cuts select Ny, events and define the kinematic region of
the quoted cross sections. The ratio N,e¢/Ngen‘is the experimental dijet acceptance. In this
way, the effects of the |©]® — 3| and |7] — 75| cuts are also corrected.

The acceptance is determined separately for the direct and resolved processes (see appendix
C). They are about 25% for both the resolved and direct components, and depend only weakly
on the Monte Carlo simulation used.

A study of possible systematic errors in the cross section measurements, arising from un-
certainties in the fit and the acceptance calculations, has been carried out separately for the
resolved and direct contributions. In all cases, the uncertainties in both contributions are sim-
ilar, and the larger of the two is quoted here. More details on the systematic errors can be
found in appendix C. The principal sources of possible errors are:

— different proton and photon parton distributions in the Monte Carlo simulation: +£12%

— different Monte Carlo generators (HERWIG and PYTHIA): +16%

— the prmin cut off value used in the Monte Carlo: +8%

— different implementations of the jet finding algorithm and treatments of jet merging:
+13%

— uncertainty in the absolute energy scale of the detector: +17%

— uncertainty in the trigger threshold energies: +5%

Moreover, a 5% uncertainty in the luminosity determination [13] was included.

The final results for the dijet cross sections are
odijet(resolved) = 21.1 + 5.2 (stat.) + 5.7 (syst.) nb
for the resolved contribution and
oaijet(direct) = 9.4 + 2.7 (stat.) £ 2.7 (syst.) nb

for the contribution of the direct processes [14]. The quoted cross sections are the averages of
the values obtained with different parton distributions, different Monte Carlo generators and
different jet finding procedures and the systematic errors were added in quadrature.
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The measured values for the dijet cross sections can now be compared to the LO predictions
given by the Monte Carlo simulation. In order to obtain agreement with the measured cross
section, the LO predictions for both the resolved and direct contributions have to be scaled up
by factors of 1.3 to 1.8, depending upon the Monte Carlo simulation and parton distributions
used. A better agreement is expected in the comparisons to NLO calculations since their
uncertainties are smaller [2]. However, the ratio of the measured cross sections for resolved
and direct processes is consistent with the LO QCD predictions. This is expected due to the
fact that NLO corrections to resolved and direct processes should be similar and therefore, the
uncertainties largely cancel out in the ratio.
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Chapter 6

The gluon content of the proton

The determination of the parton densities in the proton, especially at low values of z, is a
very useful information for comparison to theoretical predictions based on QCD calculations,
both to test perturbative QCD and to search for new non-perturbative effects. Moreover, these
measurements give an empirical description of the proton, essential to understand the parton
luminosities in the colliders of the next generation, like LHC. The parton densities are necessary
ingredients in calculating production rates for new particles in hadron-hadron interactions. The
hadron-hadron cross section at high energies is dominated by gluon-gluon interactions and thus
the rates are specially sensitive to the gluon content of the proton, also needed for estimating
conventional backgrounds.

Two-jet photoproduction at HERA can be used to extract an effective parton distribution
in the proton. Moreover, the two-jet cross section, which is proportional to the partonic density
in the proton, is dominated by the BGF process at low z, hence the gluon content of the proton
can be estimated by studying a sample of two-jets events enriched in direct processes.

6.1 Application of a cluster algorithm to yp processes

The cone algorithm has been used so far to search for jet structure in our sample due to the
characteristics of resolved and direct processes, as explained in section 4.4. Cluster algorithms,
which were designed for ete™ collisions, take into account all particles measured in the detector
to reconstruct the final state, since there are neither remnant nor a soft underlying event. The
soft underlying event is present in hadronic collisions and is the result of the interactions between
spectator partons in the two colliding hadrons. The application of a cluster algorithm to yp
interactions is useful to determine the dependence of the estimated parton distribution in the
proton on the jet finding algorithm. It can also be used to compare the results obtained by the
cluster and cone algorithms in order to check the consistency between them and consequently,
the underlying partonic structure of the jet candidates found. In order to apply it to these type
of processes, the contributions from the resolved and direct processes have first to be separated
due to the presence of the photon remnant in the case of resolved processes.

The jet clustering algorithm used is described in appendix D. Preliminary studies can be
found in ref. [59], where this algorithm was applied to heavy quark events. The application of
this algorithm to resolved processes leads to force each event to be reconstructed as a four-jet
event: two jet candidates for the final state partons coming from the hard scattering and the
other two candidates for the proton and photon remnants, respectively. However, the photon
remnant is widely spread in the RCAL and can hardly be reconstructed as a jet. Most of
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the time, particles belonging to the photon remnant get clustered into the jets coming from
the hard interaction, which in turn get split to fulfill the four-jet condition. On the other
hand, an event coming from a direct process must be forced to be reconstructed as a three-
jet event, only one remnant (the proton) and two jet candidates for the final state partons,
hence the reconstruction is cleaner. In both cases, when jets coming from the hard interaction
go into the forward region, the particles from those jets can be mixed up with the fragments
of the proton, therefore the pseudorapidity range of these jets in the forward region must be
constrained. Hence, this algorithm should be able to reconstruct reliably events coming from
direct processes.

Once an enriched sample of direct processes has been isolated, it has to be proven that the
cluster algorithm can reconstruct reliably the jets coming from the hard interaction. Then.
the cluster and cone algorithms can be applied to the selected sample in order to estimate the
gluon content of the proton by two independent methods [60].

The cluster algorithm used in this analysis is able to reconstruct the jets coming from
the hard interaction through direct processes as described in appendix E, where a detailed
study on Monte Carlo simulations is presented. The quality of the jet reconstruction and the
z, measurement are analyzed there together with a comparison to the cone algorithm which
proves that the jet reconstruction and the z, estimation by both methods are equivalent and
supports the fact that the jets reconstructed can be identified with the final state partons.

6.2 The aU;”e‘” distribution

As discussed in section 5.3, the z**** distribution was used to separate the contribution from
resolved and direct processes. Once an enriched sample of direct processes is obtained, the
cluster and cone algorithms are applied to the selected dijet sample in order to estimate the
fraction of the proton momentum carried by the interacting parton and subsequently, the gluon
content of the proton.

The method to obtain an enriched sample of direct processes is as follows: the 193 events of
the selected dijet sample (see section 5.3) were used to estimate the contributions from direct
and resolved processes [14, 41, 42] by exploiting the different behaviour of the two components
in the 277¢** distribution. The sample of events with z7'*** > 0.75 is expected to be enriched in
direct processes. There are 69 dijet events with z7+** > 0.75, in agreement with Monte Carlo
simulations of direct processes which predict 6248 events. The expected background from
resolved processes, estimated using Monte Carlo techniques, is ~ 16%. Then, as explained in
appendix E, the cluster algorithm was applied to the selected dijet sample in order to obtain
a sample reconstructed by both algorithms. Two jets with E%Ei > 5 GeV and 77¢ < 1.6 (in
addition to the cluster identified as the proton remnant) were required to be reconstructed
in each event by the cluster algorithm. The final selected sample of dijet events reconstructed
simultaneously by both jet algorithms consists of 67 events. This is the sample that is considered
in what follows.

Having selected a sample enriched in direct processes, we proceeded to estimate the fraction
of the proton momentum carried by the struck parton. This was done using two independent
methods: first, eq. 5.3 was applied to the selected dijet sample reconstructed by the cone
algorithm. In the second method, z,*** was calculated by applying eq. 5.3 to these events,
using the jet energies and pseudorapidities reconstructed by the cluster algorithm. As it was
proven in appendix E, the two methods give equivalent results.

The same selection procedure as in the data was applied to the Monte Carlo sample of
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Figure 6.1: (a) Correlation between the reconstructed z, and the generated value. The z, value
was estimated using two-jet events reconstructed by the cluster algorithm on direct processes
simulated by the HERWIG generator which are selected by the cuts defined in the text. (b)
z, distribution for the selected dijet sample (z, > 0.75.): data (dots) and the simulation of
the HERWIG Monte Carlo of direct processes for MRSDO (dashed) and MRSD— (dot-dashed).

The jets were reconstructed using the cluster algorithm.

direct processes. Figure 6.1a shows the correlation of the z7'*** reconstructed using the cluster
algorithm to the generated value for this sample. As can be seen in this figure, the reconstruction
is fairly good.

The z7*** distribution (calculated using the jets reconstructed by the cluster algorithm) for
the selected data sample is shown in figure 6.1b together with the Monte Carlo simulation of
direct processes for different parton parametrizations of the proton, MRSDO (dashed line) and
MRSD— (dot-dashed line). The Monte Carlo distributions in this figure are normalized to the
data and the errors for the data are only statistical. The distribution for the data ranges from
2.5107° t0 2.5 1072, with a mean value of 9.3 1072, The shape of the data is well described by

the simulation of direct processes in the kinematic region defined by the cuts.

6.3 An estimation of the gluon distribution in the proton

In order to estimate the gluon content of the proton, we first performed Monte Carlo studies to
choose the bins in z, and to determine the migration effects and systematic errors in those bins.
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Figure 6.2: (a) Correlation between the reconstructed z, and the generated value. (b) The
relative error, (log z°° — log z9°")/ log 29", as a function of z§*". The z, value was estimated
using two-jet events reconstructed by the cone algorithm on direct processes simulated by the
HERWIG generator using the final selected sample for the chosen binning.

TEec

Three bins in &, were chosen to have enough statistics in each bin and to minimize migration
effects. Figure 6.2a shows the correlation of zJ*" to z7°° using the cone algorithm (figure 6.1a
shows this correlation for the jets reconstructed using the cluster algorithm). The bins in z,
chosen are sketched in this figure (vertical dashed lines): Bin 1 is 1.8 1072 < z, < 5.6 1073,
Bin 2is5.6 1072 < 2, < 1.8107%; Bin 3is 1.8 1072 < z, < 5.6 1072, The migration effects can
be observed as well (boxes outside the diagonal) and are found to be relatively small (27%, 18%
and 22% in each bin, respectively). Figure 6.2b shows the resolution in the z, reconstruction
as a function of z°" for the bins chosen; it is found to be better than 10% in the final sample.
Similar results are obtained when estimating x, with the cluster algorithm.

The two-jet cross section at low Q? for direct processes can be approximated by the BGF

Bin 1 Bin 2 Bin 3
cone | cluster cone | cluster cone | cluster
HERWIG | 1.69 (1.61) | 1.54 (1.46) | 1.08 (1.22) | 1.16 (1.31) | 0.76 (0.95) | 0.73 (0.91)
PYTHIA | 1.66 (1.72) | 1.72 (1.79) | 1.23 (1.44) | 1.30 (1.52) | 0.74 (0.98) | 0.70 (0.89)

Table 6.1: Correction factors for MRSDO (MRSD—)
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Figure 6.3: zG(z) for data (dots), MRSDO (dashed) and MRSD— (dot-dashed).
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Table 6.2: G (z) (stat. and syst. errors)

contribution [1]

olep — jet +jet+ X) = /dy dz, dpy fye(y) G(zp) %

where f,/. is the flux of almost real photons, & is the photon-parton cross section and G(z,)
is the gluon density in the proton. Since all other factors are known, G(z,) at small values of
z, can be extracted from the data. The BGF and QCDC contributions to the final selected
sample were estimated by Monte Carlo techniques. It was found that the BGF contribution
amounts to 85% of the sample (87%, 85% and 80% in each bin, respectively). Hence, the
effective parton distribution in the proton estimated from this sample should be dominated by
the gluon contribution.

The unfolding of the acceptance was performed using the Monte Carlo samples. A bin-by-bin
correction to the input structure function used in the Monte Carlo simulation was determined
and thereby the gluon content of the proton in bin i (G¢**(z)) was estimated by [61]

data data
NP /L

G;iata(.’E) o ——NMC/LMC

G° ()

where N#t¢(NMC) is the number of data (Monte Carlo) events in bin ¢, L (LMC) is the
luminosity for the data (Monte Carlo) and GM¢ is the input gluon distribution averaged in bin
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i. Table 6.1 shows the correction factors applied to GMC for each bin estimated using different
Monte Carlo generators, jet finding algorithms and parametrizations of the parton distributions
in the proton.

The unfolding procedure was checked by taking a sample of events generated by HERWIG
and a sample generated by PYTHIA. Each sample in turn was called ‘data’ and the other
‘Monte Carlo’ in the application of the procedure to estimate the gluon distribution. It was
found that the input gluon distribution was always recovered within errors. This consistency
holds for different choices of the input parton parametrizations and for the two jet finding
algorithm used.

A study of systematic errors has been carried out taking into account the effects of different
jet finding algorithms, parametrizations of the parton densities of the proton and Monte Carlo
simulations as principal sources of error. In all cases, the error was calculated by varying one
specific source and keeping the other unchanged. The two different jet finding algorithms used
(cone and cluster) give a systematic error of 5%, 4%, 4% in each bin, respectively. The estimated
uncertainty coming from varying the parametrization of the proton parton densities (MRSDO
and MRSD—) is 13%, 9%, 8%. Different Monte Carlo generators (HERWIG and PYTHIA)
give variations of 9%, 7%, 2%. Finally, a 5% uncertainty in the luminosity determination is
added.

The final results are shown in table 6.2. The quoted values for the estimated gluon dis-
tribution in the proton are the averages of the values obtained with the different jet finding
algorithms, different parametrizations of the parton densities and different Monte Carlo gener-
ators. The systematic errors have been added in quadrature. Figure 6.3 shows the estimated
gluon distribution as a function of z compared to MRSDO (dashed line) and MRSD— (dot-
dashed line). The errors shown in the figure are statistical and systematic added in quadrature.
The data show a significant rise towards small values of z, increasing by more than a factor of
two from the highest bin to the middle one, and by a factor of two from the middle bin to the
lowest one. The data points lie on top of both predictions for the two highest z bins, though
it seems to favour a more singular distribution than the one of MRSD— at low  values.
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Chapter 7

Inclusive jet differential cross sections
at low Q?

In the previous chapters we have reported the observation of jet production in 7p interac-
tions and the analysis that led to the identification of the main processes contributing to hard
scattering in the kinematic range studied: resolved and direct. The QCD-based Monte Carlo
simulations reproduce reasonably the characteristics of jet production of the data and a first
estimation of the gluon content of the proton has been made. In this chapter, we report the
study of the partonic content of the photon and perform a test of QCD by measuring the differ-
ential cross sections for jet production. The raw data sample used in this analysis corresponds
to an integrated luminosity of 550 nb™!, which represents a twentyfold increase with respect to
that collected in 1992. .

As was explained in section 1.2, differential cross sections do/dE¥* and do/dp'® for jet
production in the low Q? regime are sensitive to the partonic content of the proton and the
photon [2, 1, 62]. The dependence on the parton content of the photon can be isolated studying
jet production at sufficiently high- E7 to probe the proton structure in a region already covered
by previous experiments, but still be in the E%ft range where the resolved processes are expected
to dominate. Before HERA, the hadronic structure of the photon has been experimentally
investigated mainly in inclusive ey deep inelastic scattering [28]. LO [25, 29] and NLO [26,
30, 31] fits to these data allowed the extraction of the quark densities in the photon but left
the gluon density essentially unconstrained. Recently, measurements of jet cross sections in
47 interactions at TRISTAN have been presented [63]. These jet cross sections probed the
photon structure function at scales QA?Y ~ 6 — 100 GeV? and involved partons in the photon
with fractional momenta (z.,) down to ~ 10~*. The comparison to LO QCD predictions showed
agreement with the measured cross sections. The measurement of do/dE}" and do/dn’® for
inclusive jet production at low-Q? at HERA tests the predictions of the parametrizations of
the photon parton distributions at higher QA?, scales and gives information concerning the gluon
density at lower z., values with respect to existing results. First measurements of these cross
sections by the H1 Collaboration [64], performed in a narrower kinematic range than measured
presented here, indicated a discrepancy in do/dni®* with respect to LO QCD expectations.

