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Abstract

Dijet cross sections have been measured in deep inelastizitn@ current electron-
proton scattering at HERA. Cross sections have been measdreli erentially as
functions of the photon virtuality, Q?2, the scaling variable, Bjorkenx, the mean
transverse jet energyEr, the invariant dijet mass, Mj; , the di erence in jet pseudo-
rapidity, ©°=j et 2§ and the momentum fraction, . Cross sections as function
of have also been measured in dierent regions of the photon taality. The
analysed data were recorded at a centre-of-mass energy o8 eV with the ZEUS
detector in the years 1998, 1999, and 2000 and correspond moitegrated luminosity
of 81.74 pb'. The phase space of the analysis is de ned by 12502 < 5000 Ge\/
and jcos j < 0:65, where  is the polar angle of the hadronic nal state. Jets
are reconstructed with the inclusiveks cluster algorithm in the Breit reference
frame. Dijet events are selected by applying an asymmetriaucon the transverse
jet energy according toEjTefégt > 12(8) GeV, where the indices correspond to the
two highest energetic jets in the pseudorapidity range 2 < it < 1.5. The
measured cross sections are compared to QCD calculationsniext-to-leading order
(NLO) as implemented in the DISENT program. For the comparisn the data and
the theoretical predictions are corrected to hadron level. The applied correction
procedures are based on Monte Carlo models. The data are (fal measured
variables) in good agreement with the theoretical prediabns. Dijet cross sections
allow, as compared to inclusive-jet measurements, the rewtruction of additional
kinematic observables like the invartiant dijet massM;; , or the momentum fraction,

. The presented dijet analysis thus represents a very detad test of perturbative
QCD. Moreover, the cross sections measured in dierent regis of Q? are shown
to be sensitive to the gluon density of the proton. They mighthus be well suited
to provide additional constraints on the gluon PDF when inalded in (NLO) QCD ts.

In the years 2000 and 2001 HERA was upgraded from HERA | to HERAI.
The shutdown allowed an upgrade of the detector in order to agt it to the
high-luminosity environment and the physics program of HER Il. The detector
upgrade comprised a new luminosity (monitoring) system wblh was designed to
cope with the increased luminosity and the high rate of syncbtron radiation. The
new luminosity system comprised an electromagnetic caloréter located at about
6m from the interaction point in the rear region of the ZEUS dector. For the
6m (electron) tagger a trigger was designed and tested, a ibaation procedure was
established and the radiation damage of the scintillating bres was monitored via a
series of Cobalt scans. In 2007 a detailed study of multiplies and energy ows
based on NC low®? DIS jet data showed that the energy ow in the upgraded ZEUS
detector was not described by the HERA Il Monte Carlo predigons. The results
triggered the so calledsingle pion study in which single pion events were used to
investigate the response of the simulated detector. The sty helped to improve the
HERA |l detector simulation and revealed imperfections of gat ZEUS commonly
used) reconstruction algorithm.






Kurzfassung

Es wurden dierentielle Zweijet-Wirkungsquerschnitte in tiefunelastischer
Elektron-Proton-Streuung als Funktion der Photon-Virtudiat, Q?2, des Impuls-
bruchteils, Bjorkenx, der mittleren transversalen Jet-Energie E1, der invarianten
Zweijet-Masse, Mj; , der Dierenz in den Jet-Pseudorapiditaten, ©=j et et
und des Impulsbruchteils, , bei HERA gemessen. Die analysierten Daten wurden
in den Jahren 1998, 1999 und 2000 bei einer Schwerpunktsgmervon 318 GeV
mit dem ZEUS-Detektor aufgenommen und entsprechen einertegrierten Lumi-
nositat von 81.74 pb!. Der Phasenraum ist durch 125 Q?2 < 5000 Ge\? und
j cos pj < 0:65 gegeben, wobei, der Polarwinkel des hadronischen Endzustandes ist.
Jets werden mit Hilfe des inklusiverkr-Cluster-Algorithmus im Breit-Bezugssystem
rekonstruiert. Zweijet-Ereignisse werden durch einen asynetrischen Schnitt auf die
transversale Jet-Energie germE‘T‘itéﬁf_,?t > 12(8) GeV selektiert. Die Indizes beziehen
sich hierbei auf die beiden hechstenergetischen Jets im deslorapidiatsbereich

2< pgrit < 1.5. Die gemessenen Zweijet-Wirkungsquerschnitte werdentrQiCD-
Rechnungen der nachstishrenden Ordnung (NLO) verglichge wie sie im Programm
DISENT implementiert sind. Vor dem Vergleich werden sowohtlie Daten als auch
die theoretischen Vorhersagen auf Hadronlevel korrigierDie Korrektur basiert auf
Monte Carlo Modellen. Die Daten werden (fur alle gemessemé/ariablen) gut durch
die QCD-Vorhersagen beschrieben. Zweijet-Ereignisse aeben, im Vergleich zu
inklusiven Jet-Ereignissen, die Rekonstruktion zusatidher kinematischer Variablen
wie der invarianten Zweijet-Masse,M;; und dem Impulsbruchteil, . Die hier
prasentierte Zweijet-Analyse stellt daher einen sehr datllierten Test der QCD
dar. Desweiteren wurde gezeigt, dass die Wirkungsquersitten als Funktion von

, gemessen in verschiedendp?-Bereichen, sensitiv auf die Gluondichte im Proton
sind. Verwendet in (NLO) QCD-Fits kennen diese Wirkungsqerschnitte daher zu
einer Verringerung der Unsicherheit auf die Gluon-PDFs bieagen.

In den Jahren 2000 und 2001 wurde HERA von HERA | zu HERA Il aufgnstet.
Der Shutdown ermeglichte eine Ummastung des ZEUS Detekts, der an die hehere
Luminosit@at und das HERA |l Physik-Programm angepasst wude. Die Umnastung
des Detektors beinhaltete ein neues Luminositats-SystemEine Komponente des
neuen Systems war ein elektromagnetisches Kalorimeter imsdRwartigen Bere-
ich des ZEUS Detektors. Fdar diesen 6m-(Elektron-)Tagger wde ein spezieller
Trigger entwickelt und getestet, eine Kalibrationsroutire etabliert, und eine Reihe
von Cobalt-Scans durchgefahrt, um Strahlenschaden an deScintillatorfasern zu
untersuchen. 2007 zeigte eine detaillierte Untersuchungrv Multipliziaten und
Energieussen basierend auf Jet-Daten bei niedrigen Phoh-Virtualilaten, dass der
Energie uss im umgenssteten Detektor nicht richtig durchdas HERA 1l Monte Carlo
vorhergesagt wurde. Die Ergebnisse triggerten die so gensnSingle-Pionen-Studie
bei der Ereignisse mit einzelnen Pionen verwendet wurdenmudas Ansprechver-
halten des simulierten Detektors zu untersuchen. Die Stuglihalf, die HERA Il
Detektorsimulation zu verbessern und deckte Schwachennes (bei ZEUS hau g
verwendeten) Rekonstruktions-Algorithmus auf.






"Er wurde geboren mit einem sonnigen Gemut und der Gewissihedass
die Welt vernackt ist."

Aus "Garp und wie er die Welt sah " von John Irving

Rer meine Eltern
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Introduction

According to our present understanding all visible matter @nsists of point-like
elementary particles, quarks and leptons. These spin 1/2 gecles (also referred to
as fermions) come in three generations, each generation qgoising one lepton duplet
and one quark duplet (see gure 1). Interactions between tlse elementary particles
are based on four fundamental forces: gravity, the electragnetic, the weak and the
strong interaction. The properties of gravity are describe by the general theory of
relativity whereas the electromagnetic, the weak and the ging force are described
in the framework of the Standard Model of elementary partiel physics (SM). In
this model, the interactions are described by the exchangé @pin 1) gauge bosons
and the electromagnetic and the weak force are combined intloe electroweak force.

mass

charge
spin

quarks

leptons

3 generations of fermions

2.4 MeV 1.27 GeV 171.2 GeV 0 MeV
23 213 213 t 0 g
1/2 u 1/2 C 12 1 E
3
up charm top photon 2
4.8 MeV 104 MeV 4.2 GeV MeV
-13 1/3 S -13 0
12 12 12 1
=l
down strange bottom gluon s
<22eV <0.17 MeV <15.5 MeV 91.2 GeV
0 0 0 n 0 ZU <
g
112 112 112 1 H
electron muon tau 3
neutrino neutrino neutrino ZizEam 5
0.511 MeV 1.05.7 MeV/ 1.777 GeV 80.4 GeV
e amo ot Wy
172 12 12 1 g
electron muon tau W boson

gauge bosons (forces)

Figure 1. Constituents of the Stan-
dard Model (SM) and their basic prop-
erties. According to the SM all visible
matter consists of point-like particles,
qguarks and leptons. These spin 1/2
fermions come in three generations,
each generation comprising one lepton
and one quark duplet. In contrast to
leptons, which participate in the elec-
troweak interaction only, quarks, car-
rying colour charge are also interaction
via the strong interaction. Interactions
between the fermions are mediated by
the exchange of (spin 1) gauge bosons.

Mathematically the SM is based on gauge eld theories. The faraction between
guarks and gluons (gluons being the gauge bosons of the stydierce) is described
by the non-Abelian SU(3). gauge theory, Quantum Chromodynamics (QCD). QCD
is by now accepted as the fundamental theory of the strong itaction. Among
the successes of QCD are the excellent understanding of thenming of the strong

coupling constant,

s, and the agreement of data and theoretical predictions for
many nal states including strongly interacting particles

1



Deep inelastic scattering experiments have played an imgant role in estab-
lishing QCD as the theory of the strong interaction and, in tle case of lepton-hadron
and hadron-hadron scattering, in investigating the inner tsucture of hadrons in
terms of parton density functions (PDFs). Due to the con nenent of colour charge,
guarks and gluons can not be observed directly. Instead theyre revealed through
the appearance of collimated ows of colourless hadrons,feered to as jets. Since
the hadrons approximately emerge along the direction of th@al state partons, jets
provide access to the kinematics and dynamics of the fundantal hard scattering
process. In the last decades a large variety of jet cross seos (inclusive jet, dijet,
multi-jet, jet-substructures) has been measured, many ofhem at HERA, where
high-energetic electrons were used as a probe to investigahe inner structure of
the proton and to study the properties of the strong interadbn. The comparison
of data with QCD predictions allows to test basic propertiesof the theory like
the perturbative approach, the factorisation Ansatz, the ginamics of the strong
interaction and the universality of the PDFs. The correspoding measurements
demonstrate the high predictive power of (perturbative) QO and its character as a
precision theory?!. In addition jet cross sections are used to extract basic cstants
of the theory like the strong coupling constant, s, and the proton PDFs. An exact
knowledge of the proton structure is of vital importance forthe physics at the
Tevatron and the LHC since at hadron-hadron colliders bothignal and background
for new physics phenomena directly depend on the PDFs of thaitial hadron.

In a recent ZEUS analysis [2] cross section data on inclusijg production in DIS
and on dijet events in photoproduction have been used in addin to inclusive cross
section data to simultaniously t ¢ and the PDFs of the proton. As a result the
uncertainty on the measured gluon density could (in some rems of the phase space)
be reduced by up to 35 %, compared to the PDFs not including jelata (see gure 2).

In this thesis a measurement of dijet cross sections in deepelastic electron-
proton scattering at high Q? at HERA is presented. The results of this analysis
have been published in [3]. The data for the analysis has beescorded with the
ZEUS detector (one of two multi-purpose detectors at HERA) iad correspond to an
integrated luminosity of 8174 pb . The measured cross sections are compared to the
predictions of a xed order QCD calculation of orderO( 2), which for the observed
dijet process is the next-to-leading order (NLO). The data rad the theoretical
predictions are corrected for limited acceptance of the dsttor and non-perturbative
hadronisation processes, respectively. The applied cartien procedures are based
on the predictions of leading order Monte Carlo generators.

Dijet cross sections allow, as compared to inclusive-jet @m®urements, the re-

L1t should be noted that the precision of QCD measurements is till far from that of electroweak
measurements. As an example the uncertainty on the strong agpling constant, g, is in the order of
1 2 % at the scale corresponding to the mass of th&° boson whereas the mass of the electroweak
Z° boson itself is known to a precision of about @02 % [1].

2
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Figure 2: E ect of the use of HERA jet data in ZEUS global PDF ts. The gushows
the relative errors on the gluon PDFs in di erent regions e photon virtuality,Q?.
The errors are shown as a functionxgfwherex is the fraction of the proton momentum
carried by the struck parton. The outer darker band indigdle uncertainty when no jet
data is included. The inner, lighter band indicates thetikedauncertainty when including
additional jet data. In some regions there is a reductiomefuncertainty of up t@5 %
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construction of additional kinematic observables like thanvariant dijet mass or
This analysis thus represents a very detailed test of
perturbative QCD and QCD dynamics. Moreover dijet cross s&ons are (via the
boson gluon fusion process) directly sensitive to the gluatensity of the incoming
proton. The presented cross sections thus might be well sedt to provide additional

the momentum fraction

1 with jet data
L | L

F M without jet data

Q%= 20 GeV?

104

10°

102

10t

110*

10°

102

10

constraints on the gluon PDF when included in (NLO) QCD ts.

X



This thesis is organised as follows

The rst part  of this document is dedicated to the before-mentioned measment
of dijet cross sections at HERA 1.

In chapter 1 the theoretical concepts, necessary to undeasid the presented analysis,
are described. This chapter comprises the introduction ohé kinematic variables, a
description of the quark parton model as well as a brief intiduction into the basic
concepts of QCD and jet physics.

The Monte Carlo generators used to obtain acceptance, QED éimadronisation cor-
rections and the utilised xed order QCD calculations are pesented in chapter 2.
Chapter 3 gives an overview of the experimental setup, the HRA storage ring and
the components of the ZEUS detector most relevant to this ahgsis.

The event reconstruction, including the reconstruction othe scattered electron, the
hadronic nal state and the kinematic variables, is descried in chapter 4.

The used data set and the cuts applied to select the inclusi®S sample are presented
in chapter 5. This chapter closes with a comparison of the seted DIS sample to the
predictions of the leading-order Monte Carlo generators.

The selection of the nal dijet sample is described in chapté. This chapter comprises
a description of the jet reconstruction and the applied MC-ased jet-energy correction.
It closes with a comparison of the selected data to the Monteatlo predictions.

In chapter 7 a detailed description of the cross-section d@tnination (including the
applied acceptance and QED corrections) and the determiriah of the experimental
uncertainties is given.

The obtained single- and double-di erential dijet cross smions are presented in
chapter 8. In this chapter the measured cross sections aramqmared to the predictions
of the xed order QCD calculation.

The second part of this document is dedicated to the ZEUS experiment at
HERA I1.

Chapter 10 gives an overview of the HERA luminosity upgradesomprising a brief
description of the upgraded interaction region, the upgragtl ZEUS detector and its
new luminosity system.

A detailed description of the 6m tagger, a small electromagtic calorimeter designed
and built as part of the upgraded ZEUS luminosity system, isigen in chapter 1.
This chapter includes a description of the 6m-tagger triggeand its e ciency, a de-
scription of the position and energy reconstruction and thealibration of the tagger
as well as a detailed description of the so called Cobalt ssawhich were used to
monitor the radiation damage of the tagger.

Chapter 12 presents the results of the so called 'single pistudy'. In this study the
response of the (simulated) detector to single pions was estigated. The study helped
to improve the detector simulation and to identify imperfetions of a reconstruction
algorithm.

2The author of this thesis was (on-call) expert for the 6m-tagger and worked on the design
and performance of the 6m-tagger trigger, the energy calilation, the online-monitoring and the
investigation of of radiation damage of the scintitlating bers.
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Chapter 1

Theory

In this chapter the theoretical concepts necessary to und#and the presented di-
jet analysis are described. The rst part (section 1.1) is diicated to deep inelastic
electron-proton scattering (DIS). In this part the variables commonly used to de-
scribe the scattering process are introduced and the DIS sssection is presented.
The second and the third part (sections 1.2 and 1.3 ) are dedied to the composition
of the proton as seen in the quark-parton model and in the fragwork of Quantum
Chromodynamics (QCD), respectively. The third part also cetains a brief introduc-
tion into QCD and its basic properties. The fourth part (secion 1.4) is dedicated
to the subject of jet physics. In this section the QCD-Compto (QCDC) and the
boson-gluon fusion (BGF) processes (both contributing tohe measured dijet cross
sections) are presented, an overview of commonly used jeg@lithms is given and the
Breit reference frame, in which the jet reconstruction is péormed in this analysis, is
described.

1.1 Deep inelastic scattering

In the framework of the Standard Model (SM) the interaction letween elementary
particles is described by the exchange of bosons. In the caseelectron-proton
scattering the exchanged boson can either be a photon)(or Z° or a W boson.
The interactions mediated by the exchange of an electricglineutral or Z° are
called neutral current (NC), those mediated by an electridyy chargedW™ or W are
called charged current (CC) processes. For virtualities gater than about 1 GeV
(Q? > 1 GeV?) the wavelength of the exchanged boson is smaller than themnsion
of the proton® (O(10 *®m)). In this kinematic region the exchanged boson is able to
probe the internal structure of the proton. If in addition the invariant mass of the
hadronic nal state is much larger than the invariant mass ofhe proton (W? Mg),
the process is called deep inelastic scattering (DIS).

1The virtuality, Q2, is de ned as the negative of the squared four-momentum trasfer.Virtuality
and wavelength, , of the exchanged boson are related to each other accordingt / 1= Q2.

7
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a) b)
e(k) e'(K) e(k) n (k)
9,Z(q) W(a)
p(P) L, | P(P) . |
> > X(P) > > X(P")

V—

Figure 1.1: Schematic diagram of a) neutral current (NC) and b) chargedent (CC)
deep inelastic electron-proton scattering. Four-momemeagiven in parentheses. The
main signature of NC events is the occurrence of the scdttdeetron in the nal state. In
CC events the electron transforms into an electron neyttegamling to missing transverse
momentum.