This chapter is devoted to explain the method and give the results obtained for the mea-
surements of do/dE} and do/dn’® for inclusive jet production in the region of Ej' (8 GeV
< E¥' < 41 GeV) and ¢ (-1 < 77 < 2). These measurements are compared to LO QCD
calculations using different parametrizations for the parton distributions in the photon.
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7.1 Data selection criteria and Monte Carlo simulation

During the 1993 running period, physics-based filters were applied at the TLT. The TLT physics
filter for hard photoproduction required: a) that the event should have a reconstructed vertex
from the tracking chambers with the z-component in the range |z| < 75 cm; b) Efg > 12 GeV,
where ETp is the total transverse energy as measured by the CAL excluding the CAL cells
whose polar angles are below 10°; ¢) F—p, > 8 GeV; and d) p,/E < 0.94. In the computation
of these and subsequent global CAL quantities for every event, the polar angles with respect
to the vertex of the interaction as reconstructed using the tracking chambers have been used.

For the purpose of the present analysis, only the events with at least one jet fulfilling
the conditions (uncorrected) E¥* > 6 GeV and —1 < 77 < 2 were retained at the offline
level. A total of 30,366 events satisfied these conditions. The contamination from beam gas
interactions, cosmic showers and halo muons was negligible after demanding: a) at least two
tracks pointing to the vertex; b) if there are only two tracks pointing to the vertex the opening
angle between them («) should satisfy cosa > —0.996; c) the vertex position along the beam
axis in the range —48 cm < z < 36 cm; d) less than five tracks not associated with the vertex
and compatible with an interaction upstream in the direction of the proton beam; and e) the
total missing transverse momentum should be small compared to the total transverse energy.
by requiring Pr /v/Err < 2 GeVz. The last condition also rejects events from DIS charged
current interactions where the final state neutrino remains undetected. In order to select a
sample of events from low-Q? interactions, DIS neutral current candidates were rejected as in
previous analyses (see appendix A). After selecting those events with 0.16 < yyp < 0.7, the
final sample consists of 19,485 events containing 24,504 jets. The only significant contamination
was from DIS neutral current events with Q% > 4 GeV?, which was estimated to be below 2%
using Monte Carlo techniques.

For the present analysis, the programs PYTHIA and HERWIG were used to generate pho-
toproduction events via resolved and direct processes. Samples of events were generated with
pr > 5 GeV/c using the LO predictions by GRV for the photon and MRSD— for the proton
parton distributions. Samples of events using LAC1 for the photon and MRSDO for the proton
parton densities were also studied. In addition, Monte Carlo samples of events from low-Q?
diffractive processes were generated. It is expected that these processes contribute to inclusive
jet production [65] and experimental evidence has been found at HERA [66]. The final states
corresponding to these processes are not accounted for either by PYTHIA or HERWIG and
have been simulated using the program POMPYT [67]. In these samples, the cutoff on the
transverse momentum was set to pr > 3 GeV/c in the two-body hard collision. All generated
events were passed through detailed detector and trigger simulation programs based on the
GEANT package [50]. They were reconstructed using standard ZEUS offline programs and
passed through the same analysis chain as the data.

These Monte Carlo samples were used to determine the response of the detector to jets of
hadrons and thereby the correction factors to the observed inclusive jet distributions. First,
jets of hadrons were searched for in the multihadronic final state (see section 7.2). These jets
of hadrons (had jets) define the physical objects whose differential cross sections we measured.
After these events were passed through the detector simulation, jets were searched for using the
CAL cells (cal jets). The relationship between the had jets and the cal jets served to study the
resolution of the reconstructed jet variables and to compute the energy corrections to the cal
jets. Second, the generated events were also used to study the reconstruction of the kinematic
variables, the efficiency of the trigger and selection cuts and thus to compute the acceptance
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corrections to the observed inclusive jet distributions.

7.2 Jet search and kinematic region

The jet finding algorithm as described in section 4.4 was used to reconstruct jets, both from
the final state hadrons and from the energy depositions in the CAL cells in data and generated
events. In the present analysis, all CAL cells were included in the jet search and the cone radius
R was set to 1 unit. A final cluster of CAL cells was called a jet if Er(cluster) exceeded 6 GeV,
and only jets with 77¢ in the range —1 < 7® < 2 were selected.

The same jet algorithm was applied to the multihadronic final state of the generated events
by replacing the CAL cells with the final state particles. All particles with lifetimes larger than
10713 sec and with polar angles between 5° and 175° were considered. The variables associated

with the had jets are denoted by Eed, nhed and "4, whereas the ones for the cal jets by Eet,
cal

cal

7, and ¢

The reconstruction of the variables of the had jets by the cal jets was studied using the
Monte Carlo samples. The matching between the cal and had jets was based on the distance
in the 7 — ¢ plane: the pair of had-cal jets closest in R = +/An?+ Ap? and R < 1 was
considered to be matched. Unmatched cal jets were counted as impurity and unmatched had
jets as inefficiency. These effects were corrected for in the final cross sections. In the Monte
Carlo samples, the inclusive had jet and cal jet subsamples were thus extracted and the jet
variables compared. From this comparison it is concluded that no significant systematic shift in
the angular variables 7°% (o) with respect to n"*? (") is present, and that the resolution in
n°* is 0.07 units of pseudorapidity and in ©° is 5°. On the other hand, the transverse energy
of the cal jet underestimates that of the had jets by an average amount of ~ 16%. Details of
these studies can be found in appendix F.

The measurement of the inclusive jet differential cross sections are given in the kinematic
range 0.2 < y < 0.85 and Q% < 4 GeV?, and refer to jets corrected to the hadron level with
Ehed > 8 GeV and —1 < nhed < 2. The details of the measurement of this kinematic range in
the data can be found in appendix G.

7.3 Jet profiles

The energy corrections to cal jets and the correction factors to the observed inclusive jet
distributions depend on the characteristics of the had jets. Therefore, the characteristics of
the jets in the data must be adequately reproduced by the Monte Carlo simulations. This
has been checked in the |7’¢*| < 1 region by comparing the multiplicity distribution and the
pr-spectrum of charged particles within the cal jet for data and Monte Carlo. This comparison
was extented to charged and neutral particles in the whole 7’¢* range by studying the transverse
energy profiles of the cal jets.

The characteristics of the cal jets in Monte Carlo and data were compared using the tracks
reconstructed by the tracking detectors. The tracks were required to be in the ranges |gtreck| <
1.5 and p42* > 300 MeV, where p4°* is the transverse momentum of the track with respect
to the beam axis. Tracks were associated to a cal jet when the extrapolated trajectory hit the
CAL within the cone of the cal jet. The distribution of the multiplicity of tracks in a cal jet
and the pi®®*_spectrum for tracks in a cal jet for the inclusive jet data sample were compared
to Monte Carlo samples (see appendix H). The mean value for the multiplicity of tracks in
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Figure 7.1: Transverse energy profiles as functions of the distance from the jet axis, An (inte-
grated over |Ap| < 7/2; top row) and A (integrated over |An| < 1; bottom row), for jets with
E¥' > 6 GeV and —1 < 9°? < 2 in the data (black dots) and PYTHIA Monte Carlo samples

including resolved plus direct processes (histogram).

a cal jet as a function of 7°* was also studied. The Monte Carlo describes well all the data
distributions studied.

The size and shape of the cal jets have been investigated studying the transverse energy
profile around the jet axis, Ap = 7 — % and Ap = g — ¢°. The density of transverse
energy in the hemisphere of the jet (integrated over |[Ap| < 7/2) per unit of pseudorapidity, as
a function of A7, is shown in figure 7.1 (top row) for the inclusive jet data sample (black dots)
in three n° ranges: —1 < 7°% < 0, 0 < 7 < 1 and 1 < 7°¥ < 2. In addition, the density
of transverse energy integrated over |A7n| < 1, as a function of A, is presented in the bottom
row of figure 7.1 for the same sample. The Monte Carlo expectations of PYTHIA including
resolved plus direct processes (histogram) are compared to the data in the same figure. The
transverse energies have not been corrected for detector effects and the comparison between
data and Monte Carlo, which include detector effects, has been made in terms of uncorrected
CAL transverse energy densities. The transverse energy profile within the jet and its vicinity for
the data is well described by the Monte Carlo expectations in most of the 7°* range considered.
The decrease of the A7 distribution seen both in data and Monte Carlo in the region An > 2 for
the forward jets (1 < n°* < 2) is a geometrical effect: the most forward edge of the FCAL is at
n = 4.3. These comparisons indicate that, although there is some discrepancy for the forward
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jets in the region Anp > 1, the core of the jet (i.e. |Ap| < 1 and |Ap| < 7/2) is correctly
reproduced by PYTHIA.

7.4 Energy corrections to jets

As it was mentioned in section 7.2, the E$* underestimates E4* by ~ 16%. There are several
sources responsible for the energy losses of the had jets as measured by the CAL:

i) A had jet comprises a bunch of hadrons with very different energies and the compensating
response of the CAL to electrons and hadrons is known [33] to differ significantly from 1 when
the momentum of the hadron is below 1 GeV.

i1) The dead material in front of the CAL affects the measurement of the energies of the
particles by the CAL.

iii) Low-pr charged particles can be bent by the magnetic field such that they do not reach
the CAL or they impinge on the CAL outside of the cone defined by the had jet.

iv) The CAL measures little or no energy for u’s or v’s from hadronic decays, resulting in
energy losses.

These effects are taken into account in the simulation of the detector which has been used
to process the generated events. The correct description of these effects was checked by the
following procedure. In the region, |7°*| < 1, the tracks in the cal jet were used to determine
the total transverse energy carried by the charged particles, Ef*s. Then, the ratio Efc*s/Eg!
was formed and the distributions of this ratio in the data and Monte Carlo compared. From
this comparison, it has been found that the energy scale of the jets with |77¢!| < 1 is correct
within £ 5%. Details of this study can be found in appendix H.

In the forward region, 1 < 7°* < 2, the energy scale of the jets was studied using the trans-
verse energy imbalance in dijet events. For this purpose, dijet events with one jet in the central

region and the other jet in the forward region were used. The ratio E$*(forward jet)/E5*(central jet)

was formed and the distributions of this ratio in the data and Monte Carlo compared. As the
energy scale of the central jet has been checked using the tracks, this ratio is sensitive to differ-
ences in energy scale in the forward region between data and Monte Carlo. The results showed
that the energy scale of the jets is correct within & 5% also in the forward region (see appendix

Since the description of the main effects responsible for energy losses in the detector was
found to be correct, the Monte Carlo samples were used to determine the transverse energy
corrections to the cal jets. These corrections (C) have been constructed as a multiplicative
factor, B = C(E$, n°!)- ES! which when applied to the Er of the cal jet give the ‘corrected’
transverse energy of the jet, E5*"". These correction factors have been made both 7°* and E$*
dependent to take into account the variation of the energy losses in these two variables. As
mentioned in section 7.2, in the case of 7 no correction is needed (p°°™ ~ p°a!).

The procedure to obtain the ‘map’ of transverse energy corrections is explained in appendix
I. The corrections computed using the PYTHIA samples are approximately flat as a function
of ES* for values above 10 GeV and vary, in that region, between 1.08 and 1.18 depending on
n°*. They were also calculated for the HERWIG samples and are expected to differ from the
transverse energy corrections obtained with PYTHIA due to the fact that the energy losses and,
consequently the corrections, depend on the multiplicity and transverse momentum spectrum
of the individual hadrons forming the jets. These features depend on the specific fragmentation
scheme used and on the flavour content of the final state partons produced by the generator.
The consistency between the various ‘maps’ has been checked applying the ‘map’ obtained with
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a given generator to a sample of events from another generator. The transverse energy of the
had jet is recovered to a level better than + 5% (see appendix I).

7.5 Acceptance corrections to inclusive jet distributions

The samples of Monte Carlo generated events of resolved and direct processes were used to
compute the acceptance corrections to the inclusive jet distributions. These corrections factors
take into account the efficiency of the trigger, selection criteria and jet reconstruction. The dif-
ferential jet cross sections are then obtained by applying bin-by-bin corrections to the inclusive
jet distributions of the data sample in the variables E4"" and n°"". For this approach to be
valid, the uncorrected inclusive jet distributions in the data must be described by the Monte
Carlo simulations. The predictions of the generators PYTHIA and HERWIG for the observed
inclusive jet distributions were compared to those of the data for several choices of the parton
densities in the photon and proton and for various combinations of the processes involved. A
good description of the E3* and 77¢ data distributions by the Monte Carlo is obtained (see
appendix J).

The dependence of the correction factors on the specific features of the generators were
studied (see appendix K). First, the choice of the parametrizations of the parton densities in
the photon and proton was found to change the correction factors by a negligible amount.
Second, the correction factors as obtained from resolved processes alone were seen to differ
by less than 7% of the values computed using resolved+direct processes. The dependence on
the fragmentation scheme was checked comparing the correction factors evaluated with the two
generators, HERWIG and PYTHIA, and seen to differ by less than 16%. In this case, the effects
of the different fragmentation schemes implemented in PYTHIA and HERWIG were taken
into account both in the ‘map’ of the energy corrections to the cal jets and in the bin-by-bin
correction factors to the inclusive jet distributions. Finally, the dependence on the environment
in which the jets are embedded was studied by using the samples of events generated with the
program POMPYT. The POMPYT program simulates final states where there is an absence of
colour flow between the hard partons and the spectator partons in the proton, and additional
parton radiation is suppressed due the low centre-of-mass energy available in the hard collision.
The simulation of non-diffractive (PYTHIA or HERWIG) and diffractive (POMPYT) processes
allows to check the dependence of the correction factors on the jet environment. It was found
that these effects change the correction factors by less than 10% (see appendix L). In summary,
the correction factors depend very weakly on the fragmentation scheme, jet environment and
type of process used. The small discrepancies seen were taken into account as contributions to
the total systematic uncertainty of the measurements.

7.6 Inclusive jet cross sections

Using the selected data sample of jets and the correction procedure described above, we have
measured the differential cross sections for inclusive jet production in the kinematic region
defined by Q? < 4 GeV? and 0.2 < y < 0.85. These cross sections, do/dp’*t and do/dE5*, refer
to jets at the hadron level with a cone radius of one unit in 5-¢. The cross section do /dnp’c
has been measured in the n’* range between —1 and 2 integrated over various E{ﬁt thresholds
(EF' > 8,11 and 17 GeV). The cross section do/dE}" has been measured in the EZ range
above 8 GeV integrated over —1 < p7¢ < 2,
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Figure 7.2: Measured do/dni® (in nb) of inclusive jet production integrated over E3* > 8 GeV
(black dots; thick error bars = statistical errors of the data, and thin error bars = statistical
and systematic errors —not associated to the energy scale of the jets— added in quadrature; the
shaded band shows the uncertainty due to the energy scale of the jets) compared to PYTHIA
calculations including direct (fine-dotted line) and resolved plus direct processes for various
parametrizations of the photon parton distributions: LAC1 (thin solid line; the calculation
with the gluon content of the photon switched off is shown as the thick solid line), GRV-HO
(dotted line), GS-HO (dot-dashed line) and ACFGP-HO(mc) (dashed line). In all cases, the
MRSD— proton parton distributions have been used.

~The results for do/dn’® and do/dE} are presented in figures 7.2 to 7.4. The 77 and
E3 bins together with the weighted means of the bins used to present the measurements are
given in tables 7.1 and 7.2. The statistical and systematic uncertainties are also shown. A
detailed study of the sources contributing to the systematic uncertainties of the measurements
was carried out (see appendix M). They were classified in six groups (an average value of the
systematic uncertainty for each item is indicated in parentheses):

— Choice of the parton densities in the proton (MRSD— and MRSDO0) and photon (GRV
and LAC1) for the generation of the PYTHIA Monte Carlo samples (~ 0.2% for the proton
and ~ 3% for the photon).

— Simulation of either resolved or resolved plus direct processes in the generation of the
multihadronic final states by PYTHIA (~ 3%).

— Inclusion of a contribution from hard diffraction processes simulated by POMPYT? to
the non-diffractive event samples of PYTHIA (~ 0.5%).

— Use of the HERWIG generator to evaluate the energy corrections to cal jets and the
correction factors to the observed inclusive jet distributions (~ 7%).

!The PYTHIA and POMPYT samples were added according to the cross sections given by the generators.
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Figure 7.3: Measured do/dn’® (in nb) of inclusive jet production integrated over various F3
thresholds (thick error bars = statistical errors of the data, and thin error bars = statistical
and systematic errors —not associated to the energy scale of the jets— added in quadrature; the
shaded bands show the uncertainty due to the energy scale of the jets) compared to PYTHIA
calculations including resolved plus direct processes and using the LACI set of photon parton
parametrizations (solid lines). The PYTHIA calculation for E3* > 17 GeV including only
direct process (dashed line) is also shown. In all cases, the MRSD— set of proton parton

distributions has been used.

— Variation of the cuts used to select the data within the ranges allowed by the comparison
of Monte Carlo and data distributions of the corresponding variables (~ 5%).

— Variation of the absolute energy scale of the cal jets by + 5% to take into account the
present understanding of the CAL response to had jets (~ 20%).

The dominant source of systematic error is the uncertainty in the absolute energy scale of
the cal jets. The statistical errors on the measurements are indicated as thick error bars in
figures 7.2 to 7.4. The systematic uncertainties not associated with the energy scale of the jets
have been added in quadrature to the statistical errors and are shown as thin error bars. The
additional uncertainty due to the energy scale of the jets is shown as a shaded band. We note
that the systematic uncertainties have a large degree of correlation from bin to bin. These
systematic uncertainties are to be understood as the maximum possible error associated to
each data point. In addition, there is an overall normalization uncertainty of 3.3% from the
luminosity determination, which is not included.

The measured differential cross sections are compared to the absolute predictions of the
PYTHIA generator including resolved plus direct processes with a cutoff prmi, = 5 GeV/ec.
They have been obtained selecting had jets using the same jet algorithm as for the data. The
Monte Carlo calculations using MRSD— [27] for the proton and either LAC1 [25], GRV-HO
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Figure 7.4: Measured do/dE3* (in nb/GeV) of inclusive jet production integrated over —1 <
p’¢t < 2 (black dots; thick error bars = statistical errors of the data, and thin error bars
= statistical and systematic errors —not associated to the energy scale of the jets— added in
quadrature; the shaded band shows the uncertainty due to the energy scale of the jets) compared
to PYTHIA calculations including resolved plus direct processes for various parametrizations of
the photon parton distributions: LAC1 (solid line), GRV-HO (dotted line), GS-HO (dot-dashed
line) and ACFGP-HO(mc) (dashed line). In all cases, the MRSD— proton parton distributions

have been used.

[26], GS-HO [30] or ACFGP-HO(mc) [31] for the photon parton distributions are compared to
our measurements in figures 7.2 to 7.4. The parton distributions in the proton and the photon
are evaluated at the hard scale set by the transverse momentum of the two outgoing partons,
QZ = ny = p%. These calculations involve the photon parton distributions at Qf’; scales up
to ~ 300 GeV? and fractional momenta down to z, ~ 1072, As it was shown in section 1.2,
these parametrizations of the photon structure function differ mainly in the gluon content. The
LAC1 set contains a larger contribution of gluons at low fractional momenta than the other
sets (see figure 1.2). These differences are reflected in the predicted do/dnp’® in the forward
region. The prediction based on the LACI set increases for 7’ > 1 whereas the predictions
based on the other sets remain constant in that region (see figure 7.2).

In figure 7.2, the measured n?¢ distribution integrated over E¥' > 8 GeV is compared to
the Monte Carlo calculations using the sets of photon parton distributions mentioned above.
The Monte Carlo calculation of do/dp?*t for the direct processes alone is also shown. It can be
seen that the direct processes alone cannot describe the shape of the measured n7¢-spectrum
and that the resolved processes dominate in the kinematic range studied. The shape and
normalization of do/dn’® of the data are well described in the region —1 < n’¢t < 1 by the LO
QCD calculations of PYTHIA including resolved plus direct processes and using LAC1, GRV-
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niet Weighted || do/dn?® £stat.+syst.£syst. E3'-scale
range mean (in nb)

(-1,.75) | -0.88 4.140.2+0.6 333
(-.75,-5) | -0.62 6.6 £0.2+£0.7 13
(-.5,.25) | -0.38 8.5+0.3+0.7 7
(-.25,0) -0.12 10.9 +£0.3£0.5 11§
(0,-25) 0.12 12.4 +0.3£0.8 113
(.25,.5) 0.38 12.8 £0.3+ 1.1 15§
(.5,.75) 0.62 13.7+£0.3+£0.9 7}9
(.75,1) 0.88 13.84£0.3+ 1.7 1}
(1,1.25) 1.12 15.2 £ 0.4 +1.4 1}
(1.251.5) | 1.38 14.9+0.3+1.6 133
(1.5,1.75) | 1.62 16.4 +0.4 + 2.8 14
(1.75,2) 1.88 18.2 £ 0.4 +£1.3 35

Table 7.1: Measured do/dn?® (in nb) of inclusive jet production integrated over E3* > 8 GeV.
The 77¢ ranges used for the measurements and the weighted means in each bin are shown. The
statistical and systematic errors are also indicated. The systematic uncertainties associated to
the energy scale of the jets are quoted separately. The overall normalization uncertainty of

3.3% is not included.

HO or ACFGP-HO(mc). The calculation using the set GS-HO can be brought into agreement
with the data by an overall normalization factor. This result does not confirm the discrepancy
of do/dn’®* with respect to LO QCD calculations observed in [64].

The sensitivity of our measurements to the gluon content of the photon predicted by the
photon parton distributions studied can be seen in figure 7.2; the Monte Carlo calculation based
on the set LAC1 including only the quark contribution (thick solid line) cannot describe the
shape of the measured distribution. Using instead the other parametrizations of the photon
parton distributions mentioned above in the calculation, leads to the same conclusion. This
result shows the relevance of the gluon content of the photon to describe the measured 77¢
distribution.

In the region 1 < 77¢* < 2, the measured do/dy’® increases as 7’¢! increases and is reasonably
reproduced only by the calculation using the LACI set. However, this interpretation of the
increase in the data is not unique. As was observed in the jet profiles (see section 7.3), there
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E3* - Weighted || do/dE3* +stat.£syst.+syst. B3 -scale

range (GeV) | mean (GeV) (in nb/GeV)

(8,11) 9.2 9.04+0.14+04 ¥1

(11,14) 122 2.17 £0.04 +0.31 133

(14,17) 15.2 0.59 £ 0.02 £ 0.05 *513

(17,21) 18.6 0.199 £ 0.011 +0.024 *3:053

(21,25) 22.6 0.058 £ 0.006 £ 0.007 *9:013

(25,29) 26.7 0.0195 £ 0.0032 =+ 0.0026 +9-0052

(29,35) 31.6 0.0084 =+ 0.0019 =+ 0.0013 *5:0077

(35,41) 37.6 0.0041 £ 0.0012 = 0.0009 *5:00%5

Table 7.2: Measured do/dE5" (in nb/GeV) of inclusive jet production integrated over —1 <
n’¢t < 2. The E%et ranges used for the measurements and the weighted means in each bin are
shown. The statistical and systematic errors are also indicated. The systematic uncertainties
associated to the energy scale of the jets are quoted separately. The overall normalization
uncertainty of 3.3% is not included.

is a significant excess of transverse energy density in the data with respect to the Monte Carlo
expectations for jets in the region 1 < 77® < 2. This excess is located outside of the jet
"core and in the forward direction, i.e. A > 1. The origin of this extra transverse energy is
unclear, but one consequence might be that the transverse energy of very forward jets gets
such a contribution that these jets, which otherwise would not have satisfied E%-et > 8 GeV, are
included in the measurement of the cross section.

In order to further investigate the region 1 < 77 < 2, the behaviour of the measured
do/dnie as the E3" threshold increases (E3* > 8, 11 and 17 GeV) is studied in figure 7.3. The
increase of the measured do /dn’®" in the very forward region for E3* > 8 GeV is not present for
higher Efjret thresholds. The Monte Carlo calculations including resolved plus direct processes
with the LACI set of photon parton distributions describe well the shape and magnitude of
the measurements for the two highest E3* thresholds over the entire 77 range. The same
conclusions are reached when any of the other sets of photon parton distributions are used
instead. Thus, the discrepancies between the measurements and the LO QCD predictions
(except for LAC1) are restricted to low E%Et very forward jets.

The comparison of the measured cross section for Er}et > 17 GeV to the Monte Carlo
calculation of direct processes alone in figure 7.3 shows that even at these E3* values the
direct processes cannot describe the shape of the measured distribution and that the resolved
processes still dominate the production of jets. These results show, for the first time, that
resolved processes dominate the production of jets up to at least E”t ~ 17 GeV. The succesful
comparison to the Monte Carlo calculations including resolved plus direct processes shows that
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LO QCD gives a good description of the measurements in this new kinematic regime of the
structure of the photon. These measurements probe the parton content of the photon at scales
as high as er ~ 300 GeV?2.

In figure 7.4, the measured da/dErf,.ft is compared to the Monte Carlo calculations using the
various sets of photon parton distributions mentioned above. The predictions using LAC1 or
GRV-HO describe the shape and normalization of the measurements in the whole range of E3"
studied. The predictions using GS-HO or ACFGP-HO(mc) reproduce the data points except
for the lowest E3* point, where they fall below the data. This discrepancy is related to the
one observed in the measured do/dp’® for E¥' > 8 GeV at 77 > 1, and is not present at
higher EJ** values as was discussed above. This result extends the agreement with LO QCD
calculations of do/dE3"* reported in [64] up to the highest E3* values measured here, B3 =
41 GeV.

These corrected cross sections can be directly compared to higher order QCD calculations,
where a well understood theoretical framework exists [2]. These comparisons, when NLO QCD
calculations in our kinematic region become available, might shed light on the understanding

of the region of low—E'%Et, very forward jets.
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Chapter 8

Summary and Conclusions

The study of high-pr jets provides a test of QCD. At HERA, ep scattering is dominated by the
exchange of almost real photons (@Q* < 1 GeV?). Most of the photoproduction cross section
is due to soft processes. However, at the large centre-of-mass energies available, a fraction
of the 4p interactions is expected to contain high-pr processes. In lowest-order QCD, these
hard processes are of two main types: direct and resolved, which produce two or more partons
in the final state giving rise to multi-jet structures. QCD calculations of resolved and direct
processes predict that the resolved processes should dominate over the direct in a wide range of
jet transverse energy. The direct processes allow the study of the gluon content of the proton,
since at small values of the fraction of the proton momentum carried by the interacting parton,
the gluon initiated processes dominate the two-jet cross section. The resolved processes are the
main source of information on the photon structure function. In particular, the inclusive jet
cross sections are sensitive to the gluon content of the photon.

From the data collected during 1992 by the ZEUS detector (~ 30 nb™!), a sample of hard
photoproduction events at yp centre-of-mass energies ranging from 130 to 250 GeV was iso-
lated. These events are well balanced in pr and the transverse energy spectrum exhibits a tail
extending up to 50 GeV which can not be explained by soft processes.

The observation of a large transverse energy tail in the data suggests the existence of
a component of hard collisions and with the large yp centre-of-mass energies available, the
appearance of jet structure should be evident. Indeed, jet structure was observed in a fraction
of the sample at rates that are in agreement with QCD-based Monte Carlo simulations. Jets
were observed with a E3 spectrum that reached values as high as 18 GeV. The n?* distribution
is well described in most of the range studied. All the results obtained are consistent with the
dominance of resolved processes. The data shows clearly the expected features of hard scattering
between the photon (and its constituents) and the partons in the proton.

Clear two-jet structure was observed in our data sample. The two jets were found to be
back-to-back and compensated in transverse energy, becoming more collimated as the B
threshold increased. The QCD predictions for the £ and ¢ distributions are in agreement
with the data and they show once more the dominance of the resolved processes. The dijet
centre-of-mass scattering angle distribution supports an interpretation in terms of hard parton-
parton scattering, and the jet-jet mass distribution is well described by the QCD predictions;
no significant deviations from QCD were observed.

Evidence for the specific hard scattering processes responsible for jet production in vp
interactions, resolved and direct, was found. In a subset of the data, two-jet structure appeared
together with an energy deposit in the direction of the incident electron consistent with the
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remnant of the photon. This constitutes, for the first time, an unambiguous signal for jet
production through resolved processes. This was further supported by the agreement in the
jet pseudorapidity distributions of the data and the QQCD simulations involving the partonic
content of the photon. In addition, the expected dominance of the resolved component was
clearly demonstrated. In the dijet sample the distribution of the measured fraction of the photon
energy participating in the hard collisions, shows a clear peak at large values consistent with the
expectations of the direct process. This distribution allowed a separation of the résolved and
direct components, and thereby the observation, for the first time, of jet production through
direct processes.

Dijet ep cross sections involving the exchange of almost real photons in the kinematic
region defined by 0.2 <y < 0.7 and for jets with transverse energies greater than 5 GeV and
pseudorapidities less than 1.6, were measured to be 21.1 + 5.2 (stat.) =+ 5.7 (syst.) nb for
the resolved and 9.4 £ 2.7 (stat.) & 2.7 (syst.) nb for the direct processes. The ratio of the
leading order QCD predictions for these cross sections was found to be in agreement with the
measured value.

The gluon content of the proton was probed by studying two-jet events coming from direct
interactions. The reconstruction of the fraction of the proton momentum carried by the inter-
acting parton (z,) was studied and the resolution in this reconstruction was found to be better
than 10% for a wide range in z,. The jet reconstruction and z, estimation by two different jet
finding algorithms (a cone and a cluster algorithm) proved to be equivalent. This supports the
fact that the jets reconstructed can be identified with the final state partons.

A data sample enriched in direct processes was selected by exploiting the different behaviour
of resolved and direct processes in the measured fraction of the photon energy participating in
the hard collision. The z, distribution exhibited the behaviour expected for direct processes
in the kinematic range considered. The Monte Carlo simulation of direct processes, using
MRSDO or MRSD—, described well the z, distribution. The Monte Carlo samples were used
to correct the data and a first estimation of the gluon content, z,G(z,), was performed. These
measurements were compared to the predictions of MRSD0 and MRSD— and found to be in
agreement, though at small z, values, the data seems to favour a more singular distribution
than MRSD—.