Figure 1.1 shows schematic diagrams for neutral and chargexdirrent electron-
proton scattering. As can be seen the two processes do notyomli er by the
exchanged boson but also by the nal state lepton which is dier an electron (NC
event) or an electron neutrino (CC event). According to thishe main signature of
NC events is the occurrence of the scattered electron in thenal state whereas for
CC events, where the electron transforms into an electron mgino which can not be
detected, it is the occurrence of missing transverse moman.

1.1.1 Kinematic variables

The inclusive deep inelastic scattering proces¢k)+ p(P) ! 19k9)+ X (P9 is (for un-
polarised electrons and protons) typically described in tms of the following Lorentz-
invariant variables:

centre-of-mass energy squared,
s=(k+ P)% (1.1

Neglecting the masses of the electron and the proton, the d:mwof-ma&s energy
is related to the initial electron and proton energies accdmgto ™ s 4EE,;

virtuality of the exchanged bosonQ?,

Q*= o= (k kY% (1.2)
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Bjorken scaling variable, xg; ,

q2

XBj = op q

(1.3)

In the quark-parton model described in section 1.2 the scad variable xg; is
equal to the fraction of the proton momentum carried by the suck quark;

inelasticity, v,
_Pq
Y= rx
In the proton rest frame the inelast|C|ty is related to the eergies of the initial and
the nal lepton accordingtoy = Ee . The inelasticity can thus be interpreted
as the energy transfer from the electron into the hard scattig;

(1.4)

invariant mass of the hadronic systemy,
[© [
W= (q+P)Z (1.5)

Neglecting the masses of the electron and the proton, the lfming relations hold:

Q® = Xgys (1.6)
w? = Q2 1 =(1 Xgj)ys: (1.7)
XBj

At a given centre of mass energf s, the inclusive process is completely described
by a set of two of the Lorenz invariant variables de ned in Egs1.2-1.5.

Figure 1.2 shows the kinematic range in the variableQ? and xg; covered by
the H1 and ZEUS experiments which are located at HERA. The g also shows
the kinematic range covered by other colliding-beam experents and di erent xed-
target experiments probing the structure of the proton. Bedes the centre-of-mass
energy the kinematic range of an experiment is determined ke acceptance of
the detector. As can be seen HERA has signi cantly extendeché kinematic range
accessible for DIS experiments and has spanned a bridge bedtw the xed-target
experiments and the colliding-beam experiments, DO and CDHocated at the
Tevatron?.

1.1.2 QED radiation

In the above derivations higher order QED e ects like the aditional emission of
real photons from the initial or scattered electron or quarkreferred to as initial

2The Tevatron is a pp collider with a centre-of-mass energy of 1.96 TeV located athe Fermi
National Accelerator Laboratory (Fermilab) near Chicago.
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Figure 1.2: Kinematic range in terms d)? andxg; for the H1 and ZEUS experiments
located at HERA. The gure also shows the kinematic rangesreal/by other colliding-
beam experiments and dierent xed-target experimentsbprg the structure of the
proton. HERA has signi cantly extended tkg; andQ? range accessible for DIS experi-
ments and spanned a bridge between the xed-target expetinand the colliding-beam
experiments,DO and CDF, located at the Tevatron.

(ISR) and nal state radiation (FSR), and virtual loops have not been taken into

account. These higher order QED e ects may, however, have ampact on the

kinematic variables and are, of course, included in any meaed cross section. As
an example the emission of a photon by the incident electroniliMead to a reduction

of the e ective electron beam energy and will thus have an inget on the kinematic

variables. In the case of nal state radiation the emissionfaa real photon after the

hard scattering process will lead to both, a reduction of thelectron energy and
a change of the electron scattering angle. This will have ampact on kinematic

variables determined from the scattered electron.
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a) b) C)

g (k")
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Figure 1.3: Schematic diagram of neutral current electron-proton tecatg including
higher order QED corrections: a) Initial state radiationtlod electron, b) nal state
radiation of the electron. These processes are of dider). c) Virtual correction of
orderO( 4): The photon emitted by the incoming electron is absorbedhbeystattered
electron.

Figures 1.3a and 1.3b show the schematic diagrams for NC déten-proton

scattering including initial and nal state radiation of the electron. The shown
processes are of orde®( °). In gure 1.3c the photon emitted by the incoming
electron is absorbed by the scattered electron. This proseis of orderO( 4).

In this analysis the data has been corrected for the describeQED e ects, in-
cluding initial and nal state radiation of the electron and the proton, vertex loop
and self energy corrections using the bin-by-bin method. T$1 method utilises two
Monte Carlo samples including and not including higher oradeQED e ects. The
correction procedure is described in section 7.1.2.

1.1.3 Inclusive DIS cross section
The cross section for inclusive deep inelastic ep scattggircan, in a single boson
exchange approximation, be factorised into a leptonic and lzadronic tensor,

L W ; (1.8)

where the leptonic tensoi.  describes the vector boson coupling to the electron and
the hadronic tensorW  describes its interaction with the proton. Neglecting the
mass of the lepton, the leptonic tensor for NC DIS is given agaling to

L =kk°+k%k g k K+i kKO (1.9)

wherek and k®are the four-momenta of the incoming and the scattered eleon,
is the completely anti-symmetric tensor andy is the metric tensor given according

to
°1 0 o ot
Bo 1 0 o

g ‘%o 0 1 0K (1.10)
00 0 1
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In contrast to the leptonic tensor, the hadronic tensor canaet be calculated from rst
principles. For electron scattering on an unpolarised tagj the most general form of
the hadronic tensor is given according to

PP i  Pq
W
M2 2 2M 2
whereq and P are the four-momenta of the exchanged boson and the protol is
the proton mass andW;; W, and W3 are scalar functions of two independent kine-

matic variables such asXg; ; Q%) or (xg; ;y) describing the structure of the proton.
Introducing the dimensionless structure functions

W = g Wi+

Ws; (1.11)

Fi(xgj;Q%) = MWy(;Q?2); (1.12)
Fa(xgj;Q%) = Wo(;Q%; (1.13)
Fa(xg; Q%) = W3(;Q7); (1.14)

where is de ned accordingto = (P g)=M, the the double-di erential cross section
for neutral current ep scattering can be written as

d2 ﬁcp_z 2h

dxdQ?2 ~ xQ*

Here, is the electromagnetic coupling constantY is dened in terms of the
inelasticity, y, according toY =1 (1 y)>andF_ = F, 2xF, is the so called
longitudinal structure function, which is related to the cioss section for longitudinally
polarised virtual photon scattering. The NC structure funtions are the same foe p
and €' p scattering. The di erence in the cross section resulting &m interference
Z%= exchange is taken into account in thér xF3; contribution which changes sign
with the charge of the lepton.

Y. F)C(x; Q%) Y xF3°(x;Q?) yZFL'\'C(x;QZ)I : (1.15)

Similarly, the cross section for charged current deep inslic ep scattering is
given according to
¢ . G M
dxdQ?2 ré]lx MZ + Q2 .
|
YRS (6Q%) Y xRS (6Q7) v RITY (xQY)

(1.16)

where Gg is the Fermi constant and My, is the mass of theW boson. The
superscriptW indicates the sign of the W boson being absorbed by the protoin
generalFW" 6 FW |, reecting the dierent u- and d-quark content of the proton
(more details are given in the following paragraph).

Figure 1.4 shows the dierential cross sectiord =dQ? for NC and CC deep in-
elastice p and e p scattering as measured by the H1 and ZEUS experiments and the
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Figure 1.4: Di erential cross sectionl =dQ? as a function ofQ? for inclusive NC and CC
e p ande’ p scattering as measured by the H1 and ZEUS experiments artstdhedard
Model predictions. The measurements are based on the HER#&.I or the calculated
cross sections the CTEQ6D parametrisation of the proton RB¥-been used.

predictions of the Standard Model. The gure demonstratestte uni cation of the
electromagnetic and the weak interaction at large values 2. While for Q2 M§,
the CC process is, due to the large mass of thg boson M,y 80 GeV), suppressed
with respect to the NC process, the cross sections become panable for Q2> M2, .
In the kinematic region where the NC process is mainly medied by the exchange
of the massless photon@> M2, (91 GeV)) the cross sections are the same
for e p and €' p scattering. At higher values ofQ?, where the exchange of th&°
boson becomes sizable, di erences occur re ecting a speciproperty of the weak
force according to which only left-handed (right-handed) articles (antiparticles)
participate in the weak interaction. For charged current derences between thee p
and e' p cross sections are observed over the wh@® range. The ratio between the
e pand e p CC cross section increases withh? and is about 1.25 forQ? = 200 Ge\?
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and about one order of magnitude aQ? = 10000 Ge\?. There are two reasons for
the observed behaviour. First the density of thar quark in the proton is in general
larger than the density of thed quark. As the u quark (d quark) only interacts with
the virtual W (W™) emitted by the electron (positron) this leads to a larger arss
section fore p compared toe’ p scattering. The second reason is again the nature of
the weak interaction which suppresses the quark (antiquaykcontribution to the CC
cross section foe" p (e p) scattering.

The analysis presented in this thesis is based on NC DIS eventSince the kinematic
region of the analysis is restricted to virtualities smallethan 5000 GeV? < M 2

and thus the exchange of thez® boson is suppressed, the parity-violating term
Y xFIC(x;Q?) in equation 1.15 can be neglectédd The double-di erential cross
section for deep inelastic ep scattering relevant for thishalysis is thus given according
to

g2 € P 2 2h

i
ddec§2 = O Y.F,(x;Q%) yF_(x;Q% : (1.17)

While the magnitude ofF_ is proportional to the absorption cross section of longitu-
dinal polarised photons by the protonE. / ), F; also includes the absorption cross
section for transversely polarised virtual photonsK, / | + ). In the kinematic
range given according to 2& Q2 < 130 GeV* and 5 10 * < x < 0:007 the ratio
F.=(F, F_) was measured to be smaller than 0.3 [4].

1.2 Quark-parton model

According to the parton model invented by Richard P. Feynman5] in 1969, the
proton consists of point-like constituents with spin 1/2, alled partons. The partons
were later identi ed with the quarks introduced by Gell-Mam [6] and Zweig [7], thus
leading to the namequark-parton modet. According to the quark-parton model inside
the proton the partons, each carrying a fractiorx of the proton momentum, act as
free particles which do not interact with each other. This asumption is only valid in
the so calledin nite momentum frame where the proton momentum is in nite and
thus the transverse momenta of the quarks can be neglectedh@ HERA laboratory
frame provides a good approximation for the in nite momentm frame. In this frame
time dilation slows down the rate at which partons interact vith each other so that,
during the short time that the virtual boson interacts with the parton, the parton is
essentially free. According to this considerations in theugrk-parton model the cross
section for DIS ep scattering can be written as the incohereaum of the calculable

3In the following considerations, the exchange o ° bosons is not taken into account unless stated
di erently.

4Gell-Mann and Zweig had introduced the quarks to explain thevariety of hadrons discovered in
collision experiments in the 1950s and 1960s.
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individual lepton-parton cross sections for two point-like spin 1/2 particles. Using the
di erential cross section for elastic electron scatteringn a quark carrying a fraction
x? of the proton momentum,

d _2 °
dy —Q*
whereg is the charge of the quark in terms of the electron charge, amatroducing the
distribution function g (x), which gives the probability density to nd a quark carrying
a fraction x of the protons momentum inside the proton, the double-di eential ep

cross section can be written as

L+ YIS (1.18)

g2 e 2 2 X

ddy - o 1Y@ Vs exa(x) (1.19)
or, equivalently,

d2 ep 2 2 , X

Gde - xortt@ W exax): (1.20)

It is useful to de ne the momentum distribution xq(x) (also called the momentum
density), which is also referred to as theparton distribution function (PDF). Com-

paring the results obtained for the quark-parton model (Eqn1.20) with the general
form of the inclusive NC DIS cross section for ep scatterindgegn. 1.17) implies that
according to the QPM the structure functionF, is given according to

Fo(x; Q%) = Fy(X) = X' e’xq; (X): (1.21)

As can be seen, in the framework of the quark-parton model, éhstructure function
F, is a function of x only. The fact that F, does not depend on the virtuality of
the exchanged bosonQ?, is also referred to as scaling. The scaling behaviour had
been predicted by Bjorken [8] and was observed in the early SC° data [9]. Later
experiments showed that scaling is only given in a restrialex range k  0:25).
The later observed scaling violations can be explained inghframework of Quantum
Chromodynamics (QCD). Besides scaling the quark-parton rdel also predicts

FL(x;Q%)=0; (1.22)

also known as the Callan-Gross relation, = 2xF,), which is a direct consequence
of the spin-1/2 nature of the point-like quarks.

It should be noted that in the quark-parton model the Bjorken scaling vari-
able xg; is identical to the fraction of the proton momentum carried  the initial

quark. This can be seen by a simple calculation. ¥ is de ned as the fraction of the
proton momentum carried by the initial quark andq and P are the four momenta

5SLAC stands for Stanford Linear Accelerator Center
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Figure 1.5: Feynman diagram of the QPM process which is identical todivedt order
NC ep scattering process. The QPM process is a purely aleetkoprocess in which no
strong interaction takes place.

of the exchanged boson and the proton, the invariant mass dfd scattered quark is
given according to

(@+xP)2=p2 = m? 0 (1.23)
F+2q xP +(xP)? 0 (1.24)

wherep’ is the four momentum of the scattered quark andng its (negligible) mass.
Since kP)?  Q? the term (xP)? can be neglected ana can therefore be determined

according to

_ ¢ _ Q@
X = 20 P 29 P (1.25)

which is identical to the de nition of x-Bjorken (see equation (1.3)).

Figure 1.5 shows the Feynman diagram of the so called QPM pess which is
identical to the lowest order NC ep scattering process. It sluld be noted that the
QPM process is a purely electroweak process in which no stgomteraction takes
place. The QPM process can therefore not give access to thesaty coupling constant

S

1.3 Quantum Chromodynamics

Quantum Chromodynamics is a locally gauge-invariant non4elian eld theory based
on SU(3)c symmetry. In the framework of QCD, the strong interaction baveen
quarks is described by the exchange of the massless eld gtaanf the theory, called
gluons. The QCD Lagrangian is given by

X i . 1

Locp = fl(l D mf)ij % ZFa Fa; (1.26)
f
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whereD; = j @+ igs(t?); A, is the covariant derivative, and A are the quark and
gluon elds, gs is the QCD gauge coupling , t¢); are the SU(3)c group generators
in the fundamental representation,m; is the quark mass andr, is the gluon eld

strength tensor which is given according to

F, = @A, @A, + gf*AA, (1.27)

where f 3¢ are the SU(3)c structure constants. The Lagrangian of the QCD is
in many aspects similar to the one of the quantum electrodymnaic (QED), which
describes the electromagnetic interaction between fermi® via the exchange of
massless photons. The main di erence between the two is themAbelian term
gf ®°A A_ in the de nition of the QCD eld strength tensor. This term, which is
non-existing in QED, describes the interaction of gluons ammg themselves, which is
related to the fact that gluons, in contrast to the electricdly neutral photons, carry
colour charge. It should be noted that it is the same couplingonstant g; which
couples the gluon elds to themselves and to the quark elds.

A summary of the essential properties of the theory of Quantm Chromody-
namics is given in the following (enumeration follows [1Q])

in addition to the electric charge quarks do also carry colowharge. Colour
charge comes in three avours which are normally referred tas red (R), green
(G) and blue (B). Antiquarks carry anticolour (R; G; or B);

the strong interaction between quarks is mediated by the elange of gluons.
Gluons are massless spin-1 particles. In contrast to the efacally neutral

photon, gluons carry colour charge, or more precisely coloand anticolour.

According to this there are eight bicoloured gluorfs

the Abelian diagrams of the QCD, describing the quark- uo'nntelsactions, can
be calculated using the rules of QED with the substitution ! = at every
vertex and the introduction of calculable colour factors,dking into account all
possible colour charges of the initial and nal state parties. The non-Abelian
part of the QCD, describing the interaction of gluons amonghtemselves, leads
to the occurrence of three-and four-gluon vertices nonetest in QED;

the strength of the strong coupling constant s, which is related to the gauge
couplinggs according to s = g2=4 , strongly depends on the energy scale of the
interaction, increasing towards small energies. Howevet high energy scales,
corresponding to short distances, s becomes su ciently small which allows to
use the perturbative techniques familiar from QED. The scaldependency of ¢
leads to the e ects ofcon nement and asymptotic freedom

8A theoretically possible ninth combination, the totally sy mmetric colour gluon singlet, would be
colourless and uncon ned and does not exist.
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Figure 1.6: The fundamental vertices of QCD. Quarks are representedlioylsmes and
gluons by helices. While the quark-gluon vertex displayad inds its pendant in QED
(the fermion-photon vertex) the three-and four-gluon ve$ displayed in b) and c) are
unique for QCD. The quark-gluon and the three-gluon (fdupig) vertex contribute a
term proportional to s ( 2) to the cross section.

con nement: The coloured quarks and gluons can not be obsedas free par-
ticle as they only exist in colourless bound states called tins;

asymptotic freedom: At large scales, corresponding to versmall distances
(smaller than the size of hadrons), the strong force gets s@ak that the quarks
behave as essentially free, noninteracting particles.