The data collected by ZEUS in 1993, which represented a twentyfold increase with respect to
1992, allowed the measurements of differential cross sections for inclusive jet photoproduction.
The jet cross sections corrected for detector effects, do/dp’® and do/dE5", refer to jets at the
hadron level with a cone radius of one unit in 7 — ¢ space and were given in the kinematic
region defined by @? < 4 GeV? and 0.2 < y < 0.85. The cross section do/dy?® was measured
in the 7?** range between —1 and 2 integrated over various E}et thresholds (E3* > 8, 11 and
17 GeV). The cross section do/dE}* was measured in the E3' range between 8 GeV and
41 GeV integrated over —1 < 7’¢ < 2. These measurements probe a new kinematic regime of
the partonic structure of the photon, which involves ny scales up to ~ 300 GeV? and fractional
momenta down to z., ~ 1072,

Leading logarithm parton shower Monte Carlo calculations using the predictions of currently
available parametrizations of the photon parton distributions were compared to the measured jet
cross sections. It was shown that resolved processes are essential to describe the measured n?®-
spectrum and, from the comparison of the distributions for various Effﬁt ranges, the dominance
of the resolved processes up to at least E3f* ~ 17 GeV was established for the first time. For
E* > 8 GeV, the data show an increase in the region 1 < n?® < 2 which is not completely
reproduced by the calculations. For higher E3* thresholds, the calculations described well the
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measured cross sections in the entire 7’¢* range studied. The relevance of the gluon content of
the photon, as predicted by the sets of photon parton distributions considered, to describe the
shape of the measured 77 distribution was shown. The measured E3% cross section exhibited
the expected behaviour given by LO QCD up to the highest EJ* values studied. Except for
the region of very forward low-E»fret jets, these measurements were found to be consistent with
QCD in the new kinematic regime of the structure of the photon studied.

The main conclusions drawn from the results presented in this thesis are:

— observation of jets in quasi-real photoproduction interactions in agreement with QCD
predictions;

— identification of the specific mechanisms responsible for jet production, resolved and direct
processes;

— the resolved and direct processes have been, for the first time, separated;

— observation of the dominance of resolved processes for a wide range of jet transverse
energies;

— a first estimation of the gluon content of the proton at small z, values by using a two-jet
sample enriched in direct processes, shows a rapid increase of z,G(z,) as z, decreases;

and finally,

— the measurements of differential jet cross sections are consistent with LO QCD calcula-
tions in this new kinematic regime of the photon structure, and show the presence and relevance
of the gluon content of the photon.
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Appendix A

Details on data selection

Several features distinguish the proton beam gas interactions from the physics events.

Proton beam gas interactions produced upstream of the detector are characterized by a
large deposit of energy in the RCAL region, usually larger than the kinematic limit. These can
be rejected by imposing the condition Ercar < 30 GeV.

The proton beam gas contamination produced near or inside the detector can be seen as a
bump in the RCAL timing distribution towards the negative values (figure A.1b). This bump
also shows up in the tpoar — troar distribution on the positive side (figure A.1c). Therefore,
stringent cuts on CAL timing were applied: a) rejection of REMC-triggered events with trcar <
-3 ns and, b) rejection of BEMC-triggered events with |tgcar| > 8 ns. The second requirement
was imposed to reject remaining cosmic ray background which affects mainly the BCAL trigger
when there is a coincidence of an unpaired bunch passing through the detector with a cosmic
event.

Beam gas collisions usually do not have a reconstructed vertex or if they have one it is
at large negative z values and not correlated with the event time measured by the FCAL, as
opposed to physics events which have good correlation between their z-Vertex and measured
FCAL timing. Therefore, only events with a reconstructed vertex were accepted and a cut on
the tpcar vs. z-Vertex correlation was imposed. Figure A.2 shows the z-Vertex distribution
for all events with a reconstructed vertex (figure A.2a), for the events with BCN = 9 (figure
A.2b), for the REMC triggered events (figure A.2c), and for the BEMC triggered events (figure
A.2d). The beam gas contamination to the whole sample can be seen as a bump towards the
negative values of the z-Vertex distribution. The contamination to the REMC triggered sample
(very small) can be seen as a tail on that same side. The huge contamination to the BEMC
triggered sample can be appreciated by comparing the z-Vertex distribution of these events to
the one for BCN = 9. Both distributions peak at very negative values, though there are events
in the BEMC triggered sample whose vertex is situated around zero.

The correlation between the tpcar and the z-Vertex is shown in figure A.3 for the whole
sample (figure A.3a), the events with BCN = 9 (figure A.3b), the REMC (figure A.3c), and
BEMC (figure A.3d) triggered events. As can be seen in figure A.3c, the RCAL triggered
subsample is mostly free from beam gas contamination since most of the events exhibit the
expected correlation between the z-Vertex and the FCAL timing. The beam gas contamination
can be appreciated as an accumulation of events at z-Vertex ~ —100 cm and trcaz ranging
from -4 ns to 4 ns (figure A.3b). This accumulation is very small in the RCAL triggered
subsample, but very large in the correlation of the BCAL triggered subsample. Therefore, the
following condition was imposed for rejecting beam gas interactions: an event was accepted if
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Figure A.1: Calorimeter timing distributions for (a) trcar; (b) trear; (¢) trcar — trear-

|14 trcar + z| < 40 (straight lines in the figure), with tFc4r in nsec and z in cm.

The variable yjp = > ;(F — p.)i/(2E.), where ¢ runs over all CAL cells, is useful to reject
beam gas interactions produced inside the detector which leave small energy deposit in the
RCAL. For this type of events this variable takes very small values, as opposed to physics
events. Figure A.4 shows the transverse energy (Erg) vs. yjp correlation. In this figure, it
can be seen that the beam gas interactions populate the region of small y;5 and rather large
Ergr. This can also be observed in figure A.5, where the correlation of y;5 to the z-Vertex is
presented for the whole sample (figure A.5a), the events with BCN = 9 (figure A.5b) and the
REMC (figure A.5¢c) and BEMC (figure A.5d) triggered events. To eliminate this background,
we restricted the sample to those events with y;5 > 0.2.

After applying all the cuts and requirements described above, the contamination from non-ep
backgrounds is small. We now look into the physics backgrounds. The main source of physics
background to the photoproduction sample is coming from DIS candidates. To remove this
contamination, scattered electron candidates were searched for by using the pattern of energy
distribution in the CAL [7]. If an electron candidate is found in the CAL, the inelasticity
parameter y can be measured using the relation

/

Ye=1— 2EE:(1 — cos 0)
where E. (E]) denotes the incident (scattered) electron energy and 6’ is the angle of the
scattered electron with respect to the proton beam direction. For DIS events, high energy
electrons and a good correlation between y. and yroa = > ;(E — p.)i/(2E.), where 7 runs over
all CAL cells excluding the cells belonging to the electron cluster, are expected. However,
this correlation should be somewhat degraded due to initial and final state radiation. On the
other hand, studies of photoproduction Monte Carlo’s reveal that a number of photoproduction
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Figure A.2: z-vertex distributions for (a) all events; (b) events with BCN = 9 (c) REMC
triggered events; (d) BEMC triggered events.

events have electron candidates found in the CAL. These are mainly photons coming from
decays of 7° and 1 mesons. Generally, for these candidates the calculated value of y. is high
and they populate the region y. ~ 1, showing no correlation with yjeq. Figure' A.6 shows
the correlation of y. to the variable yr,a. Two regions can be distinguished in figure A.6: an
accumulation of events at low y. (high energy electron candidates) and an accumulation at high
ye (low energy electron candidates). Therefore, in order to minimize the loss of photoproduction
events, an event was rejected only if y. < 0.7. A small contamination of DIS interactions where
the scattered electron either has low energy or has not been identified could possibly remain.
These are rejected by requiring yyp < 0.7 since ysp = 1 for DIS events. The whole procedure
efficiently removed scattered electrons in the CAL and the resulting sample is thus constrained
to Q? values below 4 GeV?2.

1y, was set to 1 in this figure for those events without an electron candidate.
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Appendix B

Reconstruction of xgwas and x,@w‘w

The error in the z;'*** and 27'*** reconstruction, calculated from Monte Carlo techniques, is
< A(logz,)/logz, > = 0.14 for resolved and -0.02 for direct processes and < A(z,) > =
0.17 for resolved, with resolutions of 12% for z,-direct, 25% for z,-resolved and 25% for z.,-
resolved. It was observed that the < A(z,) > distribution for resolved processes has a long
tail coming from those events in which the true z, value is small but the measured value is
high. This migration into high values of z7'*** goes into the region where the direct processes
are expected. Monte Carlo studies were performed in order to suppress this migration as much
as possible. From these studies it is found that imposing the requirements |p?¢* —p7¢2| < 1.5
and |@?® — 72| > 120° improves the z7** resolution [14].

The distributions of the relative errors in the reconstruction of log z7**** and z*** using
the HERWIG Monte Carlo simulations of resolved and direct processes are presented in figure
B.1 after the cuts described above. As can be seen in this figure, a fairly good reconstruction
is achieved. The distributions are centered at around zero (< A(logz,)/logz, > = 0.1 for
resolved and -0.01 for direct processes; < A(z,) > = 0.1 for resolved) with resolutions of
9% for z,-direct, 24% for z,-resolved and 14% for z.-resolved. The correlations between the
reconstructed and generated values of log z, and ., for resolved and direct processes are given
in figure B.2. These illustrate the quality of the reconstruction as a function of the generated
values. Hence, based on these Monte Carlo studies, we reconstruct the initial state parton

kinematics with a resolution of 10 to 25%.
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Appendix C

Dijet cross section evaluation

In this section, the details of the dijet cross section measurement are given. The measurement of
these cross sections involves the evaluation of correction factors for the data. These corrections
have been computed using Monte Carlo samples of resolved and direct processes. Two main
issues were studied:

— Efficiency: only a fraction of the Monte Carlo events with two jets reconstructed at the
hadron level survive the trigger, data selection and calorimeter jet reconstruction.

— Migration: Monte Carlo events that are generated outside the kinematic region considered
in the cross section evaluation can survive all the selection criteria and be reconstructed inside
the kinematic region considered.

The data must be corrected for these effects and different Monte Carlo generators have been
used for this purpose (HERWIG and PYTHIA). In order to do this, from each Monte Carlo
sample the following two subsamples have been selected and compared:

— Hadron level (class A): the event is required to have 0.2 < y**¢ < 0.7 and two jets at the
hadron level! with E3* > 5 GeV, n7¢ < 1.6.

— Detector level (class B): the event is required to pass the trigger conditions and the
data selection, and to have two jets at the calorimeter level with E3* > 5 GeV, p?* < 1.6.
In addition the two jets should fulfill the following conditions: |p’* — 72| > 120° and
|,’7jet(l) _ njet(2)| < 1.5.

From the study of these two samples one obtains:

— Number of events that belong to class A: Npeq

— Number of events that belong simultaneously to classes A and B: Nyooa

— Number of events that belong to class B: Ny

Then, the ratio Nyooa/Nped gives a measure of the efficiency for reconstructing the jets. On
the other hand, the ratio Ny,oa/Ng4et is a measure of the purity of the sample reconstructed
in the offline analysis. For the resolved processes the efficiency varies between 13% and 16%,
depending on the Monte Carlo, while for the direct processes, it is larger and between 18% and
24%. The purity is 55-63% for the resolved processes and gets larger for the direct, 72-82%.
The main loss of purity comes from configurations where either the true y is outside the region
0.2 < y*** < 0.7 and the reconstructed y (via the Jacquet-Blondel method) is in the range
0.2 < ysp < 0.7, or the true jet variables (B3, 77¢!) are at the limits (but outside) of the regions
considered and the reconstructed ones lie in the range under study. The second of these effects
is enlarged due to the steep falling behaviour of the E3* distribution. The results obtained
with different Monte Carlo generators give an estimate of these effects and, consequently, the

IThe cone algorithm was applied to the final state hadrons
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size of their contribution to the total systematic error of the cross sections.

Finally, in order to compute the cross sections for the total dijet production and the resolved
and direct contributions, a two-parameter fit is performed on the 27'*** distribution of the data.
In order to obtain the number of resolved and direct events seen in the data, we divide the z****
range (0,1) in 16 bins (the first bin is not further considered as there is no event in this bin in
the data nor in the Monte Carlo; thus 15 bins are actually used) and the data distribution is
fitted with the resolved and direct Monte Carlo distributions. We minimize the quantity:
(ndata — pMO)?2

1 1
i=2,16 Jata -
' n:iat + Ngata(n;'i" /N(?iT + n:es/eres)

x'=%

where

— ndete: number of events (data) in bin 1

— nd7: number of events (MC direct) in bin ¢

— n’®: number of events (MC resolved) in bin 3

— Nyata: total number of events (data)

— Ngi,: total number of events (MC direct)

— N,.s: total number of events (MC resolved)

- nf_V!C: = P n:.iir + Pres nzles

— Pyir, Pres: free parameters of the fit

The expression in the denominator of x? takes into account the statistical fluctuations in
the data and in the Monte Carlo samples. The fitting procedure yields the best values for the
free parameters, P};. and P, out of which we compute the number of events coming from
direct processes present in the data:

N3 = Siza6Pgi, nd”
The number of events coming from the resolved process is taken to be N, = Nyata — Nj;,, as
discussed in section 5.4. Once the numbers of events have been obtained, they are corrected
for the effects mentioned above to get the cross sections:

— Direct cross section: o(direct) = N}, x Puritygs, /(Efficiencyq, x Luminosity)

— Resolved cross section: o(resolved) = N}, x Purity,., / (Efficiency,., x Luminosity)

— Total cross section: o(total) = o(direct) + o(resolved)

Sources of possible systematic errors in the cross sections measured using this procedure
were studied. The main sources are given by the Monte Carlo generator used, the proton and
photon parton parametrization used in the Monte Carlo, the implementation of the jet finding
algorithm and the energy scale in the Monte Carlo. Besides, a study has been performed to
check the effect of an improper simulation of the trigger. The precise relationship between
the energy scale in the Monte Carlo simulation and in the data was investigated as a possible
source of systematic error. A crucial parameter in the Monte Carlo programs that we used is the
cutoff in the transverse momentum of the two produced final state partons pimi, and the effect
of this parameter on the cross section was studied as a source of systematic errors. Table C.1
summarizes our estimation of the systematic uncertainties on the cross section measurements.
The uncertainties given in section 5.4 are the values as given here. The final quoted systematic
error is the quadratic sum of the different contributions.
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L | Total | Direct | Resolved |

Different MCs 13% 8% 16%
Trigger Conditions 5% 5% 5%
Calorimeter Energy scale 12% 17% 12%
Parton distributions 9% 12% 11%
Jet Algorithm 11% 13% 9%
Luminosity 5% 5% 5%
Vertex determination 2% 2% 2%
MC pp" 8% | 8% 8%
[ Total [ 25%] 28%] 21% |

Table C.1: Summary of systematic uncertainties.
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Appendix D

The cluster algorithm

The method is based on the complete linkage hierarchical clustering algorithm [68]. In the first
step of the algorithm, “similarities” between all possible pairs of input objects are defined. The
similarity of two objects ¢ and j is described by a numerical value d;; which must obey the

following conditions:
0 0<d;<1
] d,'j = d]'i

o d. — { 1 for identical objects
Y10 for extremely different objects

After the similarities between all possible pairs are calculated, they are stored into a “simi-
larity matrix”, which is triangular and at this stage contains Mj;’;l) independent coefficients,
where N is the number of clusters. Next, the most similar (largest d;;) clusters ¢ and j are
fused to form a new cluster called k. The entries from clusters 2 and j are then removed from
the similarity matrix and they are no longer considered as independent clusters. In the next
step, the new object k is defined as the sum of ¢ and j and its similarity to all the remaining
groups is calculated and added to the matrix. Now this matrix contains Ml,}—w elements.

After this is done, a new loop begins, looking for the most similar clusters of the remaining
ones, fusing them, removing their entries from the similarity matrix and recalculating the
similarities to all remaining particles for the new cluster. At each step, the similarity matrix
dimension is reduced due to the removal of the entries belonging to the groups that are clustered.