1.3.1 Renormalisation of the strong coupling constant s

Under the basic assumption that the strong coupling constan g is su ciently small
( s 1), predictions for scattering processes can, just like inED, be obtained by
perturbative methods using the Feynman rules, which can beedved from the QCD
Lagrangian. Any cross section can then be written as a powegrges in g,

(N=c 24¢c, I+ 2+:i+¢ 0= ¢ & (1.28)

where the coe cients ¢ are related to the appropriate Feynman diagrams and is
the order of the calculation. It should be noted that in orderto obtain physically
meaningful results not only s has to be su cient small but also the coe cients ¢
have to be nite. At leading order (i.e. the lowest order in s which contributes
to the process of interest) only tree-level diagrams conbiute to the cross section.
The corresponding diagrams are compositions of the fundantal vertices of QCD
displayed in gure 1.6. However at higher orders also virtudoops (see gure 1.7) have
to be taken into account, which lead to divergences due to thetegration over in nite
(internal) loop momenta. These so called ultraviolet (UV) dzergences can be made
temporarily nite by applying a regularisation procedure e.g. by the introduction of
an ultraviolet momentum cut-o or by dimensional regularisation.” The regularised

"The essential idea of the dimensional regularisation intraluced by t'Hooft and Veltman is to
evaluate the integrals in an n-dimensional spacer( 6 4) in which they converge.
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divergences are then removed by absorbing them into the str@ coupling constant .
This is done according to a speci ¢ (but arbitrary) prescripion called renormalisation
scheme There are di erent schemes available. The one most commgnlised is the
modi ed minimal subtraction (MS) scheme [11]. By applying the renormalisation
scheme an additional parameter g is introduced and g is not longer a constant but
depends on therenormalisation scale( s = s( r)). Since g is an arbitrary and
unphysical parameter any physical observabl®, has to be independent of g8. This
physical requirement is expressed by the renormalisatiomayp equation

#
2 d_R — 2 @ + 2 @ S @
Rd 2 @z "@%@;
It shows that, in order to keepR independent of the choice of the renormalisation scale,
a change in g has to be compensated by a change in the renormalised e edistrong
coupling constant ¢( r). The renormalisation scale dependence of, is controlled

by the function of QCD which can be expanded as a power series ig. De ning
a( r)= s( r)=4 ) this can be written according to

R=0 (1.29)

@a
@n 2 = (8= & @ La' @+ 0%, (1.30)
R
with
2
= 11 =n¢;
0 3Nt
. = 102 3—?fgnf;
_ 2857 5033 325,
27 2 18 " 54 T
149753 1078361 6508
= + 3564 +
3 3 162 27 * ™

50065, 6472 ~ , 1093 5
162 g1 3 't 729"

where is the Riemann zeta function (3 = 1:202056903:) and n; is the number of
guark avours with mass lower than the energy scaler. The rst two coe cients

o and ; are universal whereas the further depend on the chosen scleem, and 3
are given for theMS scheme. The coe cients ; are related to the appropriate loop
diagrams. Figure 1.7 shows the lowest ordeO( 2)) loop diagrams related to o.
There are two kinds of contributions, one from fermion (qud) loops and one from
gluon loops. While the fermion loops have their pendants in ED the gluon loops
are unique for QCD. It should be noted that the contributionsfrom quark and gluon

8The requirement that any physical observableR has to be independent of g is only ful lled if
R is calculated to all orders in 5. Since the observables are typically calculated up to LO, NIO, or
NNLO only, they become scale-dependent. The theoretical eor, related to the truncation of higher
orders, is typically estimated by a variation of the renormalisation scale.
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(g

Figure 1.7: Loop corrections to the gluon propagator. While the quardgpldisplayed in
a) has its pendant in QED the gluon-loop displayed in b) iguenfor QCD. The displayed
loops contribute with a factor 2 to the cross section.

loops to the scattering amplitude and thus to the coe cientsof the function are
of opposite sign, which is related to the fact that quarks arepin 1/2 and gluons are
spin 1 particles. As we will see it is the gluon loop contribiin that nally leads to
the e ect of asymptotic freedom. The integration of equatia 1.30 according to

In _R ZZZE
(&

introduces a constant which is referred to as the asymptoti scale parameter, which
determines the value of the renormalisation scale; at which ¢ diverges. Using the
solution of equation 1.31, the value of ¢ can be determined at any scale if either the
scale parameter (for which experimentally a value of 2000 MeV is found) or the
value of ¢ at a given scale is known. Nowadays it has become conventibt@quote
s in the MS scheme at the precisely measured mass of tAé€ boson (g = My =

91:1876 0:0021 GeV [12]). The scale parameter can be eliminated frongeation
1.31 by subtracting equation 1.31 at r = Mz from equation 1.31 at an arbitrary
scale, . Only taking into account the rst coe cient ( of the function, this leads
to

(1.31)

a(Mz)
1+ oIn( Z=MZ)a(Mz)

a( r) = (1.32)

This one-loop accuracy solution already exhibits the propiy of asymptotic freedom.
For =11 %nf > 0, which is true for six quark avours as given in the standard
model, the renormalised e ective strong coupling constanslowly approaches zero
as the renormalisation scale gets large (limg ! 1 s = 0). For small distances,
corresponding to high values of g, the partons are quasi-free. It is only in this
region that the basic assumption (s 1) introduced at the beginning of this section
holds and perturbative methods can be applied. It should beoted that the scale
dependence of ¢ is (for ny < 17) dominated by the positive contribution from the
gluon loops. As mentioned before it is thus the gluon loop cwibution that nally
leads to the e ect of asymptotic freedom.
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Figure 1.8: a) Running of the strong coupling constant as measured by H1 and ZEUS
and the predictions of the QCD theory. b) Values gfjuoted at r = M; as determined
from inclusive jet data by H1 and ZEUS as well as the HERA 20érage, the HERA
combined 2007 value, the LEP average 2007 and the worldgav2f®6. Figures taken
from [13].

The scale dependence ofs, which is also referred to as the running of the
strong coupling constant, has been con rmed by many experental measurements.
Figure 1.8a shows the running as measured by the H1 and ZEUSpexments

together with the QCD predictions. Figure 1.8b shows valuesf ¢ quoted at

R = Mz as determined from inclusive jet data by H1 and ZEUS as well dke

HERA 2004 average [14], the HERA combined 2007 value [13],eth.EP average
2007 [15] and the world average 2006 [16]. Numbers are givetolv. The determined
values are, within the errors, in agreement with each otherna with the world

average.

s(Mz) = 0:1186 0:0011 (exp) 0:0050 (theo) (HERA 2004 average)
s(Mz) = 0:1198 0:0019 (exp) 0:0026 (theo) (HERA combined 2007)
s(Mz) = 0:1211 0:0010 (exp) 0:0018 (theo) (LEP average 2007)
s(Mz) = 0:1189 0:0010 (world average 2006)

1.3.2 Factorisation and parton density functions

According to the quark-parton model described in section 2, the proton is a
very simple object which consists of three quarks (two up ques and one down
quark) which are, inside the proton, not interacting with eah other. However, if
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Figure 1.9: Schematic diagram of the proton as seen in the QCD-improaedrpmodel.

In contrast to the simple static object in the quark-partoodel, in the QCD-improved
parton model the proton becomes a complex and also dynarnectolvhose internal
structure shows a continuous development.

we 'switch on' QCD, the quarks start to interact by emitting and absorbing gluons.
As a consequence, the quarks gain transverse momentum whidally leads to a
non-vanishing longitudinal structure functionF,_. The emitted gluons can split into
guark-antiquark pairs, which may emit additional gluons, \kich may emit gluons
themselves and so on, and so on. In the framework of QCD the poa thus becomes
a complex and also dynamic object, whose internal structurshows a continuous
development. According to the QCD-improved parton model, e proton now
consists of the three valence quarksu(u,d), gluons and a 'sea’ of quark-antiquark
pairs, also referred to asea-quarks Figure 1.9 shows a schematic diagram of the
proton as seen in the QCD-improved parton model.

Reconsidering electron-proton scattering, in QCD the quér (which may now
either be a valence or a sea-quark) may have emitted a numbef gluons before
absorbing the virtual boson. Figure 1.10 shows the diagranisr the scattering of
a virtual photon on a quark as seen in the quark-parton model (1.10a) and in
the QCD-improved parton model (1.10b). Referring to sectio 1.2, the lowest order
cross section for the electron-proton scattering, which identical to the ep scattering
cross section in the quark parton model, can be written as a melution of the
lepton-parton cross section ~with a parton density function f{x), which gives the
probability to nd a parton with a fraction x of the longitudinal proton momentum
inside the proton. Taking into account higher orders, diagims with additional gluon
emission (like displayed in gure 1.10b) have to be taken iot account. To obtain
the related cross section, the contributions from the apppiate diagrams have to
be integrated over all possible transverse gluon moments; , leading to divergences
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for collinear gluon emission K, ! 0). These divergences can not be cured by
renormalisation. However it is possible to extract the catiear divergences as uni-
versal factors from all coe cients of all orders in perturbdive theory and to absorb
them into rede ned parton density functions. The rede nition is done according
to a given prescription, calledfactorisation scheme By applying the factorisation
procedure a new scale, ¢, referred to asfactorisation scale is introduced. This
scale can be interpreted as the upper limit of the transversmomentum, k, , below
which parton emissions are included into the rede ned parto density functions.
The factorisation scale thus separates the short distanceatud scattering process,
calculable in perturbative theory, from the long distance @&t interactions inside
the proton. As a consequence of the factorisation proceduthe parton density
functions become scale-dependent{x) ! f (x; ¢)). Furthermore they do depend
on the choice of the factorisation scheme. The one most commho applied is the
MS scheme which is also used within this thesis. According to éir de nition
the re-de ned parton density functions can not be calculat perturbatevely but
have to be extracted from experiment. However, once detenmeid at a given scale,
€8s and for all momentum fractions,x (0 x  1),the parton density functions
can be evolved to an arbitrary higher scale,( ¢+ > ), using the DGLAP
(Dokshitzer-Gribov-Lipatov-Altarelli-Parisi) equation system,

! 7 0 ) ) 1 !
f—@ G0 1) _ s X Tt gPaa Ss Pag Sis 4 a0 o0)
@f g(X, f) 2 gig X Pgi;Qj l; S Pg;g 5; s g(’ f) )
(1.33)
a) b)
,y* ,_Y*
o o P(p ) ko>

fq/p(x;/""f)

fail@)

Figure 1.10: Feynman diagram for (virtual) photon-quark scattering atiawest order
b) higher order. Gluons emitted with a transverse momentkm, smaller than the
factorisation scale, (introduced through the factorisation procedure), arecabed into
the rede ned quark density functions(x; ¢), which thus become scale-dependent.
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b)
q(x) q'(1-2)
9(2)
0
qu(z)
d)
nzier)m< e
q'(2)
0
qu(z)

Figure 1.11: Feynman diagrams related to the leading-order DGLAP isgjifunctions,
P3,, which can be interpreted as the probability densities afing a partona with a

longitudinal momentum fractiom of the parent parton and a transverse momentum less

than ; in parton b.

whereq are the quark densities for a avouri and g is the gluon density. P, are the
so called DGLAP splitting functions, also referred to as 'elution kernels', which can

be written as a power series in g

Pqi Gj (Z’ S)

i Péi’qj () + Z—SP1 (2)+ :::

Gi Gj
Poo(Z; s) = Pgy(2)+ Z—SPglq(z)+ S
Pyo(z; s) = Pé)g(Z)+ Z—SPglg(z)+ S
Pog(Z; s) = Pgy(2)+ Z—Squg(z)+ SRR (1.34)

The diagrams related to the lowest order contributionsPy,, are displayed in gure

ab’

1.11. The leading order contributions can be interpreted dake probability densities of
nding a parton a with a longitudinal momentum fraction z of the parent parton and
a transverse momentum less than; in parton b. The perturbative expansion of the
splitting functions has been calculated to next-to-leadig (NLO) (O( ¢)) and next-to-
next-to leading order (NNLO) (O( 2)). It should be noted that, since the evolution
of a single parton density function involves mixing with otler parton avours, the full
knowledge ofall parton distributions is necessary.
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Figure 1.12:Valence quark, sea quark, and gluon PDFs as measured by tfe &tper-
iment including jet data [21].

The parton density functions of the proton

As stated above the parton distribution functions can at preent not be calculated
from rst principles but have to be determined from experimat. The best knowledge
of the proton parton density functions is obtained by applyng global ts to a large
number of di erent data sets, which are in di erent ways sensive to the di erent
parton avours. Inthese tsthe x dependence, which is not predicted by perturbative
QCD, is parametrised by polynomial forms. As the DGLAP equabns only describe
the evolution towards higher scales, the ts are typically prformed at a starting
scale,Qo, which is in the order of a just a few GeV. Once determined at thstarting
scale, the PDFs can be evolved towards higher scales. The aibed results might
then be used to calculate perturbative cross sections forqaesses not included in the
ts to test the universality of the distribution functions.

The most recent proton PDFs have been obtained by the CTEQ dabora-
tion [17], the MRST group [18] and by the H1 [19] and ZEUS colterations [20, 21],
which also attempt to combine their PDF analyses [22]. Figar1.12 shows the valence
quark, sea quark, and gluon distributions as measured by theEUS experiment
including jet data [21]. Figure 1.13 shows the evolution ofhe gluon and sea
quark distributions towards higher scales. As can be seenetlyluon and sea quark
contributions increase towards higher scales § = Q2).
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Figure 1.13: Scale dependence of the gluon and sea quark PDFs as meagutteel b
ZEUS collaboration [21].
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1.4 Jet physics

The aim of the analysis presented in this thesis is to measudget cross sections in
neutral current deep inelastic ep scattering and to compartbe results to theoretical
predictions obtained from xed order QCD calculations (seesection 2.2). Up to
leading order in the strong coupling constant @( s)) the processes contributing
to jet production at HERA are the purely electroweak quark-prton model (QPM)

process (see section 1.2), and the QCD-Compton (QCDC) and ethboson-gluon
fusion (BGF) processes, which are of orde®( s). The nal state of the later

processes consists, besides the proton remnant and the terx&d electron, of two
partons. Due to colour con nement, the nal state partons ca not be observed
directly. They evolve via emission of soft gluons and quarkhich nally form

colourless hadrons The resulting collimated ow of hadrons is referred to as
(hadronic) jet. Both processes thus contribute to the dijet cross sectionsThe

typical signature of a jet in the detector is a collimated ara of energy deposit in
the (hadronic) calorimeter. In order to be able to compare thoretical predictions
on parton level to the measurements on hadron level, it is nessary to de ne ob-
servables which are insensitive to the emission of low enetig and collinear partons
and also to the hadronisation process. It should be noted thany jet cross sec-
tion will depend on the exact jet de nition which is xed by th e applied jet algorithm.

The QCD-Compton and the BGF processes and the variables used describe

this processes are presented in section 1.4.1. An overviemoat the commonly used
classes of jet algorithms and their basic properties and atdded description of the

kr cluster algorithm (utilised in this analysis) is given in setion 1.4.2. The Breit

reference frame in which the jet reconstruction is perforrdeis discussed in section
1.4.3. The motivation for an asymmetric cut on the transvess jet energy is given in
section 1.4.4.

1.4.1 BGF and the QCDC process

The lowest order QCD processe<)( 1)) in deep inelastic ep collision are the QCD-
Compton process, induced by a quark, and the gluon-induced$on-gluon fusion
process. In both processes the nal state consists, besidbe proton remnant and
the scattered electron, of two partons which evolve into twdadronic jets. In gure
1.14 Feynman diagrams are shown for the QCDC and for the BGF@zess. There are
various sets of variables to characterise these events. Tbees used in this analysis
are de ned according to

®These long distance processes can not be calculated in perhative QCD but are described by
phenomenological models (see section 2.1).
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Figure 1.14: Feynman diagrams of the QCDC (a) and the BGF process (b). path
cesses are of ord€( ). In both processes two partons (jets) are found in the nal

state.

; =5l J; (1.35)

where ET? are the transverse energieq!? are the four momenta and %2 are the

pseudorapidities of the two nal state jets. The pseudorapiity
Intan( =2). For massless particles, di erences in

polar angle according to =

is related to the

pseudorapidities like ©= %j 1 2} are invariant under longitudinal boosts (boosts
along thez-axis). Et is the mean transverse energy of the two nal state jets anh;;
the invariant dijet mass. In leading order O( s)) Mj; is identical to the centre-of-
mass energy of the parton-boson system andcan thus be interpreted as the fraction
of the proton momentum carried by the initial parton. This can be easily seen. Ik is
de ned as the fraction of the proton momentum carried by thenitial quark (gluon)
the invariant dijet mass is given according to
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(g+ xP)? = (p'+ p?)?
oF+2q XP +(xP)?

2

M (1.36)
2

M (1.37)

Since kP)?  Q?, the term (xP)? can be neglected ana can therefore be determined
according to

I“IJ'J'2 Q2 I“IJ'J'2
= + = xgj (1+ ; 1.38
X 29 P 29 P Xs; ( Q? (1.38)
which is identical to the de nition of . In the QPM process (see section 1.2) the

fraction of the proton momentum carried by the initial parton was given byxg; . The
additional term ijz =@’ in the de nition of can be interpreted as the additional
energy (leading to a larger four momentum) that is needed torpduce two partons
(jets) in the nal state.

1.4.2 Jet algorithms

Though there is no unique de nition and a large variety of jetalgorithms exists, a
well designed jet algorithm must (according to the previousonsiderations) have some
basic properties:

infrared safety: The algorithm has to be insensitive to the emission of low
energetic particles. Results have to be the same for a n-pamnt con guration as
for the corresponding (n+1)-parton con guration which is dtained by adding
an additional parton with E ! 0 to the nal state;

collinear safety:  The algorithm has to be insensitive to collinear radiation ©
particles. Results must not change when a pair of collineaagicles is replaced
by a single particle carrying the same momentum,;

little sensitivity to hadronisation corrections: This requirement entails
a close correspondence between the measurements from rate hadrons and
the parton dynamics;

applicability to data, MC, and QCD calculations: The algorithm has to
be designed in such a way that it can be applied to both deteat@bjects and
hadrons (partons) originating from Monte Carlo generatorsr QCD calculations.

It should be noted that these requirements also reduce thensivity to experimental
limitations such as nite angular resolution and energy trgger thresholds of calorime-
ter cells. Jet algorithms used in hadron collisions must, iaddition to the general
requirements listed above, ful | the following conditions



30 CHAPTER 1. THEORY

insensitivity to the hadron remnant: The algorithm has to be insensible to
contaminations from the hadron remnant;

factorisability: ~ The algorithm has to facilitate the factorisation of initial state
collinear singularities into universal parton distributions.

For inclusive cross sections the factorisability of initiastate collinear singularities
into the universal parton distributions is guaranteed by tle factorisation theorem
of QCD [23]. However, for jet production in deep inelastic attering factorisability
is only given in a special category of reference frames. Onketloem is the Breit
reference frame described in section 1.4.3.

The commonly used jet algorithms can be classi ed into two dirent categories:

cluster algorithms:  In cluster algorithms a distance between particles is de-
ned according to a given prescription and the closest pairfgarticles is (again
according to a given prescription ) combined into a new pautie *°. This proce-
dure is iteratively repeated until some abort criterion is eached;

cone algorithms: In cone algorithms a jet is de ned as the sum of objects in
an angular cone around some direction of dominant energy owo de ne this
direction cone algorithms usually take some of the nal sta particles as 'seeds'
and de ne angular cones (so called trial cones) around therdction of the seed
particles. The four-momenta of particles inside a given cenare summed up
and the direction of the resulting particle is used to de ne anew trial cone.
The procedure is repeated iteratively until a stable cone dhction is obtained.
The use of seeds make cone algorithms sensitive to soft rdidia. It has been
reported that perturbative QCD calculations based on conelgorithms may be
a ected by problems related to infrared singularities [2425]. Recently there
are e orts to overcome this problem by developing seedlessrared safe cone
algorithms [26].

In addition to the classi cations listed above jet algorithms can be categorised into
exclusiveand inclusive algorithms. In exclusive algorithms every nal state partcle
is assigned to one of the hard jets. The nal state then solelgonsists of a number
of jets and nothing else. This kind of algorithms is predested fore* e annihilation
where the entire nal state emerges from the hard process. leontrast to this in
hadron collisions the nal state contains energy ow relatd to the hadron remnant.
For this kind of processes it is convenient to use inclusivetjalgorithms which only
cluster a fraction of the nal state particles into jets. The nal state thus consists of
a number of hard jets with speci ed properties plus a numberfabjects not included
in jets. Exclusive jet de nitions can be extended to process involving initial state

101n this context the term particle refers either to a parton, a hadron, a detector object like an
energy deposition in a calorimeter cell or a energy ow objet; or to a recombined object.
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hadrons by introducing beam-remnant jets to which particle related to the beam
remnant can be clustered [27].

In this analysis the ky cluster algorithm [28] in the longitudinally-invariant in-
clusive mode [29] is used for the jet reconstruction. A detad description of the
algorithm is given in the following.

The kr cluster algorithm

In the longitudinally-invariant mode the kt cluster algorithm makes use of di erences
in pseudorapidities, , di erences in azimuthal angles, , and of transverse ener-
gies,E+, of detector objects or simulated hadrons and partons. Undéhe assumption
of massless objects (detector objects, hadrons, partonfese quantities are invariant
under longitudinal Lorentz boosts. The algorithm proceedaccording to the following
steps [29]:

1. for every object,i, as well as for each pair of objects,;( ), distances,d, and
dj , are determined according to

d = E-|2-;i R(Z) and dij = min(E%zi;E%j) [( j)2+( i j)z]: (1.39)

Ro is a parameter of the algorithm. In this analysisRg is set toRqg = 1 (as
recommended in [29]);

2. the smallest distancesly,, 2 f d;; d; g is determined;

3. if dmin 2 f dj g the two objectsi and j are merged into a new object according
to the recombination scheme described below.and | are removed from the list
of objects and the merged object is put into this list. Ifd.,, 2 f dig the object
is considered as @rotojet. Protojets are no longer considered for clustering;

4. this procedure is repeated until all objects are assignéal protojets. Due to the
design of the algorithm the number of iterations is always e@l to the number
of original objects;

5. the nal jets are selected from the sample of protojets byriposing a cut on the
transverse energyEt of the protojet. This cut suppresses jets originating from
soft processes.

The recombination scheme is not xed by the algorithm. In ths analysis the jet
guantities are de ned according to the Snowmass conventidB0]
X X Eri i X Eri |

Erior = Eti | et = ' P et = ' : 1.40
T;jet i T;i jet i ET;jet jet i ET;jet ( )
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The jet de nitign of the kt cluster algorithm implies that all objectsi andj with a

distanceR = ( 2+ ( ;)2 smaller than R, are merged into a protojet.
The distance between resulting jets is at least equal tRy. The distance between
two objects belonging to the same jet can be larger thaR,. Objects with a distance
R < R o with respect to the jet axis do not have to belong to the respéue jet.

1.4.3 Breit reference frame

As mentioned above, for jet production in deep inelastic sttaring factorisability is
only given in a special category of reference frames, one bem being the Breit
frame. The Breit reference frame is de ned as the frame whetbe proton and the
exchanged boson collide head-on and no energy is transfefiemm the lepton to the
parton. As indicated in gure 1.15 the Breit frame is relatedto the centre-of-mass
system of the initial parton and the exchanged boson by a loitgdinal boost along
the z-axis. Transverse energies and di erences in pseudorapies are invariant under
this transformation. The general expression to de ne the Buit reference frame in a
mathematically form is given according to

2xgi P+ 4=0 (1.41)

whereP is the momentum of the incoming proton andgis the boson momentum. In
this analysis thez-axis of the Breit frame is de ned by the direction of the incaning
parton whereas thex-axis is chosen in adNay that the scattered lepton points in &
positive x-direction. If we dene Q := +  QZ2, the four momentum of the boson in
the Breit frame is given by

q=(0;0,0;, Q): (1.42)
For the purely electroweak QPM process the four momenta of ¢hincoming and the
scattered quark in the Breit frame are therefore given acading to

Pg=(Q=2,0,0;Q=2) and p,e=(Q=20;0; Q=2): (1.43)

gluon-photon center of mass frame Breit frame

z-boost

2h*

Figure 1.15: Boson-gluon fusion process in deep inelastic scatteritigeiloson-gluon
centre-of-mass frame (left) and in the Breit frame (righthe frames are related to each
other by a longitudinal boost along tlzeaxis.
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QPM process BGF process
3 L
pZ

Figure 1.16: The QPM process (left) and the the BGF process (right) as seére Breit
reference frame. In contrast to the leading order QCD BGEga®Q( 1)) in the purely
electroweak QPM proces®( 2)) no transverse energy component occurs.

Since no transverse energy occurs in the initial state and lgrone parton is found in
the nal state, the quark is scattered back in the negativez-direction. No transverse
energy occurs in the nal state. As indicated in gure 1.16 tle situation is di erent for
higher-order QCD processes where two or more partons are rfidun the nal state.
Though again no transverse energy component is provided bipet initial state the
generation of two (ore more particles) facilitates the ocerence of transverse energies
(balancing each other) in the nal state. In the Breit reference frame the transverse
energy E+ of the nal state partons is an indicator for the 'hardness' 6 the QCD
process. A minimum cut on the transverse energy can thus supps events where no
perturbatively calculable strong interaction takes place

1.4.4 Asymmetric cut on the transverse jet energy

The aim of this analysis is to measure dijet cross sectionsdato compare them to the
predictions of a xed order QCD calculation O( 2)). The results of this next to lead-
ing order calculation are unphysical if symmetric cuts arepplied to the transverse
jet energies in the Breit frame. The unphysical behaviour seilts from a reduction of
phase space available for three-parton nal states. The NL®@alculation incorporates
contributions from leading order O( ¢)) and next to leading order O( 2)) dijet pro-
duction including real and virtual corrections. In order toobtain physical meaningful
results the negative contributions from the virtual corretions have to be cancelled by
the positive contributions from the real corrections. At lading order conservation of
energy and momentum requires that the two nal state partongand thus the result-
ing jets) have the same transverse energieB5.., = E’T‘itéreit). At next to leading
order one of the nal state partons can emit a real gluon and ts loose a fraction of
its energy. If a symmetric cut is applied to the transverse jeenergy a fraction of these
events will be rejected. In this case the negative contribigns from virtual processes
will not be completely cancelled by the remaining positive antributions from real
corrections. This will lead to unphysical results. One waya avoid this problem is to
apply an asymmetric energy cut.






Chapter 2

Theoretical predictions

Physics subsists from the interplay between theory and expment. In theoretical
physics models are developed which describe observablecpsses in terms of funda-
mental principles. A theory is, aside its potential aesthét beauty, only meaningful
if it makes predictions which can be veri ed by experiment. Kperimental results
can then be used to con rm or falsify the theory, to give inputfor its modi cation or
to extract its fundamental parameters.

In the eld of Quantum Chromodynamics there are mainly two aproaches to
obtain theoretical predictions:

so-calledMonte Carlo (MC) generators , implementing leading-order (LO)

matrix elements and phenomenological models for the simtitan of higher or-

ders via parton cascades and for the non-perturbative hadrsation processes.
Small-angle soft phenomena are supposed to be well desdtiby these event
generators;

xed-order QCD calculations which implement all (real and virtual) correc-
tions up to a given order. A good description of large-angleahd phenomena is
expected for these calculations.

The aim of the presented analysis is to measure dijet crossens and to compare
the results with the predictions of a xed-order QCD calculéion in order to test the
fundamental principles of perturbative QCD like factoriséion, renormalisation and
the universality of the parton density functions. The QCD cé&ulations performed
with DISENT [11] are of order O( 2), which for the observed dijet processes is the
next-to-leading order (NLO). The predictions of the NLO catulation are available on
parton level only, not including any hadronisation process, whereas the data contain
the full physical process (including hadronisation) as 's&' through the detector. In
order to be able to compare the parton level NLO predictions itih the measured
detector level cross sections both the data and the NLO pradiions are corrected
to hadron level (sections 2.2.1 and 7.1) by applying correch factors obtained from

35
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event samples generated with leading-order Monte Carlo genators. The correction of
the predictions from the NLO QCD calculation with factors oltained from LO Monte
Carlo models is somehow inconsistent and unsatisfactoryn the last few years NLO
Monte Carlo generators such aBSIC@NLO[31] have been developed. Unfortunately at
present no such NLO Monte Carlo generator exists for deep lastic electron-proton
scattering.

2.1 Monte Carlo models

In this analysis the leading-order Monte Carlo generatorsBEPTO 6.5 [32] and ARI-

ADNE 4.08 [33, 34] are used. Both generators utilise the matrelement of the hard
scattering process at leading order (section 2.1.1). Higherders are simulated via the
generation of parton cascades based on phenomenologicatigle (section 2.1.2). The
fragmentation of the generated partons into hadrons, the scalled hadronisation, is
also described by phenomenological models (section 2.1.Bhe nal state particles of

each event are passed through a full simulation of the ZEUS tdetor (section 2.1.4)
including a simulation of the trigger system. The output of he detector simulation
is then processed by the same reconstruction and o ine progms as the data. After
that the event information is available on parton, hadroh and detector level. The
detector level information is given in the same format as thactual ZEUS data.

2.1.1 Calculation of the leading order matrix element

The hard matrix element is calculated with LEPTO which usesxact rst-order matrix
elements (ME) to generate the quark parton model, the QCD-CGopton and the boson-
gluon fusion processes. The photon ux which enters into thealculation of the
matrix elements is calculated with DJANGOH 1.1 [35]. Higheorder QED processes
like initial and nal state radiation, loop corrections and two-boson exchanges are
simulated using the HERACLES 4.6.1 [36] program, which is iplemented in the
DJANGOH program. The epcross section is obtained by convoluting the cross section
of the hard scattering process with the the CTEQ5D [37] proto PDFs, implemented
in the program PDFLIB [38].

2.1.2 Simulation of higher orders: the parton cascades

As mentioned above in LO MC generators higher orders are sifated via the genera-
tion of parton cascades based on phenomenological modetsLEPTO the generation
of parton cascades is based on the parton shower model wheré&®lADNE uses the
colour-dipole model (CDM) [39{42].

1The hadron level is de ned in terms of hadrons with lifetimes 10 ps.
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The parton shower model:  The parton shower model is based on the DGLAP
approach by Dokshitzer, Gribov, Lipatov, Altarelli and Paiisi. It utilises the parton
splitting functions from the DGLAP evolution equation (set¢ion 1.3.2) to obtain
the branching ratios between the following processes: glugadiation (g ! qg@),
gluon splitting (g ! gg), and pair production (g ! qg). In the parton shower
model a parton from the hard scattering process emits additnal quarks and gluons
according to the calculated branching ratios until it reacks a minimum virtuality of
2. 1Gel

The colour-dipole model: In the colour-dipole model (CDM) the partons
participating in the hard scattering process are used to spacolour-dipoles which can
radiate gluons. The initial dipoles are spanned between thgitial partons emerging
from the hard scattering process and the proton remnant. Themitted gluon(s)
and the primary parton(s) do again form dipoles which can ernadditional gluons,
and so on. The CDM was originally designed foe" e scattering. For DIS the
model had to be modi ed to take into account the nite size of he proton remnant.
ARIADNE utilises the CDM to generate DIS events in the follovng way [43]: For
all QPM processes the colour dipole is spanned between theusk quark and the
proton remnant. If the matrix element is of the form of g ! qg (QCDC), the
gluon is removed and the event is treated as QPM process. This necessary as
the CDM also describes the emission of hard gluons correctlfrhe rate of QCDC
events is thus correctly modelled by adding QPM and QCDC evenand having the
gluon momentum spectrum governed by the CDM. The BGF process included by
modifying the initial radiation to produce an antiquark ingead of a gluon. The ratio
between antiquark and gluon emission is xed by the ratio beteen the BGF and the
O( 1) matrix element [44].

Figure 2.1 shows a schematic representation of the colourpdle model simu-
lating the parton cascade in an electron-proton event.

P -
-4

Yy

Figure 2.1: Schematic representation of the colour-dipole model siingl the parton
cascade in an electron-proton event.
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2.1.3 Hadronisation

In both Monte Carlo generators the hadronisation (the tranformation from partons
into colourless hadrons) is simulated with JETSET 7.4 [45{4], which implements
the Lund string model [48]. In this model the colour eld betveen quark pairs is
represented by a relativistic string. The energy density ahthe spatial extension of
the string are in the order of 1 GeV/fm and 1 fm, respectivelyThe eld is described
by a modi ed Coulomb potential according toV (r) / a=r+ br. For larger distances,
r, the potential linearly increases with the distance. Onceht energy of the string
exceeds the mass of gq pair, the string splits and a newqq pair is created. The
process is repeated until all available energy has been usedcreate new quark-
antiquark pairs. The resulting colourless strings form thdadrons of the nal state.
Figure 2.2 indicates the functional principle of the Lund sing model.

mesons

distance

a0
@ o
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@ DT oTOE o

time

Figure 2.2: Schematic representation of the Lund string model. In trosl@hthe colour
eld between quark pairs is represented by a relativistingt The energy density and
the spatial extension of the string are in the order of 1 GeVéind 1 fm, respectively.
For larger distances the string potential linearly inaesasith the distance. Once the
energy of the string exceeds the mass gfjgair, the string splits and a neggq pair is
created. The process is repeated until all available ere&gybeen used to create new
guark-antiquark pairs.

2.1.4 Detector simulation

The simulation of the ZEUS detector is based on the GEANT 3.119] Monte Carlo
packages. GEANT allows to de ne volumes of certain shapesamaterials at given
positions and in this way to create a detailed virtual model fothe complete detector.
GEANT simulates the transport of particles (generated by aother Monte Carlo gen-
erator) through the de ned detector volumes and their inteaction with the detector
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material and the magnetic eld. Furthermore it simulates the response of the sensitive
detector components to the deposited energy.

The simulation of nuclear interactions and hadronic showsris based on GHEISHA7
[50]. In order to save computing time a fast 'porridge’ repientation of the ZEUS
uranium calorimeter is implemented in the ZEUS detector siglation. The simulation
based on the CAL porridge is about 4 times faster than that basl on a detailed sand-
wich representation [51]. In order to further reduce the coputing time two types of
ZEUS speci ¢ shower terminators are implemented [52]. Thetminators parametrise
the low energy components of electromagnetic and hadronibosvers. Their imple-
mentation avoids the time consuming tracking of the numeraulow energetic shower
particles and further reduces the execution time by a factasf about 15.

2.2 Fixed-order QCD calculation

In this analysis the FORTRAN-based program DISENT [11] is usd to calculate dijet
cross sections including the QCD-Compton and the boson-glu fusion process with
QCD corrections up to the order ofO( 2), which for the mentioned processes is the
next-to-leading order. The calculations are performed irhe MS renormalisation and
factorisation schemes using a generalised version [11]lué subtraction method [53].
The renormalisation scale can be set to a linear combinatiaf the photon virtuality,
Q?, and the square of the transverse jet energig2: 2 = a Q?+ b EZ2 + ¢, where
a, b and c are parameters, that can be xed by the user. In this analysisyr is
setto 2 = E- + Q2 whereEy is the mean transverse energy of the two highest
energetic jets. Cross checks are performed using = E$ and 2 = Q2 The
factorisation scale which can be varied in terms of the phatovirtuality according to

2 = a Q2+ bis in this analysis set to ? = Q2. The calculations are performed
using the CTEQG6.1 [54,55] parametrisation of the proton PD§& The strong coupling
constant is calculated at two loop accuracy with (Mz) = 0:118. The number of
quark avours is set to ve. Predictions for dijet cross sedbns are obtained by
applying the kr cluster algorithm (see section 1.4.2) to the generated paris. Since
the hadronisation process is a soft phenomenon which can rm# calculated within
the framework of perturbative QCD the results of the xed-oder calculations are
available on parton level only.