This process continues until all the input objects are clustered. Usually, final states in high-
pr interactions consist of more than one jet. Therefore, one must combine the observed hadrons
until the original number of jets is recovered. Cluster algorithms do not give the number of jets
in the event as an output, therefore this value must be found by other methods. In general, jet
finding algorithms stop the clustering at a predefined cutoff value and the number of clusters
may change from event to event. In hadron induced interactions, the presence of spectator jets
and the ensuing color flow between hard jets and the spectator ones, makes the assignment of
particles to jets more difficult than in the case of the much cleaner e*e~ events. In the case of
HERA, the extra Lorentz boost due to the very asymmetric collision and the losses of particles
into the beam pipe are sources of further complications. In this particular approach the input
objects are forced to be combined into a predefined number of clusters.
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Appendix E

Monte Carlo studies: cluster and cone
algorithms

In order to estimate the quality of the jets reconstructed with the cluster algorithm, we have
used events coming from direct processes generated by the HERWIG and PYTHIA Monte Carlo
programs with a lower cutoff of prpin = 2.5 GeV. The parton densities in the proton were
parametrized by using the MRSD0 and MRSD— sets. Events coming from resolved processes
were also generated for background estimations. The selection criteria described in section 4.1
were applied to these Monte Carlo samples.

The clustering procedure was applied to these Monte Carlo samples using as input objects
the EMC and HAC CAL cells. CAL cells with EMC (HAC) energy below 60 MeV (110 MeV)
were excluded from the jet analysis.

The similarity definition used in this analysis is proportional to the relative transverse
momentum of the two clusters : and j [49],

V2pip;
dij —y (1 — cosb;;)
where 6;; is the angle between the clusters : and j and p; ; are the momenta of those clusters.
This similarity definition was properly normalized so that it fulfills the conditions listed in
appendix D.

Three jets were reconstructed in each event. The remnants of the proton are expected to
be predominantly at small angles around the proton beam direction, hence the cluster with a
minimum angle with respect to the proton beam direction was identified as the proton remnant
candidate and then removed. In order to study only those two-jet events with high transverse
momenta and to reject those events in which the jets go in the forward direction, close to
the proton remnant, the cuts applied in the previous analysis (E3* > 5 GeV and 7°** < 1.6)
were found to work in this case as well. Hence, an event was accepted if both remaining jet
candidates have E5* > 5 GeV and 77 < 1.6.

For the events in which there are two reconstructed jets inside the kinematic region defined
above, the energy, angular and transverse momentum resolutions of those jets were compared to
the generated final state partons. The distributions are centered at around zero (< AE/E >~
0.06, < Ap/p >~ 0.01, < Anp >~ 0.26, < AEr/Er >~ 0.30) with resolutions of the order
of 10-40%. Figure E.1 shows the energy, angular and transverse momentum correlations of
the reconstructed jets to the corresponding values for the generated final state partons (the
assignment was done by choosing the closest parton in angular space to a given reconstructed
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Figure E.1: (a) Correlation between the reconstructed jet E7¢ and the generated parton EYy; .

(b) Correlation between the reconstructed jet ¢%¢; and the generated parton ¢;. (c) Correla-
tion between the reconstructed jet n7¢; and the generated parton 7. (d) Correlation between
the reconstructed jet E77, and the generated parton E77,. These correlations correspond to
events coming from direct processes simulated by the HERWIG generator, in which two jets
were reconstructed inside the kinematic region defined in the text by using the cluster algo-
rithm. The assignment of partons to reconstructed jets is performed by comparing the closest

pair in angular space.

jet in each event). As can be seen in this figure, the quality of the reconstructed variables of
the jets is within reasonable limits for the accuracy needed in this analysis.

In order to calculate the fraction of the proton momentum carried by the struck parton,
the jet energies and momenta reconstructed by this algorithm were used in eq. 5.3. The
quality of the reconstruction of z, has been tested by comparing the generated z, (z2") to

the value obtained from eq. 5.3 (2°°) using the E3* and 77 of the two reconstructed jets.
The (log z;*¢ — log z3°")/ log 2™ distribution is centered at -0.02 with a resolution of 11%.
The correlation between the reconstructed and generated values of z, is shown in figure E.2a,
which illustrates the quality of the reconstruction. The relative error in the z, reconstruction,
(log 2% — log 23°") / log 25°", as a function of £J°* is presented in figure E.2b. It shows that the
initial state parton kinematics can be reconstructed with an error below 20% for z9°" values
above 3.2 1073,

In order to check that the observed clusters are not an artifact of the clustering procedure, a
jet reconstruction by an independent method was performed and the reconstructed jet variables
compared. Jet structure was searched for in the same Monte Carlo sample using the cone
algorithm as described in section 4.4. The cone radius was set to 1 unit. The same cuts as in
the case of the cluster algorithm were applied in order to define a jet, i.e. E3* > 5 GeV and
n’®* < 1.6. In order to compare to the jets reconstructed by the cluster algorithm, events with

only two jet candidates within the kinematic region defined were selected. The cone algorithm
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Figure E.2: (a) Correlation between the reconstructed z, and the generated value. (b) The rel-
ative error, (log z;°° —log 2§*") / log 2", as a function of z9°". The z, value was estimated using
two-jet events reconstructed by the cluster algorithm on direct-photon interactions simulated

by the HERWIG generator.

does not reconstruct the proton remnant because it is based on transverse energy deposits, the
proton remnant having little transverse energy.

Figure E.3 shows the correlation of the E7t, x7¢t, pict and E}* of each jet reconstructed by
the cluster algorithm to the closest jet in R space reconstructed by the cone algorithm in each
event. This comparison is done on the events that have been reconstructed by both algorithms,
which amounts to more than 90% of the sample reconstructed by the cone algorithm. As can
be seen in figure E.3, though the method behind these two algorithms for reconstructing the
jets is completely different, the 77¢* and ¢?° of each jet reconstructed by the two methods
are highly correlated. On the other hand, the E?* for each jet is somewhat higher for the
jets reconstructed by the cluster algorithm since this algorithm groups all particles that fulfill
the similarity condition, whereas the cone algorithm groups only the particles that are located
within a finite size cone.

The (log z;*° — log z3°")/ log z¢*™ distribution for the jets reconstructed using the cone al-
gorithm is centered at -0.01 and has a resolution of 10%. Figure E.4a shows the correlation
of z° to the z9°" and figure E.4b shows the correlation of the z, calculated using the jets
reconstructed by the cone algorithm to the value calculated using the jets reconstructed by the
cluster algorithm. The reconstruction using the two different methods is very similar.
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Figure E.3: (a) Correlation between the reconstructed E¢ and ES%**". (b) Correlation
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between the reconstructed ¢5g;° and @sster. (c) Correlation between the reconstructed 759
and njst‘”". (d) Correlation between the reconstructed E77;; and E:’;ll;f:f". These correlations
correspond to direct processes simulated by the HERWIG generator, in which two jets were
reconstructed (inside the kinematic region defined in the text) by the cluster algorithm and the

cone algorithm. The assignment of jets is performed by comparing the closest pair in R space.
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Appendix F

Reconstruction of jets

In order to study the reconstruction of jets based on the CAL, we have compared the cal jets
to the had jets in samples of Monte Carlo generated events. The same jet algorithm as used for
the data has been applied to the multihadronic final state and to the CAL cells in generated
events of HERWIG and PYTHIA (see section 7.2). The samples of jets fulfilling the conditions
{E" > 6 GeV and —1 < 5@ < 2} and {E}*? > 8 GeV and —1 < phed < 2} have been
compared. In a given event, several jets of each type can be found and a definite rule for
associating cal jets to had jets was set up: for each had jet the distance in 7-¢ space between
that jet and each of the cal jets is computed via

d(had _ cal) — (((Phad _ <Pcal)2 g (nhad _ nca1)2)1/2

and the pair with minimum d(had — cal) is taken if d(had — cal) < 1. Then, the variables
characterizing the pair of matched jets are compared. As an example, figure F.1 shows the
correlations of the jet variables with one entry per pair of matched jets for samples of resolved
events from PYTHIA. These distributions show that the variables of the cal jets are well
correlated with the ones of the had jets. Direct events from PYTHIA and resolved and direct
events from HERWIG give similar results. The distributions for An, Ap and AEr/Er have
been fitted to gaussian functions (see figure F.2) and the resulting values for the mean and the
width are presented in table F.1. In the case of the angular variables, 7°* and ¢, there is
no significant systematic bias and the resolutions are around 5° for ¢ and 0.07 units for 7°*.
These resolutions are a factor 10 smaller than the radius of the cone in the plane 7 — ¢ which
1s used for the jet search (R = 1 unit). For the reconstruction of the transverse energy of the
jet, E£*! there is a systematic shift of ~ -16% and the resolution is ~ 11%.

| MC sample | Ap(mean) | Ap(o) | Ap(mean) | An(o) | AEr/Er(mean) | AEr/Er(o) |
PYTHIA Resolved 0.6° 5.2° —0.007 0.068 -16.5% 11.4%
PYTHIA Direct 0.4° 3.9° —0.008 0.053 -16.2% 11.3%
HERWIG Resolved 0.3° 4.1° —0.007 0.055 -14.5% 10.9%
HERWIG Direct 0.4° 3.8° —0.009 0.049 -16.1% 11.2%

Table F.1: Resolutions for jet variables.
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Appendix G

Measurement of the kinematic region

The inclusive jet differential cross sections have been measured in the kinematic region given
by 0.2 < y < 0.85 and Q% <4 GeV?. The method used to constrain the data to this kinematic
region is based on the rejection of DIS candidates, i.e. ’antitag condition’ (see appendix A),
and requiring 0.16 < y;5 < 0.7.

The efectiveness of the antitag condition to restrict the data sample to the region Q? <4 GeV?
is studied here. In the PYTHIA and HERWIG generators, the lepton-photon vertex was mod-
elled according to the Weizsacker-Williams approximation except for direct processes in HER-
WIG, where the exact matrix elements were used (see section 4.2). Therefore, a sample of
events of HERWIG direct should exhibit the correct Q? dependence. The log Q?-spectrum for
the Monte Carlo generated events is presented in figure G.1 for the sample of matched pairs
of had-cal jets (white histogram, one entry per match) with the had jets fulfilling {Ehed > 8
GeV; —1 < phed < 2: 0.2 < y < 0.85} and the cal jets with E%” > 6 GeV and —1 < ¥ < 2;
and the subsample of those events that passed all the selection criteria explained in section 7.1
(shaded histogram). At the second stage, among other requirements, the antitag condition was
applied, resulting in the sharp cut of the log @*-spectrum at Q% ~ 4 GeV? (vertical line). The
fraction of number of entries with @ > 4 GeV? with respect to the total is 1%. This result
demonstrates that the antitag condition is very effective in restricting the sample to the region
Q? < 4 GeV2.

We have studied the reconstruction of y via the Jacquet-Blondel method using Monte Carlo
samples. These samples have been selected requiring {E2* > 8 GeV; —1 < phed < 2, 0.2 <
y < 0.85; @* < 4 GeV?} and the cal jets have been selected according to E$ > 6 GeV and
—1 < p°¥ < 2. Then, the ‘true’ value of y and the ‘reconstructed’ value y;5 were compared
for each pair of matched had-cal jets. The correlation between y and y;5 has been studied for
samples of PYTHIA and HERWIG (resolved and direct). It broadens as y increases and there
is a systematic shift to lower values of y;p which is slightly larger for resolved events than for
direct. In order to choose the region of y;p which corresponds to the range 0.2 < y < 0.85,
the mean value of the distribution for y 5 together with its width in each bin of y has been
evaluated. The resulting values are shown in figure G.2 for PYTHIA, where the horizontal
lines enclose the region 0.16 < yyg < 0.7. This interval constitutes a reasonable choice to
select the region 0.2 < y < 0.85, given the systematic shift and resolution of ysp. The samples
of HERWIG for resolved and direct processes give similar results. The effects of migrations
inside and outside this region of y for the cross sections will be taken into account through the
corrections for the purity (see appendix K).
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Figure G.1: Log Q? distribution for HERWIG direct events before data selection criteria (white
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Figure G.2: < yjg > vs < y > for PYTHIA.
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Appendix H

Check of the energy scale of the
calorimeter jets

In order to check the simulation of those aspects which affect the energy losses of the jets,
we have compared for [p°*| < 1 (region 1) the transverse momentum of charged particles as
measured by the tracking detectors to the transverse energy of the cal jets, while in the region
1 < p°! <2 (region 2), where the tracking information is at present insufficient, we have used
the constraint that, due to transverse momentum conservation, the two jets in dijet events must

be balanced.

H.1 Check of the energy scale of jets in the central re-
gion

In this region, we compare the transverse energy of the cal jets (E$) to the sum of the
transverse momenta of charged particles as measured by the tracking detectors within the jet
cone. The tracks are selected according to the conditions: |pr*?*| < 1.5 and p%2* > 300 MeV.
The pseudorapidity and azimuth of the line connecting the main vertex of the event with the
entrance point of the track into the CAL is calculated, (n',¢'). A track is considered to be
within a jet if

\/(90' — eal)2 4 (pf — peal)2 < |

The multiplicity of tracks within a jet for data (black dots) and PYTHIA (histogram) is
shown in figure H.la. The mean value of this distribution for data and Monte Carlo is 4.4
and the shape of the data distribution is well described by the Monte Carlo simulations. The
mean multiplicity of charged tracks as a function of 7°* has been also studied (see figure H.1b).
The mean multiplicity in the data (black dots) increases from 4 up to ~ 4.75 as the jet moves
forward from 7°* ~ —1 to 1, and the Monte Carlo simulations (white dots) reproduces well
this increase. The distribution of the sum of the transverse momenta of the tracks within a jet
for data (black dots) and Monte Carlo (histogram) is shown in figure H.1c. The data exhibit
a steep spectrum which expands nearly three orders of magnitude in the range 1 to 20 GeV
and it is well described by the Monte Carlo. From these comparisons, one can conclude that
the Monte Carlo provides a good description of the characteristics of the tracks within a jet.
Therefore, the transverse momentum of charged particles within a jet can be used to check the
measurement of the jet transverse energy by the CAL.

For this purpose, we compare ESTP = D et P42 (sum of transverse momenta of the tracks

a7



z2500 F o o
: i ®
2000 [ 5 =9_—‘9=:8:-°-
[ ~
- E 4 o0
1500 £
1000 |
C 2 =
500 [
0 S B T E B B A Y ddi ST | | |
) 5 10 15 -1 -05 0 0.5 1
~n—hu n,\ll
=z
103 2]
102
10 *

I

TP

Figure H.1: (a) Multiplicity of charged particles within a jet for data (black dots) and PYTHIA
(histogram); (b) mean multiplicity of charged particles within a jet as a function of n° for
data (black dots) and PYTHIA (white dots); (c) sum of the transverse momentum of charged
particles within a jet for data (black dots) and PYTHIA (histogram).

within a jet) and ES*. An incomplete account in the simulation of the dead material in front of
the CAL, will show as a difference in the ratio f = E$TP/E$* between data and Monte Carlo.
In general, this ratio f can be written as

EgTD .TE%ad
I= 5 T B
The quantity = measures the fraction of the transverse energy of the jet carried by the

charged particles and § measures the CAL response to had jets. From this expression, it is seen
that the difference < f >4ata — < f >mc 1s sensitive to discrepancies in the energy scale of the

=z(l1+46)

jets:

< f>data = < f>Mc = Tdata(6data +1) — Tmc(dmc + 1) (H.1)
= (Tdata — TMC) + TdataOdata — TMCOMC (H.2)
~ Az +zAd (H.3)

If we assume that Az = Z4ata — Tmc =~ 0, i.e. that the relative amount of neutral particles
in data and Monte Carlo is the same, then

< f >data — < [ >mox zAd
and therefore

<f>data_<f>MC
T

Ab = 5duta - 6MC ~
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Figure H.2: (a) R = (E§*' — EZTP)/ES for data (black dots) and PYTHIA (histogram); (b)
Mean value < R > as a function of 7°* for data (black dots) and PYTHIA (white dots); (c)
Difference of the mean values (< R >M¢ — < R >t /5 (z is set to 0.66).