2.2.1 Hadronisation correction

Before the calculated parton level dijet cross sections cdre compared to the data
they have to be corrected for hadronisation e ects. In this @alysis the bin-by-bin
method, based on event samples generated with LO Monte Carioodels, is utilised
for this hadronisation correction. This correction procedre can be applied only if
the shapes of the calculated NLO cross sections are reasdpadell described by the
parton level LO Monte Carlo predictions.
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Figure 2.3 shows the NLO dierential dijet cross sectionsd =dQ?, d =dxg;
d=dEr, d=dMj, d=d % and d=dlog,y as obtained from DISENT. The
shown cross sections have been calculated for a jet phasecspgiven according to
125< Q2 < 5000 GeV, jcos pnj < 0:65,EF5d, > 12(8) GeV, and 2< ki, < 15,
where EX2® and 2 are the transverse energies of the two highest energeticsjet
and the jet pseudorapidities as measured in the Breit refaree frame (see section
1.4.3). The NLO cross sections are compared to the parton &vpredictions as
obtained from the LO Monte Carlo generators LEPTO and ARIADNE. For the
comparison, the MC prediction, that is the number of dijet egnts in a certain bin,i,
is divided by the width of the respective bin. The obtained ditributions are scaled
such, that the integral over the distribution is equal to thetotal NLO cross section.
As can be seen in gure 2.3, the NLO cross sections are readulgadescribed by the
scaled parton level predictions of both Monte Carlo generats. The deviations are
typically below 10 % (below 20% for the highesEr and Mj; bins). Exceptions are
the last two Q? bins and the lastxg; bin where the description is poor and LEPTO
(ARIADNE) lies above (below) the NLO predictions by up to 60 %(40 %).

i

Figure 2.4 shows the NLO predictions of DISENT and the scalegredictions
of the LO Monte Carlo generators for the cross sectiod =dlog;, in dierent
regions ofQ?. The NLO cross sections are again well described by the pantéevel
predictions of both MC models. The deviations are in the ordeof 5-10 %.

In order to obtain the hadronisation correction factors forevery bin, i, a coef-
cient, Ch29, is determined for both Monte Carlo samples according to

Mchad'
had — mcil i .
Che = apsr With mc2fLEPTO;ARIADNE g 2.1)

where MC % (MCRY,) are the number of selected dijet events on hadron (parton)
level in the respective bin. To obtain the nal correction fators, C"a4, the correction
factors obtained from LEPTO and ARIADNE are averaged. The eor on CM"¢ is
de ned as half the di erence between the correction factorsbtained from LEPTO
and ARIADNE:

C-had — CEE%TO i + CR%?ADNE i and [C-had] — jCESgTO i CR%?ADNE ;ij . (2 2)

! 2 ! 2 '

To correct the calculated cross sections for hadronisatioaects and in this way
to obtain NLO cross sections on hadron level (24), for every bin the parton
level cross section is multiplied by the respective correch factor according to

had _Chad par
NLO;i — i NLO;i*

The applied correction factors are shown in gure 2.5 and 2.6 They typically
di er from unity by less than 10 %.
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Figure 2.3: Parton level cross sectiods=dQ?, d =dxg; d =dEy,d =dM; ,d =d  and
d =dlogy, for dijet production withE}*,r%) > 12 (8) GeVand 2< £ < 1:5,in
the kinematic range given lpgos nj < 0:65and125< Q2 < 5000 Gef as predicted by
the DISENT NLO QCD calculation (dots) and the LO Monte Cadoayators ARIADNE
(solid line) and LEPTO (dashed line). The MC predictionsat ik the number of events in
a certain bin divided by the bin width, are scaled such thainkegral over the distribution
is equal to the total NLO cross section.
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Figure 2.4: Parton level cross sectioms=dlog,q in di erent regions ofQ? for dijet
production witthTefBlr(ezit) > 12 (8) GeVand 2< . < 1.5 in the kinematic range
given byjcos ,j < 0:65 as predicted by the DISENT NLO QCD calculation (dots) and
the LO Monte Carlo generators ARIADNE (solid line) and LERd&shed line). The MC
predictions, that is the number of events in a certain bindd by the bin width, are
scaled such that the integral over the distribution is edqoahe total NLO cross section.
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Figure 2.5: Hadronisation correction factors for the NLO cross sestiobrdQ?, d =dx Bj
d=dEt,d=dMj;, d=d 9 andd =dlog;, . The corrections are obtained by averaging
the factors obtained from LEPTO and ARIADNE. The error isdel as half the di erence
between the correction factors obtained from LEPTO and ARIE.
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Figure 2.6: Hadronisation correction factors for the NLO cross sestbrdlog;,p in
di erent regions ofQ2. The corrections are obtained by averaging the factorsiobta
from LEPTO and ARIADNE. The error is de ned as half the direze between the
correction factors obtained from LEPTO and ARIADNE.
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2.2.2 Theoretical uncertainties

The results of the NLO calculation depend on parameters of &theory which are only
known to a certain precision (like s and the proton PDFs) and on the (arbitrary)
choice of the renormalisation and factorisation scalesg and ;. Due to the hadroni-
sation correction, based on correction factors obtaineddim MC samples, the results
also become dependent on the choice of phenomenological el®implemented in the
Monte Carlo event generators. To estimate the error on the N QCD predictions
the calculations are repeated with di erent settings. Thenput parameters are var-
ied within their uncertainty range and the calculations areperformed using di erent
scales. In this analysis the following sources of uncerttyrare considered:

the uncertainty on the NLO QCD calculations due to terms beyod next-to-

leading order is estimated by varying the renormalisationcale by a factor two
up and dowrf ( ¥ =05 g and X= r). The related uncertainties on
the calculated dijet cross sections are about10%, with the largest values ap-
proaching 20% at low values of and Q?;

the uncertainty on the NLO QCD calculations due to the unceminty on the
strong coupling constant, g, is estimated by repeating the calculations using two
additional sets of proton PDFs (CTEQ6A114 and CTEQ6A122 [3%which were
determined assuming s(Mz) = 0:114 and s(Mz) = 0:122, respectively. The
di erence between the calculations based on the two PDF setad the default
CTEQG6 PDF [54,55] is scaled by a factor of 0.68 to re ect the etent uncertainty
on s [57]. The resulting uncertainty on the cross sections is tygally below
4%:;

as described in the previous section, the error on the multipative hadronisation

correction factor is de ned as half the di erence between # correction factors
obtained from LEPTO and ARIADNE, which use the parton showerand the

colour-dipole model for the generation of the parton cascas, respectively. The
related uncertainty on the corrected NLO cross section is tlegemined by applying

error propagation. The resulting uncertainty is typically smaller than 3 %;

the uncertainty on the NLO calculations due to the uncertaity on the proton

PDFs is estimated by repeating the calculations using 40 adidnal sets from

the CTEQG6 analysis, which take into account the statisticand correlated sys-

tematic experimental uncertainties of each data set used ithe determination

of the proton PDFs. The resulting uncertainty on the cross stions is about
4 % at low Q? and decreases to around 2 % at high Q?;

2As described in section 1.3.1 the results of a perturbative @D calculation, calculated to all
orders in g, does not (must not!) depend on the choice of the renormaligion scale. However, due
to the truncation of higher orders the calculated NLO cross gctions become scale-dependent. The
strength of the scale dependence can be interpreted as an iiwétor for the uncertainties related to
missing higher orders.
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the uncertainty of the QCD NLO calculations due to the (arbitary) choice of the
factorisation scale, ¢, is estimated by repeating the calculations with = Q=2
and { =2 Q. The e ect on the calculated cross sections is negligible.

The listed uncertainties are added in quadrature to obtainhe total theoretical error,

theo -



Chapter 3

Experimental setup: DESY,
HERA, and ZEUS

The 'Deutsches Elektronen-Synchrotron' (DESY) was foundkein 1959 as a national
research centre for elementary particle physics. Nowadatf®e main elds of research
at DESY are the investigation of the structure of matter with synchrotron radiation,
also referred to as photon physics, and elementary particfghysics. For the eld
of photon physics DESY provides the electron ring accele@t DORIS I1l [58, 59]
and the Free-Electron-Laser FLASH [60]. PETRA Ill [61, 62],which will be the
most brilliant storage-ring-based x-ray source worldwidewill start commissioning
at DESY in 2009, whereas the commissioning of the Europeanry free electron
laser XFEL [63] is planned for 2013. For the eld of elementsr particle physics
DESY provided the only electrort-proton ring accelerator worldwide, the 'Hadron-
Elektronen-Ring-Anlage’' (HERA). HERA, which started opeation in 1992, delivered
beams to the experiments HERA B, HERMES, H1 and ZEUS. In 2001 HERA was
upgraded to achieve higher luminosities. The two running p@ds (before and after
the upgrade) are referred to as HERA | and HERA Il. The reseahcof HERMES
(HERA Measurement of Spin’) is focused on the proton spin a&hits distribution
over the proton constituents (quarks and gluons). The maimottus of the experiments
H1 and ZEUS is the determination of the proton structure andhe investigation of
the strong interaction. In addition both experiments gave mportant contributions
to the understanding of the electromagnetic and the weak iataction and their
uni cation at high energies and also contribute to searchefor new phenomena.
HERA ended operation in June 2007. Though the focus of reselrhas since then
slightly shifted towards photon physics, DESY is still veryactive in the eld of
particle physics. Besides the ongoing analysis of the fullBRA data, the H1 and
ZEUS collaborations are also working on combined results. ufthermore DESY

IHERA could accelerate both, electrons and positrons. In thefollowing the term 'electron’ is
used for both, electrons and positrons if not stated di erertly.

2The HERA B experiment was designed in order to measure the CP iolation in the decays of
heavy B-mesons using the proton beam of HERA. It operated fran 1999 to 2003.

a7
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Figure 3.1: Layout of the HERA storage ring and its pre-acceleratoregsyst

groups are involved in the ATLAS [64,65] and CMS [66,67] expments at the Large
Hadron Collider (LHC) [68, 69], the International Linear Cdlider (ILC) [70], the
ALPS [71] experiment (designed to search for axion-like garles) and in the eld of
astro-particle physics with the neutrino telescopes AMANB and Ice Cube [72] and
the Cherenkov Telescope Array (CTA) [73].

In the following, a short description of the HERA accelerato and the ZEUS

detector, which was used to record the analysed data, is give As the analysis is
based on HERA | data the descriptions of the accelerator andh¢ detector are based
on the HERA | con guration unless stated otherwise.

3.1 HERA storage ring

At HERA electrons and protons were accelerated up to nominahnergies of 27.5 GeV
and 920 GeV, resulting in a centre-of-mass energys, of about 318 GeV. The HERA

tunnel was located 10 to 25 meters below the surface. HERA &isted of four straight

segments with a length of 360 meters each and four circularcarwith a radius of 797
meters. Before being injected into the HERA machine the elegons and protons were

accelerated by a system of several pre-accelerators (searey3.1):

electrons/positrons:  Electrons and positrons were produced and initially ac-
celerated in the linear accelerator LINAC II. Here the leptos reached an energy
of 450 MeV. After this initial acceleration they were injeceéd into the DESY I
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ring via the PIA accumulator. In DESY Il the leptons were acckerated up to
an energy of 7 GeV. Afterwards they were injected into the PERA 1l ring. In
PETRA 1l the energy of the leptons was increased to 12 GeV betothey were
nally transfered into the HERA machine;

protons: To produce protons,H ions were accelerated in the LINAC llI
accelerator. The negative ions were shot through a strippdoil where they
lost their electrons. The resulting protons were injectechto the DESY Il ring

where their energy was increased up to 7.5 GeV. After this th@otons, just like
the electrons, were injected into PETRA Il where they were aelerated to an
energy of 40 GeV. After this acceleration they were transfed into the HERA
ring.

In HERA electrons and protons were stored in separate bunchevith a distance of
28.8 m between two successive bunches. This distance leactbunch crossing time
of 96 ns. The maximum possible number of stored bunches wa®2To estimate the

number of background events originating from beam-gas imtctions, cosmics, and
other 'non-ep’ events, unpaired as well as empty bunches weused. To accelerate
the electrons up to their nal energy, 16 superconducting obium four-cell cavities

supplied an electric eld gradient of 5 MV/meter. The electons were controlled using
conventional magnets providing a magnetic eld of 0.164 T&s The electron's energy
loss due to synchrotron radiation (about 127 MeV per circuteon) was compensated
by 500 MHz copper cavities which were installed inside the raight segments of
HERA. To keep the protons on HERA's orbit superconducting mgnets providing a

bending eld of 4.68 Tesla were used.

After the 1994 running period it was decided to accelerate pibrons instead
of electrons to achieve higher lepton-beam lifetimes, whidor electrons su ered from
the interaction of the electrons with an almost stationary dst of positively charged
particles. The dust was caused by ion getter pumps used foredhelectron-beam
vacuum system. The easiest way to solve this problem was toeupositrons instead
of electrons. During the shut-down in winter 1997/98 the iorgetter pumps were re-
placed with non-evaporating getter pumps, and HERA startedo use electrons again.
The proton energy was increased to 920 GeV, leading to a cesnf-mass energy of
318 GeV in the years 1998-2000.The higher momentum of the protons required
a magnetic eld of 5.3 Tesla. In 1999 HERA started to acceleta positrons again
because the lifetime of the lepton-beam was still higher fpositrons than for electrons.

Since the number of occurring events is, for a given procesgroportional to
the cross section of the process and the integrated lumintysia high luminosity is
required to obtain high statistics and thus to be able to obsee rare processes. The

SWhen HERA started operation in 1992 the proton energy was 820GeV, resulting in a centre-
0 -mass energy of about 300 GeV.
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Figure 3.2: Integrated luminosities delivered by HERA in the years 1®24000.

luminosity L is thus an important parameter which characterises the pefmance of
the storage ring. Its value, given according to

NpNe
4 '
can be controlled by adjusting the number of electrons and ptons per bunch N, and
N,), the spatial extension of the bunches ( ) and the bunch crossing frequenc§.

Figure 3.2 shows the integrated luminosities delivered byERA during the di erent
electron and positron running periods in between the year934 to 2000.

L =f (3.1)

3.2 ZEUS detector

ZEUS was one of two multipurpose detectors at the HERA ring &elerator. The
detector had a dimension of 12 11 20 m® and a weight of 3600 tons. ZEUS had
been designed to study the wide spectrum of HERA physics wieeparticles and jets
with energies up to several hundred GeV had to be measured wihigh precision.
A detailed description of the ZEUS detector can be found in §3. The geometry
of ZEUS is described by a right-handed coordinate system Witits origin at the
nominal interaction point. The z axis is pointing along the direction of the incoming
proton, whereas thex axis is pointing horizontally towards the centre of HERA. It
is also common to use a polar coordinate system ( ) where is the polar angle
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Figure 3.3: Longitudinal cross section of the ZEUS detector.

with respect to the z axis and is the azimuthal angle with respect to thex axis.
Longitudinal and transverse cross sections of the ZEUS deter, showing the main
components, are presented in gures 3.3 and 3.4. The asymmebf the detector
re ects the large momentum imbalance between the proton anthe electron beam
at the HERA machine. In the following a brief description of he main detector
components is given.

The innermost part of the ZEUS detector had been a vertex dete®r which was
removed during the shutdown in the years 1995/1996The central tracking detector
(CTD), which was a cylindrical drift chamber, surrounded tke beam pipe in the
region of the nominal event vertex. The CTD was enclosed by aigerconducting
magnetic solenoid which provided a bending eld of 1.43 Teslffor the determination
of charge and momentum in the tracking system. In the backwdrand forward
regions the CTD was supplemented with planar drift chamberghe RTD and FTD.
The tracking detector was surrounded by a high-resolution ranium calorimeter
(UCAL), which was the main device for energy measurements. h& UCAL was
enclosed by a low-resolution backing calorimeter (BAC). Tén BAC was used to
measure the energy leakage out of the main uranium calorineetand also served as a

4The vertex detector was replaced by a silicon micro vertex deector (MVD) in 2001.
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Figure 3.4: Transverse cross section of the ZEUS detector.

return yoke for the magnetic ux of the solenoid. Muon identication chambers were
mounted inside and outside the BAC (RMUI, BMUI, FMUI and RMUO, BMUO,
FMUO). In the rear region of the detector an iron-scintillabr wall (VETOWALL)
was installed to reject proton-beam-related background.

In the following a more detailed description of the componén most relevant
for the presented analysis is given: the central tracking tector, the uranium
calorimeter, the luminosity system, and the trigger and dat acquisition system.

3.2.1 Central tracking detector (CTD)

The CTD [74{76] was a cylindrical wire chamber oriented paikel to the beam axis.
It provided the position and the momentum of charged partids and was used to
measure thez position of the event vertex with a resolution of about 4 mm. Te
longitudinal length of the CTD was 241 cm, covering the polaangle of 15< < 164.
The inner radius of the chamber was 16.2 cm, the outer radiusaw 85 cm. The
chamber was radially organised into nine 'super-layers’ afight sense wire layers
each as displayed in gure 3.5. Five of the super-layers (1537,9) had wires parallel
to the chamber axis and were called 'axial super-layers'. Ehremaining four layers
(2,4,6,8) were so called 'stereo super-layers’. The wireEthese stereo super-layers
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Figure 3.5: Layout of a CTD octant. The wires of the stereo super-layeverf numbers)
are slightly tilted with respect to the beam axis. The anglei@s are displayed below the
corresponding super-layer.

were mounted with angles of about +% or 5° with respect to the beam axis in
order to allow track reconstruction of thez coordinate. The obtained resolution was
about 2 mm ( ; =2 mm).

The CTD was lled with a gas mixture of argon, carbon dioxide ad ethane
in the ratio of 83:5:12. In a drift chamber a charged particlaonises the gas and
creates electron-ion pairs along its trajectory. Due to thapplied electric eld the
created electrons drift towards the positive sense wires eftteas the positively charged
ions move towards the negative eld wires. In the CTD of ZEUSHe (approximately
constant) drift velocity of the electrons was about 50 m/ns. Due to the increase of
the electric eld in the immediate vicinity of a drift chamber's sense wire the electrons
near the wires are strongly accelerated and thus create sedary electron-ion pairs.
An avalanche-like multiplication of electrons occurs whit in the case of the CTD
lead to an ampli cation factor of about 10*. The produced electric pulse was read
out and digitised by 8-bit ash ADCs. For trigger purposes, he three inner axial
layers were additionally equipped with az-by-timing system. In these layers the
electric pulses were read out at both ends of the wires. Theposition was then deter-
mined from the di erence in the arrival time. The obtained resolution was about 4 cm.

The resolution of the CTD was about 230 m in r , resulting in a transverse
momentum resolution of , =pr = 0:005&; 0:0065 0:0014p; [51] for particles
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traversing all nine super-layers g is the transverse momentum in GeV and means
summation in quadrature). The rst term corresponds to the esolution of the hit
positions, the second term to the e ect of multiple scatteng inside the CTD and
the last term to multiple scattering before the particle eners the CTD.

3.2.2 High-resolution uranium calorimeter (UCAL)

The high-resolution uranium calorimeter (UCAL) [77{80], which covered about 98%
of the full solid angle, was realised as a sampling calorineetconsisting of alternating

layers of depleted uranium (absorber) and scintillator pkes (active material). The

thickness of the plates (uranium: 3.3 mm, scintillator: 2.6nm) had been chosen to
provide linear and equal response for electrons and hadrooger a wide range of
energies.
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Figure 3.6: Layout of the ZEUS high-resolution uranium calorimetere picture shows
the three sections of the UCAL and the polar-angle acceptaheach section.

The UCAL was divided into three sections, the forward (FCAL) the barrel
(BCAL), and the rear (RCAL) calorimeter (see gure 3.3). The depth of the
calorimeter was determined by the maximum energy that had tde absorbed,
requiring 99% energy containment [81]. The maximum energyaw a function of
the polar angle and ranged from about 30 GeV in the RCAL to abauB00 GeV
in the FCAL. The containment of the highest energetic jets wa achieved by the
low-resolution backing calorimeter.

The FCAL covered polar angles from 2° to 36:7° (see gure 3.6). It was
divided into 23 modules numbered with increasingk. Each module was further
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Figure 3.7: Structure of the FCAL modules. The modules were dividedan&electro-
magnetic and two hadronic sections.

segmented into towers with a front surface dimension of 2020 cn?. The towers,

numbered with increasingy, were divided into an electromagnetic (EMC) and two
hadronic (HAC) sections. Each hadronic section of a tower waidenti ed as one
calorimeter cell whereas the electromagnetic sections wevertically divided into

four cells with a front surface dimension of 20 5 cn?. The structure of the FCAL

modules is shown in gure 3.7

The RCAL covered polar angles from 12%° to 1765°. Its design was very
similar to the design of the FCAL. In contrast to the FCAL it contained one hadronic
section only and the electromagnetic sections were vertilyadivided into two cells
only. The front surface dimension of the EMC cells were thus02 10 cnt.

Since the outer regions of the RCAL and the FCAL were shadowelly the
BCAL there was no need for a nely segmented EMC section in theorresponding
modules. As can be seen in gures 3.6 and 3.8 these modulestamed an additional
hadronic (HACO) instead of the electromagnetic section. Bure 3.8 shows the
structure of the FCAL and the RCAL in the xy plane as seen from the interaction
point.
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a) b)

Figure 3.8: Structure of the a) FCAL and the b) RCAL as seen from the istema point
(xy-plane). The electromagnetic section of the FCAL towersivgled into four cells
whereas that of the RCAL towers only contains two cells. Tlteraegions are covered
by HACO cells.

The BCAL covering polar angles from 36° to 1291° was divided into 32
wedge-shaped modules (see gure 3.4). It contained one élemagnetic and two
hadronic sections. The modules were divided into 14 towerag the z-axis.

Each cell of the calorimeter was read out on opposite sides lyo photomulti-

plier tubes (PMTs). The photomultipliers were coupled to tke scintillator plates
via wavelength shifters. The impact point of a particle witiin a cell could be
determined from the pulse height di erence between the sigis of the two related
tubes. The UCAL was calibrated [82] on a channel-by-channkésis using the natural
radioactivity of the depleted uranium which provided a stake and time independent
reference signal. The PMTs were monitored via light emissidrom LEDs and laser
light with well known intensity. The electronic readout sysem could be calibrated
using test pulses simulating the photomultiplier's signal

The energy resolution of thﬁ ZEUS uranium calorimeter measd un‘gle_r test beam
conditions was =E =18%= E 1% for electrons and=E =35%= E 1% for

hadrons whereE is the energy in GeV and means summation in quadrature. The
calorimeter energy response had been calibrated with an acacy of about 1 %.
Angles could be measured within a precision of about 10 mrad@he time resolution

of the UCAL was better than 1 ns for energy deposits greater &m 4.5 GeV.
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3.2.3 Luminosity system

For a given process the event rateR, is related to the cross section of the process,
and the machine luminosity,L, according to

R=L: (3.2)

Any cross section measurement thus relies on an accurate whedge of the luminosity.
As can be seen from equation 3.2 the luminosity can be detemad by measuring the
event rate of a process with a well known cross section. At ZEBUJthe luminosity
measurement is based on the Bethe-Heitler procesg! ep . The theoretical cross
section of this process, derived from QED calculations, isx@wn with an accuracy of
about 0:5 %. In its di erential form it is given according to [83]

d BH E° Ee E° 2 4EpECE® 1

= 4r?2 =+ = = | : 3.3
dE *EE., EO E, 3 mpMeE 2 (33)
d BH

/ ° 5 (3.4)
d. . 2, 2

whered B"=dE is the cross section di erentially in the photon energye , d B"=d .

is the cross section di erentially in the angle between theneitted photon and the
direction of the incoming electron, , is the electromagnetic coupling constant;,

is the classical electron radiusE and E° are the energies of the electron before and
after the emission of the photon (thusE. = E°+ E ), E, is the energy of the proton
and me and m, are the masses of the electron and the proton, respectively.

a) b)
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Figure 3.9: Theoretical cross section of the Bethe-Heitler processrdntially in a) energy
and b) angle of the emitted photon.

Figure 3.9 shows the distributions of the energf and the angle of the photon.
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Figure 3.10: Layout of the HERA | luminosity system (LUMI).

As can bee seen from gure 3.9.b most photons are emitted umdeery small angles.
In about 90% of the events the angle is smaller than 6fad . It should be noted that
for high energetic electrons the same angular distributioapproximately holds for the
nal state electron. The signature of the Bethe-Heitler praess thus is the coincidence
of a small angle electron and a small angle photon. Since thmission angles were
far outside the acceptance of the main detector a dedicatednhinosity monitoring
system (LUMI) [83{85] consisting of a photon calorimeter (BET) and an electron
calorimeter (EDET) was installed (see gure 3.10).

Photon detector (GDET): The photon detector was a lead/scintillator sand-
wich calorimeter, with a surface of 180 180 mn? and a depth corresponding to
22 radiation lengths, located at abouz = 107 m distance from the interaction
point. A carbon lIter, placed in front of the calorimeter, was used to shield it
against synchrotron radiation. The energy resolution ?;Lda calorimeter, deter-
mined under test beam conditions, was E=E = 18%= E, where the energy,
E, is 'giien in GeV. However, the carbon lter reduced the resation to about
23%= E. The impact position of the incoming photon could be determed
with a resolution of about 0.2 cm inx and y using two planes of 1 cm wide
horizontally and vertically orientated scintillator ngers located at 7 radiation
lengths inside the calorimeter. It should be noted that the lpoton detector could
also be used to measure photons from initial state radiation

Electron detector (EDET): The electron detector was a lead/scintillator
sandwich calorimeter with a surface of 250250 mn? and a depth corresponding
to 24 radiation lengths, located at aboutz = 35 m. The energy resolution of
the e‘gzc_tron calorimeter, determined under test beam cortdins, was E=E
18%= E (E in GeV). Electrons which had lost a certain fraction of the energy
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to a Bethe-Heitler photon were de ected by the HERA magnet sstem in such a
way that they could leave the beam pipe through a steel windowith a thickness
of 0.085 radiation lengths at abouz = 27m. The acceptance of the electron
detector was limited to an energy range of 7-20 GeV.

It turned out that the tagging of the electron was not necessg for a precise mea-
surement of the luminosity. However, the electron detectarould also be used to tag
photoproduction events. To extend the kinematic region fothe tagging of photopro-
duction electrons additional electron calorimeters (ther@ tagger and the 44m tagger)
were installed (see gure 3.10). The main background for tHeminosity measurement
was the Bremsstrahlung on gas molecules inside the beam piges the signature of
Bremsstrahlung events is exactly the same as for Bethe-Heit events the only way
to correct for it is to subtract this background on a statistcal basis. To measure the
rate of Bremsstrahlung events electron bunches without pi@n bunch partners were
used (empty proton bunches). In this analysis an error of 2 % iestimated for the
integrated luminosity.

3.2.4 Trigger and data acquisition system

At HERA one of the technical challenges for the ZEUS data acggition system was
the short bunch crossing time of 96 ns, corresponding to a eabf about 10 MHz.
The total interaction rate, which was dominated by backgrood due to beam-gas
interaction, was in the order of 10-100 kHz while the rate ofpeevents in the detector
was in the order of a few Hz. To separate these physics eventsni the dominating

background and so to reduce the rate to a few Hz a sophisticdt¢éhree-level trigger
system was connected to the ZEUS detector. A schematic diagn of the ZEUS
trigger and data acquisition system is shown in gure 3.11.

The 'rst level trigger' (FLT) was a hardware trigger. It had been designed to
reduce the input rate to below 1 kHz. Each component had its awrst level trigger,
which stored the data in a pipeline and made a trigger decisiowithin 2 s after
the bunch crossing. The decisions from the local rst levelriggers were passed to
the 'global rst level trigger' (GFLT) which decided whether to accept or reject the
event. The decision of the GFLT was returned to the readout syems of the di erent
components within a time of 4.6 s.

If the event had been accepted by the GFLT the data were transfred to the
'second level trigger' (SLT) which was software-based andam on a network of
transputers. Just as for the FLT every component of the detéar had its own SLT.
The 'global second level trigger' (GSLT) then received boththe decisions of the
second level triggers of the individual components and theigger information of
the global rst level trigger. The GSLT had been designed toeaduce the rate to
below 100 Hz and produced a decision within 1-3 ms after theroesponding bunch
crossing. If the event had been accepted by the global secdesel trigger the data
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Figure 3.11: Schematic diagram of the ZEUS three-level trigger and datpiaition
system

of all components was sent to the 'event builder', which catted the information to
reconstruct a complete event.

The event was then passed to the software based 'third leveligger' (TLT).
The TLT had been designed to reduce the rate to a few Hz. Evenéscepted by the
third level trigger were written to tape via a bre-link (FLI NK) connection. The size
of an event was typically 100 kBytes. The recorded events veeavailable for the full
0 ine reconstruction and data analysis.
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Event reconstruction

This analysis is based on neutral current DIS events where aadtered electron is
found in the nal state. Thus, to study the hadronic nal stat e of these events a good
reconstruction of both, the scattered electron and the hadnic nal state, is of vital
importance. The reconstruction of the scattered electronna the hadronic nal state
are described in sections 4.1 and 4.2. The reconstructiontbke kinematic variables
as de ned in section 1.1 is described in section 4.3.

4.1 Reconstruction of the scattered electron

Electrons and hadrons can be discriminated by their di erenshower topologies.
Hadronic showers are typically much broader, both in tran®rse and longitudinal
direction, than showers caused by electrons or photons. Hads thus deposit a larger
fraction of their energy in the hadronic part of the calorimeer (HAC cells). However,
the di erence in the shower topology only manifests for su ¢ently large energies.
For example the fraction of 1 GeV pions entering the calorinter but depositing no
energy in the HAC section is larger than 50% whereas the framh of 10 GeV pions
that deposit less than 2% of their energy in the HAC is less tmal% [86]. In addition
to the resulting demand of a minimum electron energy, any digmination method
that is based on the shower topology can be used only, if theasters are well isolated.

At HERA the mayor source for misidentied electrons are neutl pions which
decay into two photong ( ° ! ). If the energy of the pion is su ciently large
the photons are very close and will be detected as one eleatagnetic shower that
has the same topology as a shower caused by an electron. Toue this back-
ground and to ensure a pure identi cation of the electron thérack information of the
CTD can be used by demanding a track assigned to the respeetivalorimeter cluster.

In this analysis the neural-network based algorithm SINISRA and the EM

1Other particles which also decay into photons are due to theai higher mass less frequent.

61
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electron nder are used for the reconstruction of the eleadn?. The e ciencies and
purities of the two electron nders have been studied in [87] In the RCAL the
e ciency to nd the DIS electron is about 95% for both nders.

4.1.1 SINISTRA electron nder

SINISTRA [86] is an algorithm based on a neural network. The eural network
was trained using Monte Carlo samples consisting of hadraenand electromagnetic
clusters. The number of hidden nodes is four. In a rst step,djacent cells belonging
most likely to the shower of a single particle are clusteredn the applied clustering
routine, the smallest geometrical unit is a tower. As desdred in section 3.2.2 the
electromagnetic section of towers in the F -and BCAL is divied into four cells
whereas in the RCAL it is divided into two cells only. To achiege a common geometry
for all clusters, the information from towers of the FCAL andBCAL is reduced to
the format of the towers in the RCAL as indicated in gure 4.1.In a next step for

Tower in FCAL or BCAL

HAC2

- @ rur

: - HAC1

L
®

<— Summing of PMT signals

-
~

EMC

Figure 4.1: To achieve a common geometry for all clusters, the infoonatiom the
towers of the FCAL and BCAL is reduced to the format of the tewa the RCAL.
To achieve this, the signals of the PMTs in the electromagnstction are summed as
indicated by the arrows. The energy deposition in the HA@tsrohined by summing up
the PMTs in HAC1 and HAC2 separately on the left and right.side

each cluster an area of 3 3 towers centred around the cluster tower with the highest
energy deposition is de ned. This area contains 54 values ehergy deposits in the
PMTs (36 in the EMC and 18 in the HAC section) (see gure 4.2). Tese values
are then used as input to the neural network. Since the patterof energy deposits
depends on the angle of incidence the angle is used as an daddal input parameter.
The neural network projects the input parameters to one outt parameter, P, that

2SINISTRA is used as default whereas the EM electron nder is sed for systematic checks.
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Figure 4.2: Sketch of the area 08 3 towers centred on the cluster tower with the
largest energy deposition. This area contains 54 valuesersfe deposits in the PMTs
(36 in the EMC and 18 in the HAC section). These values argjditian to the angle of
incident, used as an input to the neural network of SINISTRiferent colours indicate
di erent values of energy deposits.
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Figure 4.3: Probability distribution of the SINISTRA electron nder.h@ distributions
are obtained from Monte Carlo test samples consisting ofreleagnetic and hadronic
clusters. Figure taken from [86].

is related to the probability for a cluster to be of hadronic P = 0) or electromagnetic
(P =1) origin.

Figure 4.3 shows the SINISTRA probability distribution obtwined from Monte
Carlo test samples consisting of electromagnetic and hadio clusters. As can be
seen the hadronic and electromagnetic clusters are well aegied.
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The cluster with the highest probability P is the one assigned to the scattered
electron. The energy of the electron is determined from theus of energy de-
posits associated to the respective cluster and is corredtéor dead material and
non-uniformities in the calorimeter response. The impactgsition of the electron is
de ned as the logarithmic energy weighted centre of gravityf the cluster. Polar
and azimuthal angles are determined from the impact positioand the reconstructed
event vertex. In the version of SINISTRA used in this analysi the information
of the CTD is used to reject candidates where a photon induceshower fakes an
electron.

4.1.2 EM electron nder

The EM electron nder [88] is based on a detailed parametritan of the ZEUS
detector response for electrons. Seven variables (four édson CAL information
and three based on tracking information) are used to evaluatwhether a calorimeter
cluster is an electron. The EM nder is optimised separatelyor the FCAL, BCAL

and RCAL. The variables used are:

fuac , the fraction of energy in the hadronic section excluding HBO cells;

fieak, the fraction of energy in the EMC section that is not deposid
inside the cell strip pair with the highest energy deposit. A cell
strip is a set of EMC cells which have the same tower number and
are located in the same calorimeter. f® is calculated according to
feeak =1 (fc(Smax) + Max[fc(Smax  1);fc(Smax + 1)), where fc(s) is the
fraction of EMC energy in strip s and syax IS the highest energy strip. The
strip number s is de ned according tos = 4 (t 1) + k wheret is the tower
number andk is the cell type (for EMC cells 1 k 4);

fue, the fraction of energy not deposited in the module pair
with the highest energy deposit. fyea is given according to
fhlheak =1 (fM(mmax) + max[fM(mmax 1);fM(mmax + 1)]), where fM(m)
is the fraction of energy in modulem and m,, is the module with the highest
energy deposit;

Econes the energy within a cone ofd. < 0:8 around the candidate not assigned
to the electron candidate;

= Tk cal, the di erence between the polar angles,rx and ¢4, deter-
mined from tracking and calorimeter information;

=) Tk cal, the di erence between the azimuthal angles, « and ca,
determined from tracking and calorimeter information;

—j the di erence between the inverse of the energy as measured
CAL and the inverse of the momentum as determined fra tracks.

-UlH

— 1
= JE
with the
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For candidates outside the tracking acceptance or candidgg without a matching
track only the rst four variables are taken into account.

For every candidate a number of seven (four) sub-probabiis, p;, is determined
from the variables described above. The grand probability)fpa candidate to be of
electbomagnetic origin is then calculated according t® = P~ }.,* %, where
P = N, p is the product of the N sub-probabilities.

4.2 Reconstruction of the hadronic nal state

The hadronic nal state contains charged and neutral parties. The energy of both is
measured in the calorimeter. However, a large fraction of é¢hcharged particles is also
measured by the tracking detector. At low energies and in siations where a charged
particle looses part of its energy in dead material beforeaehing the calorimeter the
accuracy of the energy measurement can be improved by usimgaking information
in addition to the information of the calorimeter [89]. In this analysis the recon-
struction of the hadronic nal state is therefore based on soalled energy ow objects
(EFOs) [90] which combine calorimeter and tracking informi#on. Before EFOs are
reconstructed from the cell and tracking information (seeestion 4.2.2), the cell en-
ergy is corrected for losses in dead detector material andisy cells are rejected as
described in the following section.