This assumption is justified since the charged multiplicity of the jets in data and Monte
Carlo agrees and the validity of the LUND model for the fragmentation of partons has been
supported (and indeed its parameter settings have been finely tuned) by experimental results
in all high energy reactions. Therefore, the discrepancy in the transverse energy scale, A§, can
be estimated from this difference. The distribution of R = 1 — f for data and Monte Carlo is
shown in figure H.2a. The most probable value is ~ 30% in both data and Monte Carlo and
the shape of the distribution for the data is reasonably described by the Monte Carlo. The
mean value of R = 1 — f as a function of 7°¥ for data and Monte Carlo is shown in figure H.2b.
The Monte Carlo simulations exhibit the same features as the data although some differences
can be seen; these differences are quantified in figure H.2c, where the value of A§ is shown as
a function of 7°®! (the value of z has been taken ~ 0.66). The largest discrepancy amounts
to ~ 5%. From this study it is concluded that the discrepancy in the transverse energy scale
of the jets between data and Monte Carlo is at most 5% and in average 2.7% in the region of
e < 1.

H.2 Check of the energy scale of jets in the forward re-
gion
In the forward region, we use the kinematic constraint that, for photoproduction interactions,

Pr =0, i.e. that the total transverse momentum is well balanced. In the case of dijet events,

this balancing is done by the two jets: the mean value of the distribution Ehad _ Ehad is zero.
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Figure H.3: (a) Mean value of the difference of transverse energies of jet 1 and jet 2 as a
function of 77**? for data (black dots) and PYTHIA (white dots); (b) energy scale uncertainty
for forward jets obtained from (a).

On the other hand, due to the variation of the amount of dead material in front of the CAL
with the polar angle, the mean value of this difference for the cal jets can be different from
zZero:

Ecal_ cal= E%ad _ E'.}Tl'ad
T1 T2 1+61 ].+62

Therefore, if dijet events are selected such that one of the jets is in region 1, where the
transverse energy scale of the cal jets has been checked (see previous section), and the other
Jet is restricted to region 2, the difference of the mean values of (E$4 — E5%)/E5% in data and
Monte Carlo is sensitive to discrepancies in the energy scale of the forward jets.

Figure H.3a shows the mean value of the distribution for (E$% — E¥)/Es. where jet 1
is in region 1, as a function of 7% for data (black dots) and PYTHIA (white dots). The
Monte Carlo simulations exhibit the same trend as the data. The difference between data and
Monte Carlo is quantified in figure H.3b; each point was obtained by taking the difference of
the mean values for data and Monte Carlo in each bin of 77¢*? and adding in quadrature the
average uncertainty on the transverse energy scale of jet 1 (central region). From this figure it
can be concluded that the discrepancies between data and Monte Carlo in the forward region
are below 5%.

Figure H.4 summarizes the uncertainties on the simulation of the transverse energy scale
for jets obtained with the two methods: they are below 5% in the range of 7°* considered. In
order to take into account this uncertainty into our measurements of inclusive jet cross sections,
a variation of the energy scale of the cal jets in the Monte Carlo by + 5% has been included in
the study of the systematic errors.
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Figure H.4: Summary: energy scale uncertainty for jets as a function of ne,

H.3 Check of the energy scale of y

We have investigated the reliability of the CAL simulation for the measurement of y with the y,p
estimator by using the subsample of tagged events. Since the calibration of the electron energy
in the LUMI has a precision of 1.5%, it is a good estimator of the true y. The reconstruction of
y via y,p is affected mainly by energy losses due to dead material in front of the CAL or in the
rear beam pipe. In both cases, the y;5 method gives a value which underestimates the true Y.
An incomplete implementation of these effects in the simulation of the detector will show up in
the comparison of the ratio (yiue — YJB)/Ytrue in data and Monte Carlo. We have evaluated the
mean value of this ratio in the data (using the value YLUMI a8 Yirye) and in the Monte Carlo
(where the true y as given by the generator has been used) as a function of y;.4.. The mean
values for data (black dots) and Monte Carlo (white dots) are presented in figure H.5a. The
Monte Carlo simulations reproduce the trend of the data although some differences are visible
in the high-y region. These discrepancies are quantified in figure H.5b, where the difference
between the mean value for Monte Carlo and data is shown as a function of y. The largest
discrepancy occurs at high-y values and is below 5%. We include a variation of ysB 1n the
Monte Carlo of -5% as an additional contribution to the total uncertainty of our measurement
of the inclusive jet cross sections.
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Appendix I

Energy correction to jets

In order to measure the inclusive jet differential cross sections, the ‘observed’ number of jets and
the ‘raw’ variables £ and 7°* have to be corrected for detector effects and acceptances. For
this purpose, we first determine the relationship between the ‘raw’ variables (E£* p°4!) and the
‘true’ ones (E7°¢ n**?) using Monte Carlo samples. Then, we use the Monte Carlo samples to
determine the relationship between the ‘observed’ number of jets in each bin of the ‘corrected’
E5* or n°®! and the ‘true’ number of jets in the same bins of E}ed or nhed (see appendix K).
Moreover, these ‘observed’ distributions refer to the number of jets observed in a given region of
measured y and Q*. The relationship between the kinematic region selected and the one where
the cross section is given, has been studied using also the Monte Carlo samples (see appendix
G).

For these studies, Monte Carlo samples of events have been generated with PYTHIA and
HERWIG simulating resolved and direct processes and processed through the detailed simula-
tion of the ZEUS detector. We have used these events to define the sample of had jets whose
cross section we want to measure, and to define the sample of observed cal jets which should
mimick the jets as measured using the ZEUS detector.

This appendix is devoted to explain the method developed to correct the transverse energy
of the jets.

I.1 Construction of the ‘map’ of energy corrections

The angular variables, 7°® and ¢, and the transverse energy, E5Y, of the cal jets have to be
corrected back to the values which characterize the had jets. In appendix F, the correlation
between the variables of the cal and had jets was studied. The distributions for Ap and An were
fitted to gaussian functions and from the results obtained it was concluded that no significant
systematic shift in the angular variables n°® and ¢°* was present: for ¢° the mean value was
slightly positive and below 1° and for 7°¥ it was below 10~2 in magnitude. The resolutions
were around 5° in ¢°¥ and 0.07 units of pseudorapidity in . These resolutions settle the
minimum bin size for the 7°¥ variable, which we take in the following as 0.25 units. Therefore,
for the measurement of the differential jet cross sections in 7’ in the ranges Eh? > 8 GeV
and —1 < phe? < 2, the precision provided by the CAL is good enough that corrections to the
angular variables of the jets are not needed and one can safely identify the 7°¢ of the jet as
measured by the CAL with the n"*¢ of the had jet: nhe? ~ gl ~ peorr,

Now we turn to the correction of the transverse energy of the cal jets. In appendix F, the
distributions for (Eg* — Ehed)/Ehsd were presented. A systematic shift between -14.5% and
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-16.5% was observed depending on the Monte Carlo sample used. This indicates that there
are energy losses which affect the E%*" as measured by the CAL which have to be corrected.
Several sources are affecting the energy of a jet as measured by the CAL (see section 7.4). We
evaluate the energy corrections using Monte Carlo samples of events that have been processed
through the simulation of the ZEUS detector which takes into account those effects.

We construct the correction factor for ES* as a multiplicative function:

corT __ cal _ cal cal
EF™ =C(Er",n ) Ep

The evaluation of this function C depends on the choice of the threshold for E$*. In a first
step we determine this threshold as a function of n°: how far we have to go down in E$* to
assure that we are selecting cal jets which probe the Ehad > 8 GeV had jets we are interested
in. One expects the threshold in E$* to be n°* dependent due to the different amount of
dead material in front of the CAL as a function of the polar angle. In order to compute this
threshold, we select had jets with the conditions {EX*? > 8 GeV; —1 < nhed < 2:0.2 <y <0.85
and Q? < 4 GeV?} and compare them to the matched cal jets restricted to fulfill all the offline
conditions and {E$* > 5 GeV and —1 < n° < 2}. Then, we evaluate the mean value of
the distribution for E2*¢/E2* in each bin of n"%¢ (the range —1 < p"*¢ < 2 is divided into 12
equally spaced bins),

T; =< EM?/ES > (nh*?d € bin )

for I = 1 to 12. The function T has been computed using the Monte Carlo generators PYTHIA
and HERWIG, and different processes (resolved, direct and a mixture of resolved+direct ac-
cording to the Monte Carlo expectations for the cross sections of these two processes). The
results for PYTHIA are shown in figure I.1. The function 7" as determined using the PYTHIA
sample of resolved+direct varies between 1.18 and 1.31 in the 7"*¢ region considered, showing
two prominent peaks in the regions 7"*¢ ~ 1 and n**¢ ~ —1. These are understood in terms
of the increase of dead material implemented in the detector simulation in those regions. This
structure is also exhibited by the individual samples (resolved or direct) and by the samples of
HERWIG (see figure 1.2). The largest discrepancy between HERWIG and PYTHIA is 3% of
the value given by PYTHIA. The spread of the values of T' exhibited by the different samples
of events (resolved vs direct, PYTHIA vs HERWIG, etc) is due to the fact that the particle
content of the jets varies from one to the other. The energy loss of a jet depends on the
pr-spectrum of the individual hadrons which form the jet, and the composition of the jet is ex-
pected to vary from resolved to direct events depending on the nature of the underlying parton
(quark or gluon) and from one generator to another depending on the specific fragmentation
scheme employed (PYTHIA uses the LUND model and HERWIG the cluster model). The
whole procedure of computing the transverse energy corrections to jets will be made in parallel
for PYTHIA and HERWIG samples, and the two set of corrections obtained will be used in
the determination of the differential cross sections.The difference between them will serve to
estimate the contribution of the fragmentation scheme to the total systematic uncertainty of
the measurements.

Now that the function 7' has been determined, cal jets will be selected in what follows
according to an n°*-dependent threshold:

8 GeV
Ty

E& (ne € bin 1) >

In order to compute the ‘map’ of the CAL response to had jets, the distribution of Elod | geet
is examined in bins of (E* 7). The mean value of this distribution is displayed in figures 1.3
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(PYTHIA) and 1.4 (HERWIG) as a function of E$* for each bin of 7
Cotesint(B5') =< B/ B5#' > (! € binl)
These functions have been fitted to the form
Ci(E) = A} + A} - 417"

The parametrizations obtained are displayed in figures 1.3 and 1.4 as solid lines. The com-
plete set of 12 functions, C7(E§) for I = 1,...,12, for a given Monte Carlo generator (HERWIG
or PYTHIA) represents the correction factor for the transverse energy of a jet, C(E, ), as
a function of Er and 7 of the jet as measured by the CAL.

We have checked the consistency between the two ‘maps’, the one of PYTHIA and the one
of HERWIG, correcting the transverse energy of the jets in the sample of HERWIG using the
function T' and the ‘map’ C obtained with PYTHIA. The mean value of the distribution of
Ehed | Ee thus obtained as a function of EZ™ in each bin of 7% is shown in figure 1.5, where
the shaded region indicates the band 1.00 4 0.05. In this way, it is demonstrated that the
transverse energy of the jets in the HERWIG sample as measured by the CAL is corrected back
to the transverse energy of the had jets within + 5%.

The choice of the bin size in E$”" has been determined studying the resolution on the
E7™" variable. The distributions of E5™™ — E2%? in bins of E$™" have been fitted to gaussian
functions and the resulting og, are: 0.9, 1.5, 1.8, 1.8, 1.9, 2.0, 2.1 and 2.5 GeV for E£™ bins
8-11, 11-14, 14-17, 17-20, 20-23, 23-26, 26-32 and 32-41 GeV. We have chosen accordingly the
bin sizes, taking approximately twice the value of op,: 8-11, 11-14, 14-17, 17-21, 21-25, 25-29,
29-35 and 35-41 GeV. These are the bins in E£”™" used for the measurement of the differential
cross section in E3",

At this point we have completed the program of correcting the ‘raw’ variables, Egt and ne!,
back to the ‘true’ ones characterizing the had jets, Eha? and nhe?| that can be identified with
EF™ and 7°"". In the rest of the section we study the validity of the ‘maps’ obtained (using yp
generators) with samples of jets generated through the DIS process and the level of consistency
with the ‘map’ resulting from applying the whole procedure to Monte Carlo samples of DIS.

I.1.1 Energy corrections to jets in DIS

To check the possible dependence of the function 7" and the transverse energy corrections to
jets C' on the specific models used in the yp generators (HERWIG and PYTHIA), we have
evaluated the functions T' and C' using Monte Carlo samples of DIS. These samples were
generated with Q* > 4 GeV? using the program HERACLES [69], which includes first order
electroweak radiative corrections. The hadronic final state was simulated using the color-dipole
model [48] including boson gluon fusion as implemented in ARTADNE [70] for the QCD cascade,
and JETSET [49] for the hadronization. These samples will be referred to as CDMBGF. The
proton parton densities were chosen to be the MRSD—’ set [27]. The same procedure as applied
above for the jet search in the CAL using vp Monte Carlo samples has been performed in the
DIS samples produced with the CDMBGF generator except that the CAL cells asociated with
the scattered electron have been removed. In the same fashion, had jets have been searched
in the multihadronic final state excluding explicitely the scattered electron and photons from
initial or final state radiation off the electron.

First of all, the reconstruction of the had jets using the CAL has been made as in appendix
F. The mean values and widths of the gaussian fits to the distributions of A¢ and An are
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consistent with the ones from PYTHIA and HERWIG, showing no significant systematic shift
and the same resolutions in the angular variables of the jets.

We have evaluated the function 7' using Monte Carlo samples of DIS where the jet search
has been performed according to the criteria: {E$* > 5 GeV and —1 < n° < 2} and {E}*? > 8
GeV and —1 < phed < 2}, without any further requirement at the generator or offline levels.
The resulting T function is compared to the ones obtained using the samples of HERWIG
and PYTHIA in figure 1.6. In this figure, the functions T' for the HERWIG and PYTHIA
samples have been evaluated without imposing any further requirements at the generator or
offline levels. These estimations of the function 7' serve two purposes: a) the comparison to the
ones in figures 1.1 and 1.2 shows that the function T for the yp Monte Carlo samples depends
very weakly on the additional imposition of conditions at generator or offline levels; b) the
function Tpss exhibits the same behaviour as the ones of PYTHIA and HERWIG and the
largest discrepancy between DIS and PYTHIA is 3% of the value of PYTHIA.

Once TP has been evaluated, we compute the correction factor for the transverse energy
of the jets Cpys, selecting cal jets in the DIS sample according to the criteria:

: 8 GeV
E%al(ncal € bin I) > —TID—IeS

The mean value of the distribution of E2¢/E! in bins of (ESn°!) is shown in figure
.7 (black dots) together with the fits (solid lines) and the parametrizations obtained using
PYTHIA (dashed lines). The DIS parametrizations agree with the ones of PYTHIA in most of
the range in E5* and 7°* considered. We have checked the consistency between the PYTHIA
and the CDMBGF ‘maps’: cal jets are selected in the DIS sample according to the threshold
function TPYTHIA and then, the selected cal jets are corrected using the function CPYTHIA,
Finally, the mean value of the distribution of Ek¢/E2™™ for the Er-corrected jets of the DIS
sample as a function of E£”" in bins of 7" is evaluated. These mean values are shown in
figure 1.8, where the shaded region indicates the band 1.0040.05. Thus, it is demonstrated that
the transverse energy of the cal jets in the DIS sample is well corrected back to the transverse
energy of the had jets within £+ 5%.