4.2.1 Cell energy correction and noise reduction

To compensate for energy losses in dead detector materiadamsther e ects that lead
to systematic shifts in the energy scale, the energies mesesiiby the calorimeter cells
are scaled using a standard set of scale factors. These fastare only applied to the
data:

for the FCAL a factor of 1.024 (0.941) is applied to the EMC (HE) cells;

for the BCAL a factor of 1.003 1.05 (1.044 1.05) is applied to the EMC (HAC)
cells;

for the RCAL a factor of 1.022 is applied to both the EMC and theHAC cells.

The natural radioactivity of the uranium in the UCAL and eledronic noise cause
a steady background signal in the calorimeter. To suppres$is background only
cells with an energy deposition in the EMC (HAC) greater than60 (110) MeV are
considered for this analysis. Furthermore a cut of 100 (158)eV is applied to isolated
EMC (HAC) cells. Since the background of the UCAL is includedn the detector
simulation these cuts are applied to both simulated eventad real data. Calorimeter
cells that have a signi cantly higher mean energy or 'ring fequency' compared to
other cells are identi ed as noisy. A list of noisy cells is nmie for each year and
cells that are identi ed as noisy are not considered for reostruction if their energy



66 CHAPTER 4. EVENT RECONSTRUCTION

signal is less than three sigma above the noise level. Ceksaciated to the scattered
electron are not taken into account for the reconstructionfahe hadronic nal state.

4.2.2 Energy ow objects

To reconstruct energy ow objects (EFOs) from the tracks anaells associated to the
hadronic nal state, in a rst step adjacent cells are clusteed into cell islands. This is
done separately for cells in the EMC, HAC1 and HAC2 section$n a second step the
resulting cell islands are joined to 3-dimensional coneasids (in the following simply
denoted as islands). The transverse position of the islands determined through
the logarithmic energy weighted positions of the combinecklts, taking into account
the exponential fall-o of the shower energy distribution. In a next step, charged
tracks have to be matched to the reconstructed islands. Trls are only taken into
account for the matching procedure if they are tted to the pimary event vertex
and traverse at least 4 superlayers of the CTD, having a tramerse momentum of
0:1 < pt < 20 GeV. For tracks that pass more than 7 superlayers the maxirm pr
is increased to 25 GeV.

Figure 4.4: Schematic picture of cell and cone clusters in the caloemén the picture
four EMC cell islands and one HAC cell island are shown. The &M islands 2 and 3
are clustered with HAC cell island 1 to form a cone island.

A track is matched to an island if the distance of closest appach between the
extrapolated track and the position of the island is less thm20 cm, or if the distance
of closest approach is less than the maximum radius of theasd projected on a
plane perpendicular to a ray from the vertex to the island's gsition. For each energy
ow object that can be a single track, a single island, or a gup of matched tracks
and islands, the decision has to be made whether to take thefonmation of the

calorimeter or the tracking detector.
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The calorimeter information is used for:

islands not assigned to any track;

islands associated with more than three tracks.
The tracking information is used for:

tracks that are not assigned to any island. To determine thenergy the track is
assumed to be caused by a pion;

groups of assigned tracks and islands (in case of a 1-to-1dkadsland match) if
they ful | the two following requirements:

{ Eca < 1:.0+1:2 Ega' : This requirement ensures that the energy deposit
in the calorimeter is due to the associated track alone. Thenaertainty is
determined according to ECTa' = Eg—;‘ (P & (Eca), where (p) and

(Eca) are the resolution of the track momentum and the island engy,

respectively, and means summation in quadrature;

{ % < %: The momentum resolution of the track has to be better
than the eanergy resolution of the associated island. As thelorimeter
resolution is poor in the supercrack regions between BCAL dri-CAL and
between BCAL and RCAL, in these regions the requirement is ésened by

20% (2 < 1:2-Fcal),

In cases where two or three tracks are assigned to an islandvanere more than one
island is assigned to a track the energies, momenta and the&solutions have to be
replaced by the respective sums according to:

X . X

ECaI ! _ ECIZaI ) (ECaI) ! _ Z(Eé:al);
X S VAR
p! URE () ! ():

i i

If a single track is assigned to one or two islands and the eggrof the calorimeter
is favoured the energy information of the calorimeter and # angular information of
the track are used for the EFO.
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4.3 Reconstruction of the kinematic variables

At a given centre of mass energ;F/), s, inclusive processes in deep inelastic ep scattering
are completely described by two of the three kinematic varides Q?, xg; , and y (see
chapter 1.1). The ZEUS detector measures energy and scaitgr angle of both the
scattered electron and the hadronic nal state particles. e kinematics are there-
fore over-determined and there a (six) di erent methods toeconstruct the kinematic
variables. Since the input quantities are measured with derent precision, the resolu-
tion of the reconstructed variables is di erent for the di erent methods and depends
on the kinematic range. Furthermore, the methods are in di ent ways sensitive to
initial and nal state radiation. In this analysis the electron method(subscript el),
the double angle methodsubscript da), and the Jacquet-Blondel methodsubscript
jb) are used for the event reconstruction. These methods andelachieved resolutions
are discussed in the following section.

4.3.1 Electron method

The electron method [91] uses the energl’, and the polar angle, , of the scattered
electron. The kinematic variables are determined accordjno

2 = 4E.E%0g(=2) (4.1)
_ Ee E%o0g(=2)

X = E,E. ECir(=2) (4.2)

Yoo = 1 0(1 cos ); (4.3)

2E,

where E. and E, are the energies of the incoming electron and proton, respigely.
The resolutions of Q% and xg; in terms of the energy and the polar angle of the
scattered electron are given according to

dXe| _ 1dEo _ Ep .

X yﬁ tan( =2) xe|E—e 1 d; (4.4)
2 0

dQ;' = dEEO tan( =2)d ; (4.5)

el

where and both refer to quadratic addition, but indicates a positive and

a negative correlation. Due to the 1/y term the resolution ofe decreases for small
values ofy. In this region the resolution strongly depends on the accacy of the
measured electron energy. The resolution @2 is good over the whole kinematic
range, except for small scattering angles. Since the elantrmethod uses information
of the scattered electron, it is sensitive to initial state adiation where it tends to
overestimate the energy of the incoming electron, causingsgstematic shift in the
reconstructed variables. The e ect of nal state radiation can be neglected since
the emitted photon is in most cases combined into the electragnetic cluster of the
electron candidate.
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4.3.2 Jacquet-Blondel method

The Jacquet-Blondel method [92] has been proposed to recwast the kinematic vari-
ables in charged current events where the scattered neutnitan not be detected. It
relies solely on the energy and angle measurement of the hawc nal state particles.
The kinematic variables are given according to

N )2 RV
Q = ! 'px')l +y(jblpw) ; (4.6)
i (Ei i
Yip = _iEi pa) 2Eep ); (4.7)
_ Q3.
ij = %, (48)

where the sum runs over all observed nahstate hadrons ar?dé is the electron-proton
centre-of-mass energy. Ifwe denern = ( ipg)?+( ipy)?and = (Ei pa)
the resolution onij is given according to

dezb _ 2 dprn 1 d |
Q4 Pr:h 2E.1 y

(4.9)

Due to the 1/(1-y) term the resolution in szb decreases ag approaches unity. Since
Q?/ xgj this also a ects the resolution ofx;,. The Jacquet-Blondel method is not
a ected by initial state radiation since it uses only information of the hadronic nal
state.

4.3.3 Double angle method

The double angle method [91] uses only the angles of the ndhw& particles. The
kinematic variables are then given according to

sin (1 +cos

Qo = 4Essin h+sin( sin( )+ h);
Eesin p+sin +sin( + ).
Epsin p+sin  sin( + )’
sin (1 cos )

= . . . ; 4.12
Yea sin ,+sin  sin( + ) (4.12)

(4.10)

Xga = (4.11)

where is the polar angle of the scattered electron and, is the polar angle of the
hadronic nal state de ned according to

COS y = (4.13)

BB

>
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The sum runs over all hadrons observed in the nal state. In th QPM process
corresponds to the polar angle of the scattered parton. Coriniing equations (4.1)
and (4.10) the energy of the scattered electron can be detanad according to

@™ sin p+sin sin(p+ )

(4.14)

Since the double angle method only uses angle informationdbes, in rst order,

not depend on the energy calibration and resolution of the tkctor. The energy of
the electron reconstructed with the double angle method;§,, can thus be used to
calibrate the calorimeter.

4.3.4 Resolution of the kinematic variables

The resolution of the kinematic variables reconstructed whi the electron, double angle
and Jacquet-Blondel methods has been studied in a phase spaanilar to the phase
space of this analysis [93]. The best resolution @ and xg; is achieved using the
double angle method where the resolutions are better than 886d 16%, respectively,
over the whole range observed. The highest resolution of tkeaergy of the scattered
electron for small values oE°(E® < 20 GeV) is achieved by the electron method. At
higher energies the resolution achieved with the double dagmethod (smaller than

4%) is superior to the resolution achieved with the electromethod. Therefore in this

analysisQa is used to cut on the photon virtuality, E®is used to cut on the electron
energy, andE g, is used for the boost from the laboratory to the Breit referece frame.



Chapter 5

Selection of the inclusive DIS
sample

5.1 Data sample

The data used for this analysis were recorded with the ZEUS wetor in the years
1998, 1999 and 2000. In this period HERA provided electronsc positrons with an
energy of 27.5 GeV and protons with an energy of 920 GeV, resuj in a centre-of-
mass energy of 318 GeV. At ZEUS the data recorded during a pedi of time under
constant physical conditions are collected into so calledims. For every run the status
of all detector components is recorded. This information igsed to reject runs where
components essential for the analyses did not work properlin the year 2000 some
runs (run numbers 37588-37639) were recorded with shiftedrtex positions. These
runs are not taken into account for this analysis. After the gjection of the respective
runs the used data correspond to an integrated luminosity &1.74 pb 1. An overview
of the di erent data taking periods between the years 1998 ah2000 is given in table
5.1. As the phase space for this analysis is restricted by at@n the virtuality of the
exchanged boson according tQ? < 5000 GeV, the exchange df° bosons and thus
the di erence betweene' and e data due to =Z © interference can be neglectéd
Therefore the electron and positron data sets are combined.

5.2 Event selection

To reject events that are not well reconstructed and those ndeing relevant for the
analysis a set of cuts is applied to the data. A list of all cutgpplied to select the
inclusive DIS sample is given in the following. The cuts arésted in the same order
in which they are applied to data and detector-level Monte Qdo events.

LA dijet analysis based on HERA 1l data [94] showed that for Q2 < 5000 Ge\? corrections due
| Yy
to =Z © interference are typically smaller than one percent.

71
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| year | lepton | runrange | # of accepted runs| luminosity of accepted runs|

1998| e 30758 - 31757 417 4.60 pb !
1999| e 31784 - 32906 462 12.08 pb?!
1999 €' 33125 - 34485 516 19.66 pb?
2000 €' 35031 - 37715 1009 45.41 pb?

‘ ‘ ‘ ‘ 2404 ‘ 81.74pb 1 ‘

Table 5.1: Overview of the di erent data taking periods between they&898 and 2000.
The data recorded in this years correspond to an integratedhbsity of 81.74 pb' .

5.2.1 Trigger requirement and trigger e ciency

Events are only taken into account for the further analysisfithey are selected by the
DIS03 electron trigger which consists of DST bit 12 and TLT D& bit 03. Events are
selected by the DIS03 trigger if both trigger bits have beenctivated. The trigger
requires a well isolated electron candidate correspondimg a photon virtuality of at
least 80 Ge\. The e ciency of the electron trigger has been studied [95]sing an
event sample that passes the full dijet selection but is seted by an alternative jet
trigger. The jet trigger asks for at least one of TLT HPP bits 12, 3, 4, 9, 11, 14, 15,
21, 22, 23, 25, 26, and 27. Each of the bits requires at leasegitwo or three jets. The
basic assumption is that all events selected by the alternaé jet trigger are relevant
for the analysis and thus must not be rejected by the appliedextron trigger DIS03
under test. However any real trigger has ine ciencies. The eiency of the electron
trigger is de ned as the fraction of events that pass the fultlijet selection including
the jet trigger that also activate the electron trigger:

Njet trigger && electron trigger

electron trigger — Nt tigger : (5.1

In gure 5.1 the measured e ciency is shown as a function of ta photon virtuality
Q3,- The e ciency is almost 100% over the wholeQ? range observed and the data
are well described by the LEPTO Monte Carlo predictions. Hoewer the trigger
e ciency has to be taken with care as on FLT level there is a sniboverlap between
both triggers. The required independence between electrand jet trigger is thus not
completely given.

5.2.2 Cuts on the electron candidate

In order to guarantee a pure and e cient reconstruction of tke scattered electron
and to reject photoproduction events the following cuts arapplied to the SINISTRA
electron candidate:

electron probability: Events are rejected if no electron candidate with an
electron probability of at least 90 % is found by SINISTRA. Tls requirement
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Figure 5.1: E ciency of the electron trigger as a function of the photointwality Q? for
data (dots) and Monte Carlo (solid line). The e ciency is ast 100 %over the whole
Q? range observed. The e ciency of the real trigger is well s by the LEPTO
Monte Carlo.

suppresses background from photoproduction events, in whi the scattered
electron escapes undetected down the rear beampipe;

electron energy: The energy of the most probable electron candidate has to
be greater than 10 GeV. This requirement ensures a high and livenderstood
electron- nding e ciency. Motivated by its good resolution in the respective
energy range, the cut is applied to the electron energy recructed with the
electron methodEJ (see chapter 4.3.4);

isolation of the electron: If the total energy not associated to the electron
candidate in a cone of 0.7 in the plane around the candidate's direction is
larger than 10 % of the candidate's energy, the candidate i®jected and the
event is discarded. This condition removes photoproductioand DIS events in
which part of a jet is falsely identi ed as the scattered elgoon.

5.2.3 Cleaning cuts

After the cuts on the electron candidate the event sample #iticontains background
events such as non-ep events, photoproduction and chargagrent events where a
jet was misidenti ed as the scattered electron, and eventsiduced by cosmic rays. In
order to remove these kind of events the following cleaningits are applied to the
data and detector-level MC events:
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Zy . The event vertex is reconstructed using track informatiorof the CTD.
Due to the nite extension of the proton bunches the reconsticted vertex can
be shifted with respect to the nominal vertex. For ep eventshis shift is in the
order of some centimetres iz direction. In contrast to this, the z components
of beam-gas and beam-wall event vertices are distributedoalg all the detector's
z axis. To reject non-ep events a cut on the component of the event vertex is
applied to the data. An event is rejected if the distance betaen the measured
event vertex and the nominal vertex is larger than 34 cm. Thisut also rejects
events that are caused by protons inside so called satelfifesmall packages of
protons before or after the nominal proton bunches;

E p;: Due to conservation of energy and momentum the linear conmaition

E p, is a conserved quantity. For the initial electron-proton stte its value
is two times the lepton's energy. As it is a conserved quarngitthe measured
E p, of the nal state should be close to 55 GeV as well. This is trufor DIS
events where the scattered electron is detected in the cdloeter. For non-ep
eventsE p, may be higher or lower. For photoproduction events where the
electron escapes undetected into the beam pipe the measuwatue is typically
smaller. In this analysisE  p, is calculated according to

E p,=EY1 cos)+ X EFFP(1 cos F); (5.2)
|
where i runs over all energy ow objects that are not associatl to the electron
and E®and . are the energy and the polar angle of the electron candidate.
To reject photoproduction, non-ep, and poorly reconstruetd events, a cut on
E p, is applied to the data and to detector-level Monte Carlo eves according
to 45 GeV<E p, < 65 GeV,

Pt . Inthe ZEUS reference frame, where the incoming electronacaprotons
move along thez direction, the transverse momentum of the initial state eqgais
zero. As the momentum is a conserved quantity, the transvessnomentum of
the nal state thus has to be equal to zero for electron-proto induced events.
This is not true for beam-related background and events inaed by cosmic rays
where the transverse momentum of the initial and thus also dhe nal state
is normally not equal to zero. To reject this kind of events aut on the vector
sum over the transverse m&)mentzPT as measured with the CAL is applied
according to Pt=GeV < 2.5 Er=GeV, whereEr is the scalar sum over the

transverse energies in the CAL. The factor E; takes into account the absolute
energy resolution of the calorimeter. This cut also rejectsharged current events
in which a neutrino exists in the nal state and thus some misag transverse
momentum Pr.iss OCCUrs which leads to a net transverse momentifm

2In this case the net transverse momentumPr is equal to the missing transverse momentum

Pr.miss carried by the neutrino. Both designations are often used shultaneously which might lead
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5.2.4 Phase space cuts

The kinematic region of the inclusive NC DIS sample is restted by two cuts on the
photon virtuality, Q?, and on the scattering angle of the hadronic system, cos. The
scattering angle is reconstructed from the hadronic nal stte according to

_ (1 Yip)XpEp YppEe.