These comparisons show that the effect of the detector on the had jets depends weakly on
the specific Monte Carlo model used (low-Q? processes simulated by PYTHIA or HERWIG, or
DIS processes simulated by CDMBGF'). This is understood as we are comparing had jets and
cal jets in the same region of jet variables (Er and 7), where one expects DIS and ~p jets to
be very similar.
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Appendix J

The observed /¢ and E%et distributions

We have studied the description of the inclusive jet data distributions by the Monte Carlo
generators. The jets are requested to fulfill the condition E7™ > 8 GeV, where their transverse
energy have been corrected according to the parametrizations obtained with the Monte Carlo
samples (see appendix I). As we have two complete set of corrections, one from PYTHIA and
one from HERWIG, the results obtained with each of them are shown (figures J.1 and J.2). In
these figures, the expectations from the Monte Carlo generators are normalized to the statistics
of the data and the resolved and direct contributions were added according to the Monte Carlo
cross section when used together. The Monte Carlo expectations have been also corrected with
the same set as the data in each case.

As can be seen in the figures, both PYTHIA and HERWIG reproduce roughly the shapes
of the 7°" and E"" distributions of the data. The 7-spectrum is best described by PYTHIA
when LAC1 is used. The 7°"" data distribution shows an excess in the very forward region
(n°" ~ 2) which is not accounted for when GRYV is used instead: the predictions of PYTHIA
and HERWIG with GRV are flatter than the ones with LACI in that region. It is also seen
that the resolved contributions alone are not able to reproduce the exact shape of the data in
the central and backward regions (7°°" < 0.5). This is an indication for the presence of the
direct contribution in our data.

For the E$™" distribution, the best description is achieved by resolved PYTHIA GRV. In
the case of PYTHIA LACI, the E$'™ distribution of the data is between the descriptions given
by resolved and resolved+direct. The data point to a somewhat reduced contribution of the
direct with respect to the resolved at high EF"" values.

Rather than attempting to fit the data distributions changing the available parameters
of the Monte Carlo’s in order to achieve the best agreement, it is preferable to account for
the discrepancies between the acceptance corrections obtained with different mixtures of the
processes involved as systematic uncertainties of our measurements.
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Appendix K

Acceptance corrections to 1nclus1ve jet
distributions

In appendix I the procedure to correct the ‘raw’ jet variables, ES*' and n°*, back to the ‘true’
ones and the appropriate bin size for the distributions in these varlables were explained. The
n°" and E$"" distributions for the inclusive jet data sample thus obtained do not yet reflect
the true distributions for the jets of hadrons due to the acceptance and the purity. Monte Carlo
samples have been used to correct these distributions for both effects.

The limited acceptance is due to several sources: a) the efficiency of the jet algorithm in
the CAL; b) the efficiency of the trigger; and c) the filter and offline selection criteria. On
the other hand, the migrations from outside the selected kinematic region or the (Er,n) ranges
considered are responsible for the limited purity. First, we study the acceptance and purity as
functions of 77¢ and 3, and then the results of the two generators, PYTHIA and HERWIG,
are compared. Next we evaluate the total correction factor for the inclusive jet distributions.
Finally, the full procedure to calculate the jet differential cross sections (energy corrections to
jets and acceptance corrections to the observed inclusive jet distributions) is applied to a Monte
Carlo sample to check its reliability, i.e. whether the original cross section is recovered.

K.1 Acceptance and purity

Let V be one of the two variables (77¢ or E5"), then we define the acceptance for each V#*-bin
and the purity for each V°°""-bin as follows:

— Acceptance: A(V* ¢ bin I) is defined as the ratio of the number of had jets with
Vhad ¢ bin I which have a matched cal jet (with V™" € ‘range’!) over the total number of had
jets with V*ed ¢ bin L.

— Purity: P(V®' € bin J) is defined as the ratio of the number of cal jets with V" €
bin J which have a matched had jet (with V¢ € ‘range’) over the total number of cal jets
with V" € bin J.

Therefore, the acceptance defined in this way measures the percentage of had jets in each
bin of the variable V"¢ which are actually reconstructed (in any bin of V°""). In such one-
dimensional representation, it does not represent the migrations from bin-to-bin but the effi-
ciency to detect had jets as a function of the true variable V. In the case of the purity, it
measures the percentage of cal jets in each bin of the variable V" which have a corresponding

1For Vo™ = E£'™ ‘range’ means E" > 8 GeV and for V™ = n°"" ‘range’ means —1 < n°™" < 2
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Figure K.1: Acceptance for PYTHIA (black dots) and HERWIG (white dots) as a function of
7’ and E3".

had jet (in any bin of V%) ie. 1 — P represents the amount of contamination in each bin
Veorr (cal jets which have no matched had jets constitute a source of contamination, in the
sense that the corresponding had jet variables, n**? or/and E}*¢) or/and the event variable Y,
are outside the limits considered in the selection of had jets).

The acceptance and purity as computed using the PYTHIA (black dots) and HERWIG
(white dots) samples are presented in figures K.1 and K.2. For each generator its own function
T and transverse energy corrections have been used.

The results obtained with the two generators are consistent. The P(7°"") distribution is flat
in the range considered and varies between 58% and 71% for PYTHIA and between 60% and
73% for HERWIG. The amount of ‘contamination’ extends over the whole spectrum of neorr
at a constant level. The acceptance as a function of "¢ is also rather flat and takes values
between 47% and 68% for PYTHIA and between 47%-69% for HERWIG, slightly decreasing
at both ends of the n-spectrum. As a function of E"", the purity increases from 58% (60%)
in the lowest E7”"" bin up to 98% (100%) in the highest E$'" bin for PYTHIA (HERWIG).
A similar trend can be observed for the E2*?-dependence of the acceptance as computed with
PYTHIA (HERWIG), starting at 56% (57%) in the lowest bin and reaching values in the range
76-87% (80-89%) for higher E4*¢. The largest discrepancies between the acceptances (purities)
using PYTHIA and HERWIG are 3% (8%) for n**¢ (n°") and 4% (4%) for Eked (Egr).
This indicates that the systematic effects coming from the different fragmentation schemes and
parton shower models used in PYTHIA and HERWIG have relatively small influences on the
determination of the acceptances and purities for the inclusive jet  and Er distributions.

The migration effects from bin-to-bin in E$™ have been studied using a matrix representa-
tion, M(V"* € bin I,V € bin J). It is defined as the ratio of the number of had jets with
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Figure K.2: Purity for PYTHIA (black dots) and HERWIG (white dots) as a function of 77
and E3*.

Vhed ¢ hin I which have a matched cal jet with V™ € bin J over the number of had jets with
Vhed ¢ pin I. The values of the matrix M (E}*¢, E$”") obtained with the PYTHIA samples are
presented in table K.1. The elements of the diagonal, which represent the probability for a had
jet in a given bin of E4*? to be reconstructed as a cal jet with an E$”"" in the same bin, take
values in the range 38% to 50%. Apart from these elements, only those located at (1 +1,1) are
significant. The small values taken by the elements above the diagonal confirms the goodness of
the choice of binning in E£”"". As the differential cross section in E?,;Et is very steep, the presence
of migrations from low-Er to high- Er would have strongly distorted the E7™" distribution and
made the determination of do/dE3" difficult. These migrations are quantified by the elements
above the diagonal and, as it can be seen in our case, are small: the value of M(I,1+ 1) is

below 9% for all I.

K.2 Correction factor

The differential cross section in V is obtained correcting bin-by-bin the inclusive jet data dis-
tribution in the variable V°'" for both the acceptance and the purity

d_a(b, ) = #DATA jets with V" € I #had jets with Vi g [
= L-AV Hcal jets with Veorr € |

av

where L is the integrated luminosity, AV is the bin width and the second factor on the right
hand side has been computed using the Monte Carlo samples. This factor will be denoted by
D(Veerr Vhed) in what follows.
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E£™ bins — || 8-11 | 11-14 | 14-17 | 17-21 | 21-25 | 25-29 | 29-35 | 35-41
Ehad bins |
8-11 | .502 | .060 | .001 | .000 | .000 | .000 | .000 [ .000

11-14 || .325 | .448 .0561 .001 .000 .000 .000 .000

14-17 || .054 | .345 405 .060 .001 .000 .000 .000

17-21 || .019 | .067 .294 424 .054 .001 .000 .000

21-25 || .006 | .013 .038 .288 397 073 .002 .000

25-29 || .004 | .007 .010 .044 .266 .384 .083 .011

29-35 || .000 | .000 .007 .005 .051 .209 467 .063

35-41 (| .000 | .006 | .008 | .013 | .032 | .025 | .215 | .493

Table K.1: Matrix M for inclusive jet Er using PYTHIA.

The correction factors D obtained using PYTHIA (black dots) and HERWIG (white dots)
samples are presented in figure K.3. The factors D obtained with the two generators are con-
sistent with each other in most of the E3* and 77° ranges considered. For the E3% distribution
it varies between 0.96 and 1.37 using PYTHIA and between 1.01 and 1.48 using HERWIG.
Therefore, they deviate from unity less than 37% (48%) in the case of PYTHIA (HERWIG).
The values obtained by PYTHIA and HERWIG differ by less than 5% except in the highest
EJ? bin where the difference amounts to 16% (in that bin the statistics of the HERWIG sample
is poor and the values of the two generators agree within the errors). In the case of 77¢, the
correction factor takes values between 0.90 and 1.17 for PYTHIA and between 0.90 and 1.28 for
HERWIG. The deviation of this factor from unity is below 17% (28%) in the case of PYTHIA
(HERWIG) and the difference between the two generators is below 10%.

K.3 Measurement of inclusive jet do/dn’® and do/dE}"
using a Monte Carlo sample: a case study

Before applying the procedure developed for measuring the differential jet cross sections to the
data, we have checked its reliability using the Monte Carlo samples of one generator as ‘data’
and the correction procedure obtained with the other.

We present first the case where PYTHIA is taken as ‘data’ and HERWIG as the Monte
Carlo which provides the corrections. The steps followed are:

— The PYTHIA events are selected according to the same criteria as the real data, i.e. the
trigger + filter + offline + jet conditions are required.

— Then the jets are further required to fulfill the HERWIG threshold condition

e
B (" € bin 1) 2 oz

— Transverse energy corrections are applied to the PYTHIA ‘data’ jets using the set of

parametrizations of HERWIG
E,‘t_;‘orr — IHERWIG’(E%aI) . Tc_'al(ncal € bin I)

— The inclusive jet distributions in 7°" and E$™ for the PYTHIA ‘data’ sample are
corrected for acceptance and purity using of the factor D as computed with HERWIG:

Aoy (bin T) #PYTHIA DATA jets with Ve ¢ T

bt i & iy S 5 TN

dv Lpyr - AV
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Figure K.3: Correction factor for PYTHIA (black dots) and HERWIG (white dots) as a function
of 77t and E3™.

where Lpyr is the ‘integrated luminosity’ corresponding to the size of the PYTHIA sample
considered. The cross sections thus obtained are referred as the ‘measured PYTHIA cross
sections’.

— Finally, the ‘true’ differential cross sections for inclusive jet production in PYTHIA are
computed selecting had jets and applying the conditions at generator level:

doTie. (bin T) = #PYTHIA had jets with V4 ¢ [
av YT Lpyr - AV

The ‘measured’ and ‘true’ differential cross sections of inclusive jet production in E%ﬁ and
n’¢t are compared in figure K.4a and K.4b. The difference between the ‘measured’ and the
‘true’ differential cross sections is below 14% for 7’¢ except in the next-to-last bin where the
difference increases to 17%. For E3”, the difference is below 20% except in the last two bins,
where the statistics of the PYTHIA ‘data’ are very poor.

This check has been repeated exchanging the roles of PYTHIA and HERWIG. The results
are compared in figure K.4c and K.4d. The percentual difference between the ‘measured’ and
‘true’ differential cross sections in 77¢ is below 11%. This difference is largest in the next-to-last
bin as in the previous case. In the case of E3*, the difference is below 14% in most of the range,
reaching highest values in the last bin due to the poor statistics of the HERWIG ‘data’ sample.

In summary, when the full procedure designed to measure the differential cross sections
is cross-checked between two completely different Monte Carlo generators, the original cross
sections are recovered with an accuracy better than 20%. These checks demonstrate the validity

of our approach.
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Monte Carlo; d) do/dE}* for HERWIG ‘data’ and HERWIG Monte Carlo.
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Appendix L

Search for hard diffraction

contributions to inclusive jet

production and its influence on the
jet

measurement of do/dn’®" and do/dE/;

There is experimental evidence for hard scattering processes in diffractive reactions in hadron-
hadron collisions [71] and deep inelastic neutral current ep scattering [16]. It is based on the
observation of jet production: two high-pr jets back-to-back in the transverse plane in proton-
tagged reactions in pp [71] and in large-rapidity-gap DIS ep collisions [16]. This mechanism
should be also present in the low-Q? regime of ep interactions and it is expected to contribute to
jet production. A search for this type of contribution has been performed in the selected data
sample to establish its existence and estimate its magnitude, and to evaluate the influence on the
measurements of differential cross sections for inclusive jet production. This influence should
be understood in the sense that the corrections used for the measurements have been evaluated
using Monte Carlo generators that do not contain this type of diffractive processes and, in
principle, there could be some effect. We do not attempt to separate the data sample into a
large-rapidity-gap and a non-rapidity-gap subsamples to measure the inclusive jet cross sections
for each of them. The LO QCD predictions that we aim to compare to the measurements are
cross sections for inclusive jet production summed over all possible final states, regardless of
the presence of a large rapidity gap [72].

The search for a posssible hard diffraction contribution to the inclusive jet data sample has
been carried out using the 7mq, variable [12, 16], which is defined as the pseudorapidity of
the most forward cluster of adjacent CAL cells. The 7,4, distribution (one entry per jet) of
the inclusive jet data sample is shown in figure L.1a (there are 67 jets with 7,0, < 1.8). The
expectation from PYTHIA including resolved and direct (normalized to the data statistics)
is also shown: the data shows an excess at 7., below 1.8 which cannot be reproduced by
the standard final states simulated in that generator. The 7,4, distribution for the resulting
inclusive jet diffractive sample using POMPYT is included in figure L.la (normalized to the
data statistics below 7,4, < 1.8). In the framework of this model, there is a contribution of
hard diffractive processes to inclusive jet production both with and without a large rapidity
gap, the latter being dominant.

In order to estimate the magnitude of the contribution from diffractive processes, the inte-
grated Npmq. distribution normalized to the total sample has been used: R(n2 ) is defined as

122



dN/dn.

R(n")

Figure L.1: (a) fmas distribution for data (black dots), PYTHIA resolved+direct (white his-
togram) and POMPYT (shaded histogram); (b) R(n,,,) for data (black dots), PYTHIA re-
solved+direct (white dots), POMPYT (black stars) and the fit to the data (white squares).

the ratio of the number of jets with §ma; < 72, over the total number of jets in the sample.
The distribution of R(np,,,) in the data and the expectations of PYTHIA and POMPYT are
presented in figure L.1b and table L.1. From this, we conclude that the fractions predicted by
POMPYT are too large and the ones by PYTHIA are too small compared to the data. Thus,
it is not possible to reproduce the distribution of the data neither with PYTHIA or POMPYT
alone and a mixture of both type of processes is needed. The predictions for R(n2..) adding
PYTHIA and POMPYT according to the Monte Carlo cross sections as given by these genera-
tors are presented in table L.1 (column denoted by PYT+POM). The resulting values are closer
to the data, but still they are systematically above the data. The fraction of POMPYT to the
total sample is 6.7%, as predicted by the Monte Carlo, which is larger than what is seen in the
data. We have performed a ‘fit’ to determine the magnitude of the diffractive contribution to
the inclusive jet sample which the data require. The first four points in the R(n2,.) distribution
have been used to perform the ‘fit’ of the expectations of PYTHIA+POMPYT to the distri-
bution of the data. The relative amount of the POMPYT contribution to the total has been
chosen as the free parameter of the fitting procedure. The expectations for R(n2..) are shown
in figure L.1b and in table L.1 (column denoted by PYT+POM(fit)) and are in agreement with
the data. The contribution of diffractive processes to the inclusive jet sample as given by the
fit is 3.6%, a factor two smaller than the Monte Carlo expectations from POMPYT for the
particular choice of a hard gluon content in the pomeron. This indicates that the predictions
given by the model implemented in POMPYT are somewhat larger, but not too far from our
results (given all the uncertainties in this model).

As it is seen in figure L.1a, a large fraction of diffractively produced jets (POMPYT sample)
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Figure L.2: Acceptance, purity and correction factor for PYTHIA resolved+direct (black dots)
and POMPYT (white dots) as a function of p7¢.

| 724, | Data | PYTHIA [ POMPYT | PYT+POM [ PYT+POM(fit) |

0.3 || 0.06% | 0.00% 0.70% 0.05% 0.03%
0.9 (| 0.13% | 0.02% 2.56% 0.19% 0.11%
1.5 | 0.21% | 0.02% 4.86% 0.34% 0.19%
1.8 |1 0.27% | 0.03% 7.35% 0.52% 0.30%
2.1 || 0.46% | 0.06% 11.8% 0.84% 0.48%

Table L.1:  R(n2,,) values for the data, PYTHIA (resolved+direct), POMPYT and two
mixtures of PYTHIA+POMPYT.

populates the region where the distinction between diffractive and non-diffractive processes
cannot be made in terms of the variable 7,,,,. Therefore, the estimated contribution of the
diffractive processes to the total inclusive jet sample is model dependent. We do observe
that a certain fraction of jets populates the region 7,,,, < 1.8, but when we have estimated the
magnitude of the contribution, it has been assumed that the 7,4, distribution of the POMPYT
model for 79,,,, > 1.8 is reliable. We have no experimental evidence for this to be true due to the
lack of additional information that could signal the diffractive nature of the collision without
relying on the 7., variable. Nevertheless, we can compare the predictions of the POMPYT
model for the absolute number of jets predicted. A total of 89 jets with 7,,., < 1.8 are expected
for the integrated luminosity taken during 1993 and we observe 67 jets of such type in our data
sample. Therefore, at least in the ‘observable’ region 7., < 1.8 we find a rough agreement
between data and the absolute predictions of POMPYT.

In summary, from this study it is concluded that we observe diffractive processes contribut-
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ing to inclusive jet production. The observed number of jets in the region Npmee < 1.8 is in
rough agreement with the absolute predictions of POMPYT and, within the framework of this
model, the contribution of this type of process, as required by the data, to the total inclusive
jet sample amounts to 3.6%.

Once we have seen evidence for the contribution of hard diffractive processes to inclusive jet
production, its influence on the measurements of do'/dni¢* and do/dEZ" have been determined
using the POMPYT samples. The environment in which the jets are immersed is quite different
in diffractive and non-diffractive reactions. In diffractive processes, initial and final state parton
radiation is suppressed due to the reduced centre-of-mass energy available at the hard collision.
In addition, the absence of colour flow between the hadronic system steaming from the photon-
pomeron or parton-pomeron collision gives rise to a pattern of the forward energy flow which
would strongly contrast with the one in non-diffractive reactions. We evaluate the correction
factors for the inclusive jet cross sections D (see appendix K) using the POMPYT samples
alone. These are compared to the ones obtained with PYTHIA to check the sensitivity of these
factors to the different final states simulated by the two generators.

The POMPYT samples were used to evaluate the correction factors D to the inclusive jet
n°"" and E£ distributions. The same procedure as the one explained in appendix K was
used. Note that we do not apply any cut on #me,: the full sample of had and cal jets is
considered. We have then corrected the transverse energies of the POMPYT cal jets according
to the set of parametrizations given by PYTHIA (TFYTHIA and CPYTHIA) The acceptance
and purity factors were then evaluated. The results for 77° are shown and compared to the ones
of PYTHIA in figure L.2. We note that the Monte Carlo statistics of POMPYT is not large
enough to discuss the acceptance, purity and correction factor as a function of EZ*. On the
other hand, for the ¢ distribution it is large enough except at the ends of the spectrum (the
shape of the n7° distribution is similar to the one of direct processes in PYTHIA or HERWIG,
peaking at central values). The acceptance, purity and correction factor for the POMPYT
sample of jets exhibit the same trends as PYTHIA and in most of the 7’ range both samples
give consistent results. The difference in the correction factor D(n°™") between POMPYT
and PYTHIA is below 10% over the whole range except in the most forward bin, where the
difference increases up to 19% (there the uncertainty in the evaluation of Dpompyr(n) is
largest due to the poor statistics of the POMPYT sample in that bin). In summary, these
studies show that indeed the acceptances, purity and correction factors do not depend on the
environment where the jet is embedded, as exemplified by the extreme choice of correcting the
data with diffractively produced jets alone.

The data shows evidence for a contribution from diffractive processes and the previous study
shows that even the correction factors computed using POMPYT alone do not significantly
differ from the ones by PYTHIA. Nevertheless, the properties of the bulk of the data sample
cannot be reproduced by diffractive processes alone. A more realistic measure of the uncertainty
connected to the influence of the diffractive processes on the correction factors would come from
the comparison between the results obtained with PYTHIA and the ones evaluated using a
mixture of PYTHIA (resolved+direct) and POMPYT samples (added according to the Monte
Carlo cross sections as given by these generators). As expected from the previous study and the
small contribution assigned to the diffractive processes, the difference between the measured

cross sections obtained correcting the data either with PYTHIA or with PYTHIA+POMPYT
is very small (~ 1%).
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Appendix M

Study of the systematic errors in the
measurement of inclusive jet cross
sections

The systematic errors and the stability of the extracted inclusive jet cross sections have
been checked by varying one by one the ingredients used in the analysis. For each change, the
differential cross sections were recalculated and compared to the reference values in each bin
of n’t or ngt. The reference values were obtained using PYTHIA including resolved+direct
processes with MRSD— and GRYV for the proton and photon parton densities, respectively, to
calculate the energy corrections to jets and the correction factors to the measured distributions.

The changes in do/dE3* and do/dy’® with respect to the reference values are taken as
the contributions to the systematic uncertainty in each bin; they are added in quadrature to
obtain the final systematic uncertainty. The bin-by-bin changes are summarized in table M.1
for do/dE3* and in table M.2 for do/dn’® and are presented graphically in figures M.1 and
M.2.

The following items were changed:

— Monte Carlo generator:

We used the HERWIG generator including resolved+direct processes to correct the data.
This change involves the use of the ‘map’ of transverse energy corrections to the jets obtained
with HERWIG and the correction factors for the inclusive jet distributions determined with the
HERWIG samples. This variation accounts for the uncertainties inherent to the fragmentation
scheme used to model the hadronization process. The average variation of the cross section is
5.8% for do/dn’® and 7.3% for do/dE5".

— Parametrizations of the parton densities in the proton and photon:

The inclusive jet cross sections do /dn’®* and do/dE3" depend both in shape and magnitude
on the parton content of the photon and the proton. We have estimated the possible bias of the
extracted results due to the particular choice of the parametrizations used in the Monte Carlo
simulations. For this purpose we have chosen in each case (proton and photon) to vary the
partonic density between the two most different parametrizations compatible with pre-HERA
data. In the case of the photon we have compared GRV and LACI, the latter having a larger
amount of gluons in the photon at low-z,. The induced changes in the results are small: in
average 3.0% for do/dn’®t and 1.9% for do/dE}*. The dependence of the results on the choice
of the parametrization for the parton densities in the proton was found to be negligible. By
varying the proton partonic densities between the two extreme assumptions MRSDO (flat gluon
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bin 1 2 3 4 ) 6 7 8

% % % % % % % %
vSF(LAC1) 20 -2.7| -25| 49| -1.1 03] -1.3| -0.3
pSF(MRSDO0) -0.2 | -04]| -0.1 0.1 03| -0.5 0.1 0.3
HERWIG -3.1 [ -13.2 06| -68| -64| -6.0| -7.0| 15.3
yyp-scale -5% -14 | 22| 24| 41| 49| 63| -7.0] -4.6
Erp > 13 GeV -0.7 0.0 0.0 0.0 0.0 0.0 0.0 0.0
p./E < 0.927 2.5 4.0 6.6 7.0 7.2 7.5 10.5 | 12.5
resolved only 06| -20| -1.8| -24 | -26| -6.2| -4.2| -51
include POMPYT || -0.4 1.4 -0.3 0.8 0.4 1.7 0.1 0.0

[ total syst. error [ 48] 144] 7.7] 11.9] 11.2] 13.2| 151 | 20.9]

E-scale +5% -8.1|-17.3 | -18.8 | -20.2 | -21.1 | -22.9 | -20.0 [ -23.7
E-scale -5% 1221 23.6 | 254 | 26.0 | 23.5| 32.5| 28.9 [ 50.5

Table M.1:  Systematic errors on do/dEr

content at low-z,) and MRSD— (singular gluon content at low-z,) the extracted cross sections
do/dy’®* (do/dE%") change in average by 0.2% (0.2%).

— Relative amount of resolved and direct processes:

For the reference values, Monte Carlo samples of resolved and direct processes were mixed
according to the ratio given by the Monte Carlo cross sections. As it was noted in appendix J the
description of the inclusive jet data distributions is bracketed by the expectations of the Monte
Carlo with different physical assumptions. The uncertainty on the extracted results (and its
stability) due to the particular choice of the relative amount of resolved and direct processes has
been estimated considering alternatively the Monte Carlo simulation with resolved processes
alone. The changes in the cross sections are small and, in average, amount to 2.5% (3.1%) for
do/dn?® (do/dEX").

— Contribution from diffractive processes:

The generators PYTHIA and HERWIG simulate final states where colour flows between
the partons steaming from the hard interaction and the spectator partons are always assumed:
no contribution from diffractive processes to inclusive jet production is taken into account. We
have searched for this type of contribution into our sample (see appendix L) and estimated
the influence of its presence on the correction factors using Monte Carlo samples generated by
POMPYT. The inclusion of a contribution from diffractive processes in addition to the non-
diffractive ones has been simulated mixing the samples of PYTHIA and POMPYT according
to the cross sections of these generators. The variation of the extracted cross sections resulting
from this change is negligible: 0.5% for do/dn’** and 0.6% for do [dE".

— Influence of the selection cuts:

A possible bias arises from the cuts in p,/E, Ef and y;p used in the selection of the data,
sample. The distributions of the inclusive jet data sample in pz/E and E}p are reproduced by
PYTHIA. The cut p,/E < 0.94 was varied to p./E < 0.927 in the selection of the Monte Car}o
sample. The change of the cross section do/dn?® is small (in average 2.7%) while for large E3*
the influence of this cut increases up to ~ 10% (in average 7.2%). We varied the cut Efp > 12
GeV to E7r > 13 GeV in the data leaving the cut in the Monte Carlo unchanged. The change
in the cross sections do/dn’** and do/dE}* is negligible: in average 0.6% for °* and 0.7% in
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bin 1 2 3 4 5 6
% % % % % %
vSF(LAC1) -4.8| -0.5 1.4 06| 02] -2.0
pSF(MRSDO0) -0.5 00| -02| 01| -0.1| -0.2
HERWIG 25| 48| 26| 09| 43| -64
ysp-scale -5% -12.9 | -6.7| 44| -3.0| -2.3| -0.9
Erp >13 GeV -0.8| -09| -08| -1.2| -1.0| -0.4
p./E < 0.927 0.0 02| 0.1 1.0 14| 3.1
resolved only 5.8 -58| -6.5| -22| -3.8| -4.3
include POMPYT 05| -09| -02| -01| -1.0| -0.2
[ total syst. error [ 15.2] 102 85| 42| 65| 8.6
E-scale +5% -15.2 | -15.3 | -11.6 | -11.3 | -12.3 | -10.6
E-scale -5% 273 | 193 | 19.6 | 14.6 | 15.3 | 11.9
bin 7 8 9 10 11 12
%o %N %B| % % %
~vSF(LAC1) 3.1 43| 45| -58| 49| -3.5
pSF(MRSDO) 02| -0.1|-01| 00| -04]| -04
HERWIG -4.11-106 | -6.3 | -7.9 | -15.8 | -3.4
ysp-scale -5% -0.2 041-05|-05]| -09 0.2
Efp >13 GeV -04| -0.8]-0.5]-0.1] -04| -0.3
p./E < 0.927 43| 41| 44| 43| 40| 5.5
resolved only -0.2 03 01| 04 0.5 -0.2
include POMPYT 0.1 -0.2]-0.7]-03| -0.7 0.6
mtal syst. error ” 6.7 | 12.3 l 8.9 | 10.7 | 17.1 | 7.4 I
E-scale +5% 111 <93 -9.7] -9.5| -9.9 | -10.7
E-scale -5% 14.5 | 14.7 | 14.0 | 14.7 | 14.8 | 14.5
Table M.2:  Systematic errors on do/dp
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the first bin for the 3 (there is no effect in the remaining bins).

In appendix H we discussed the uncertainty in the simulation of the reconstruction of y with
the Jacquet-Blondel method by using the subsample of tagged events. According to this study,
we have changed the value of y;5 in the Monte Carlo by -5%: from y;p to Yig = 0.95 - y;5.
The average change in the cross section do/dp’® (do/dE5") is 2.7% (4.1%).

— Uncertainty in the E}* scale:

In appendix H it was shown that the possible deficiencies in the simulation of the calorimeter
response can lead to differences in the transverse energy of the jets in the selected kinematic re-
gion of at most 5%. We have taken into account this uncertainty repeating the analysis with the
transverse energy scale of the cal jets in the Monte Carlo varied by + 5%. These changes consti-
tute the main uncertainty of the measurements: in average 14% (23%) for do/dnpiet (do/dE5").

The dominant source of systematic error is the uncertainty in the absolute energy scale of
the cal jets. The systematic uncertainties not associated with the energy scale of the jets have
been added in quadrature and together with the statistical errors are shown as the thin error
bars in figures 7.2 to 7.4. The uncertainty due to the energy scale of the jets is shown as a
shaded band. We note that the systematic uncertainties have a large degree of correlation from
bin to bin. These systematic uncertainties are to be understood as the maximum possible error
associated to each data point. In addition, there is an overall normalization uncertainty of 3.3%
from the luminosity determination, which has not been included.
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Figure M.1: Systematic errors (part 1)

130



fe—0—0—0—0—0—0—0—0—0—0—0
- 1 | 1 1 l 1 1 | 1 I 1 1 1 1
=1 0 1 2
Pz/E 7"
n g SNP. 0o 00
- 00— ~o1
- 1 1 1 1 l 1 1 1 1 I 1 1 1 1
=1 0 1 2
Total Systematic Error 7™
F0—0-—0—0—0-0—00—00—0—0
L1 1 | 1 I 1 1 1 1 l 1 1 1 1
-1 2
E scale +5% 7*
- % o909 -0—0-—0-0—0—0
- | 1 1 1 l 1 1 1 1 I 1 1 1 1

0 1
E scale -5% 7

Figure M.2: Systematic errors (part 2)
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