COS = ;
" Yib)XipEp + YijnEe

(5.3)

where y;, and X;, are the inelasticity and the Bjorken x reconstructed with the

Jacquet-Blondel method andE, and E. are the proton and the electron beam en-
ergy. Both cuts are applied to the data and to the detector-, &dron-, and parton-level

Monte Carlo events. The e ect of these cuts on the phase spateshown in gure

5.2.

photon virtuality Q  2: This analysis is performed in the middle and higl©)?
region (125 < Q2 < 5000 Ge\f). In this region, the dependence of the calcu-
lated cross sections on the renormalisation scale is suppdgo be small, and
NLO calculations are expected to be reliable. The upper cunoQ? avoids the
region where contributions fromz °® exchange are sizable. Since the resolution of
the double angle method is better than the one achieved by tliacquet-Blondel
or the electron method (see section 4.3.4) the cut is applied Q3,;

scattering angle of the hadronic system cos y: Figure 5.3 shows the dis-
tribution of the scattering angle of the hadronic system, @ ,. The data (dots)
are well described by the Monte Carlo detector-level simuian (solid line).
However, in the very forward region (cos, ! 1) the hadronic system is un-
likely to be well reconstructed. In the rear region of the defctor (cos ! 1),
the agreement between data and Monte Carlo detector level s§ill good. How-
ever there are large di erences between Monte Carlo eventa detector and on
hadron level. In this region, the acceptance is limited by # requirement on
the electron energy, leading to large acceptance correctgo(see section 7.1.1).
To avoid the problematic regions, a cut on the scattering armg of the hadronic
system is applied according tgcos j < 0:65. A more detailed motivation for
this cut can be found in [96].

After the event selection the inclusive DIS sample containk41,343 events.

5.3 Comparison between data and Monte Carlo

After all cuts have been applied the data are compared to det®r-level Monte Carlo
predictions. A good agreement between data and MC is one ofdwasic requirements
for the applicability of the correction procedure used to aoect the data for the

to confusion. In the following only the notation Pt is used.
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Figure 5.2: Kinematic plane of the DIS sample in the variabkigs and Q2. The phase
space is restricted by two cuts on the photon virtuaf@y, and on the scattering angle of
the hadronic systentgos j,, according tol25< Q2 < 5000 Ge\f andjcos jj < 0:65.
The e ect of the cos |, cut on the phase space is indicated by the solid lines. The poi
density indicates the relative distribution of selectedrba-level events.

o} i :
« I i+ ZEUS data
I { — detlvI MC
1L [hadiviMC
107
L L ‘ L L L L ‘ L L L L ‘ \E L L L ‘

-1 -0.5 0 0.5 1
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Figure 5.3: Distribution of the scattering angle of the hadronic systens ,. The
data (dots) are well described by the Monte Carlo deteewell simulation (solid line).
However, in the very forward regiocoé ! 1) the hadronic system is unlikely to be well
reconstructed. In the rear region of the detectoog ! 1) the acceptance is limited
by the cut on the electron energy. In this region the deteleteel distribution is far below
the hadron-level prediction (lled histogram). To avoicefie regions where acceptance
corrections are large a cut is applied tpaccording tg cos j < 0:65. The distributions
are normalised such that the area under the distributionthenrangej cos ,,j < 0.65
equals one. The cuts are indicated by vertical lines.
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limited acceptance of the detector (see section 7.1.1). lhis analysis two di erent
sets of neutral current DIS MC event samples, obtained fromhe ARIADNE and
LEPTO event generators, are used. For the MC events all inforation is available
on parton, hadron and detector level. On detector level theeconstruction of the
kinematic variables is, just like for the data, based on theeatector information about
the scattered electron and/or the hadronic nal state (seeexction 4.3). At parton and
hadron level all event information, including the four-morentum of the exchanged
boson, g, is exactly known. At these levels the kinematic variablesral the angle
of the hadronic nal state, cos y, can thus be obtained using the exact theoretical
expressions

Q2 QZ

2 — 2 . - true . - true .

= = _=c = _=C 54

Qtrue q ’ Xtrue 2 p q ’ YIrue S Xtrue ) ( )
1 Xirue E E

(COS h)true _ ( Y) true Ep  Yirue Ee | (5.5)

(1 Y)Xtrue Ep * Yirue Ee,

where p is the four momentum of the incoming proton,p s is the ep centre of mass
energy andE, and E. are the proton and electron beam energies. In order to be
comparable to the data, MC events are selected in the same &matic region as the
data:

125< Q%< 5000 GeV} :  jcos pj < 0:65:

At parton and hadron level the event selection is restrictedo the phase space cuts
on the true variables. At detector level the same cuts are aped as for the data.

As described in section 2.1 in ARIADNE the simulation of the @D cascade
is based on the colour dipole model (CDM) while in LEPTO it is Bsed on the parton
shower model. However for the inclusive quantities shown this section the e ect
of the QCD cascade model should be small and thus no large diemce between
ARIADNE and LEPTO is expected.

Figure 5.4 shows the distributions of the azimuthal and pofaangles of the
scattered electron, and , and of the energy of the scattera electron as recon-
structed with the electron and the double angle methodz® and ES,. The data are
compared to the detector-level predictions of ARIADNE and EPTO. The lower
part of the plots shows the ratio between data and Monte Carlprediction. As the
energy and the momentum of the scattered electron are latesed to boost particles
from the laboratory to the Breit reference frame, a good desption of the electron
guantities is of vital importance. As can be seen in the gurethe electron is well
described by the detector-level Monte Carlo predictions. e dierence between
data and Monte Carlo is typically below 5% and no systematicrénd is observed.
Only for very small electron energies measured with the etemn method and for
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small azimuthal angles (forward region of the detector) a mw description is found.

However, as for the boost from the laboratory to the Breit refrence frame the
electron energy reconstructed with the double angle methad used, and as for most
of the events the electron is found in the rear region of the tietor, these de cits

can be ignored.

Figure 5.5 shows the distributions of the kinematic varialels Q3,, Xga, and Yga
as reconstructed with the double angle method as well as thesttibutions of the
scattering angle of the hadronic system, cosg, the global variableE p,, and the z
component of the reconstructed event vertexz, , after the event selection. As can
been seen the data are well described by the detector-levebiMe Carlo predictions.
The di erence between data and Monte Carlo prediction is tyjally below 5% and
no systematic trend is observed. Only for high values af Bjorken (x4, > 0:09) and
small values ofz,, discrepancies greater than 20% are observed. As only a magdi
fraction of the events is found in this regions, these de @tcan be ignored. The tails
of the E  p, distribution are also poorly described by the Monte Carlo. Ahough
the reason for this is not yet understood, this e ect can be mpred as it again only
concerns a marginal fraction of the data set.
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Figure 5.4: Distributions of the electron quantities® ES,, , and . The data (dots)

are compared to the detector-level Monte Carlo predictaangrovided by ARIADNE (solid
line) and LEPTO (lled histogram). The error bars indicateetstatistical error on the
data. The distributions are normalised such that the aredeuthe distribution is equal to
one (shape-normalised). In the lower part of the plots thi® f@etween the Monte Carlo
predictions and the data is shown. The relative statistezadr on the data is indicated
by the hatched area. The data are well described by the Moatk @redictions. The

di erence between data and Monte Carlo is typically bel®@wand no systematic trend
is observed.
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Figure 5.5: Distribution of the variableQ3,, Xda, Yda» COS h, E  p;, andz,y . Details
as in gure 5.4. For most distributions the data are well désd by the detector-level
Monte Carlo predictions. The di erence between data and té&@werlo is typically below
5% and no systematic trend is observed. Larger di erences lzsereed for high values
of Xq4a, Small values o, and at the tails of theE p, distribution. As this only e ects
a marginal fraction of the events, these de cits can be igdor



Chapter 6

Selection of the dijet sample

6.1 Jet reconstruction

After the selection of the inclusive NC DIS sample (see semti 5.2), jets are recon-
structed using thekyt cluster algorithm in the longitudinally-invariant inclusive mode

(see section 1.4.2). Jets are reconstructed for the seletiata sample and for the
NC DIS Monte Carlo samples generated with LEPTO and ARIADNE ¢ee chapter
5.3). For the MC samples jets are reconstructed on parton, deon and detector level.

On detector level the jet reconstruction is based on energyw objects (EFOS) (see
section 4.2). All jets are reconstructed in the plane of the Breit reference frame
(see section 1.4.3). The reconstructed jets are boosted bdo the laboratory frame.

After this, for all jets all information is available in the Breit and in the laboratory

reference frame.

6.2 Cuts on jet variables and jet selection

After the jet reconstruction two additional cuts are appli@ to the inclusive DIS data
sample and to the inclusive DIS MC samples on detector levelThese cuts reject
events where a real photon emitted by the incoming or scatted electron (initial and
nal state radiation (see section 1.1.2)) fakes a jet [96]:
distance between jets and electron candidate: For every jet with a trans-
verse energy greater than 5 GeV ’TefB,eit > 5 GeV) the distance to the most
probable electron candidate is calculated according to

q — -
- 1 t .
djet;e - f_eab Eab)2 + ( JI_eab Eab)z’ (6'1)
jet jet

where ,, L. and P, ., are the pseudorapidities and the azimuthal
angles of the jet and the electron, respectively. If the diahce is smaller than 1
the event is rejected. This cut ensures a good isolation ofdlelectron. It also
suppresses events where a nal state radiation photon fakasjet and removes
some photoproduction background;
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jets in the backward region: If a jet with an energy greater than 5 GeV
(Et:greit > 5 GeV) is found in the very backward region ‘e;b < 2)the event
is rejected. This cut rejects events where a real photon enatl by the electron
is misidenti ed as a jet in the Breit frame.

For the remaining events jets are only considered for the filner analysis if they ful |
the following requirements:

E"TetLab > 3 GeV: This cut is applied to avoid the presence of low transkse

enérgy jets in the selected sample;

let, < 2:5: This cut removes jets in the very forward region of the dettor. In
this region hadrons that disappear undetected into the beamipe lead to a bad
reconstruction of the jet to which they belong.

These two cleaning cuts are the only ones applied in the latatory reference frame.
They are applied on detector level jets only. The jet phase ape is restricted by two
cuts on the energy and the pseudorapidity in the Breit referee frame according to:

E"TefBreit > 5 GeV: This cut rejects QPM events where, in the Breit referae
frame, no transverse energy occurs in the nal state (see 13%

jet .
2< Breit < 1S

The phase space cuts are applied to all jets (data and MC) on téetor, hadron and
parton level.

6.3 Jet energy correction

Due to energy losses into dead detector material measured gmergies are typically
underestimated. There are di erent methods to correct thegt energies. In this ana-
lysis a standard procedure based on Monte Carlo samples iglised. The correction
procedure makes use of the detector-level and hadron-leegent information. In this

analysis the inclusive jet sample (see section 6.2) obtath&#om the LEPTO inclusive

NC DIS sample is used. The jet energy correction is applied tdata and detector
level MC events and proceeds according to the following step

for each hadron level jet of an event the distance to every detector level jet of
the same event is calculated according to

q
d= (had det)>+( had  det)? (6.2)

The pair with the minimum distance is de ned asmatched pair if the distance
is smaller than 0.5;
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for matched pairs the mean transverse detector level jet ang, E#itg?;‘t, is plot-

ted as a function of the hadron level jet energyei'e1. The resulting distri-
bution shows a linear correlation betweeE! s and EX'a and can thus be

tted by a linear function which is given according to

jet;det jet;had

ET;Breit =P ET;Breit + Po: (63)

Since the slope of the distribution is di erent in di erent E¥i"a!-regions, up to

three di erent sets of t parameters (po; p1) are determined for every distribu-
tion;

after the distribution is tted and the t parameters ( po; p1) are determined, the

corrected jet energyEXuco is obtained by inverting equation 6.3 according to

- Eletdet
EJe_t,CO_rr — T;Breit ; (64)
T;Breit pl
the four momenta of the jets are scaled with a correction coeient which is
obtained according to
EjlgtB;co_rtr
_ ,breit |
Ceor = —Jetidert - (6.5)
T;Breit
Since the amount of dead material and thus the amount of engrdoss is di erent
in di erent regions of the detector, the procedure is perfened di erentially in 18
equidistant bins of |4,, covering the whole 4,-range observed (2 < 4 < 2:5).
Matched jets are assigned to an !, -bin according to the pseudorapidity of the
detector level jet. The correction coe cient is determined from jet energies
given in the Breit reference frame. Since the results of thianalysis depend on

a good jet energy reconstruction in the Breit frame this seesrto be the natural choice.

Figure 6.1 shows the correlation between the transverse jemnergy on hadron
and detector level before and after the jet energy correctiois applied. Energies
are given in the Breit reference frame. The gures display th entire -range given
accordingto 2< [t < 2.5

Figure 6.2 shows the distribution of the mean correction féaars < c.r > as a

function of E"TefB;‘r’;tt (averaged over all jet pseudorapidity ranges) and as a funah of

{e;g,det (averaged over all transverse jet energies). The correatias typically below
5 %. The correction is largest in the very forward and backwdrregions of the

detector.

Figure 6.3 shows the distributions of the corrected transvge jet energies
and the jet pseudorapidities in the Breit and in the laboratoy reference frame. The

1To be more accurate the mean transverse energy E #etB‘r’:I{ >; of all detector level jets, that
have a matched hadron level jet in a certainE!*;"2 -bin, i, is plotted as a function of E/ad
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Figure 6.3: Distributions of transverse jet energies (upper row) ahggeudorapidities
(lower row) in the Breit (left column) and laboratory refece frame (right column) after
the jet energy correction. The phase space for the jet priomiucs de ned according to
125< Q3, < 5000 GeV, jcos nj < 0:65 Efpe > 5GeVand 2< L < 1.5 The
data (dots) are compared to the detector-level predictiohshe ARIADNE (solid line)
and LEPTO (lled histogram) event generators. The errorsbardicate the statistical
error on the data. The distributions are shape normalisekde [Bwer part of the plots
shows the ratio between the MC predictions and the data. €laive statistical error on
the data is indicated by the hatched area.

ratio between the MC predictions and the data is shown in theolver part of the
gures. As can be seen the data is well described by the pretians of both MC
event generators. Exceptions are the highest jet energy regs (E‘TefLab > 60 GeV)
and the regions of small £t ( . < 1) where the MC underestimates the data.
LEPTO gives a slightly better description of the ’Le;b-distribution than ARIADNE.
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6.4 Selection of dijet events

After the jet energy correction is applied, the nal dijet exent sample is selected from
the inclusive NC DIS sample. Events are candidates for thejelf sample if at least two
jets with transverse energies greater than 5 Ge\Eg.git > 5 GeV) are reconstructed
in the pseudorapidity range given by 2< . < 1:5. The nal selection is based
on an asymmetric cut (see section 1.4.4) on the transversd gnergy in the Breit

reference frame according to
EFe: > 12GeV and EZ. > 8 GeV: (6.6)

The cut is applied to data and detector, hadron and parton lesl Monte Carlo events.
After this nal selection cut the phase space for the dijet eent sample is given ac-
cording to

The dijet phase space:

125< Q2< 5000 GeV}  ;  jcos hj < 0:65
EFgay > 12(8) Gev  ;  2< [ <15

After all cuts are applied the dijet sample contains 3,868 ewnts.

6.5 Comparison between data and Monte Carlo

In this section the selected dijet events are compared to tlietector level predictions
of the LEPTO and ARIADNE event generators.

Figure 6.4 shows the distributions of the transverse eneegi and pseudorapidi-
ties as given in the Breit reference frame for the two highesiergetic jets. The jets
are ordered in .. The index 1 corresponds to the most forward jet (& > 1%2).
The ratio between the data and the MC predictions is shown inhte lower part of the
gures. The measured energy and pseudorapidity distributns are well described by
the MC predictions. For 2% < 0:5 LEPTO provides a better description of the

pseudorapidity distribution than ARIADNE.

Figures 6.5 and 6.6 show the distributions ofQ?, xg, Ev, M;, , and and
for measured in di erent regions ofQ?. The ratio between the data and the MC
detector-level predictions is shown in the lower part of theplots. The data are
well described by the predictions of both event generatorsFor large values ofQ?
(Q* > 2000 GeV) and for medium and large values of Bjorkerx (xg; > 0:05)
LEPTO provides a better description of the data than ARIADNE. The LEPTO dijet
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Figure 6.4: Distributions of the transverse jet energies (upper row) te pseudora-
pidities (lower row) in the Breit reference frame for the twghest energetic jets in the
phase space given Bp5< Q2 < 5000 GeV, jcos nj < 0:65 EjTe;tégi)t > 12(8) GeV
and 2< §feit < 1:5. The jets are ordered in 5,. The index 1 corresponds to the most
forward jet (% > *%2) The data (dots) are compared to the detector-level priatis

of the ARIADNE (solid line) and LEPTO ( lled histogram) evgenerators. The statis-
tical error on the data is indicated by the error bars. Theriistions are normalised to
shape. The lower part of the plots shows the ratio betweenv@epredictions and the

data. The relative statistical error is indicated by thedheatd area.

sample is therefore utilised to correct the data for acceptae and QED e ects as
described in the following chapter.
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Figure 6.5: Distributions ofQ?, xg;, Et, Mj;, ' and for dijet production in the
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EFEa > 12(8) GeVand 2 < E. < 15 The data (dots) are compared to the
detector-level predictions of the ARIADNE (solid line) a&®TO ( lled histogram) event

generators. The statistical error on the data is indicatgdhe error bars. The distribu-
tions are normalised to shape. The lower part of the plots/shbe ratio between the MC

predictions and the data. The relative statistical errandicated by the hatched area.
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Chapter 7

Cross section determination

7.1 Correction of the data

Due to the nite resolution, e ciency and acceptance of the etector, the measured
distributions do not re ect the physical truth but the physical truth as 'seen’ through

the detector. Mathematically the measured distributions an be written as the con-
volution of the (hadron-level) true distribution with the acceptance-times-resolution
distribution of the detector!. Thus to determine the distribution on hadron level, the
response function of the detector has to be exactly known. i$ obtained from MC

programs including a full detector simulation. Once the a&ptance function of the
detector is known, the measured distributions can be corred to obtain the (hadron

level) true information.

In this analysis the bin-by-bin method is utilised to corret the data for the
described detector e ects. The correction procedure, alseferred to as acceptance
correction, is described in section 7.1.1. The bin-by-binethod is also used to correct
the data for QED e ects. The QED correction is necessary to bable to compare
the measured distributions, which include QED processekdi initial and nal state
radiation, with the xed order QCD calculations, not including QED processes. The
QED correction is described in section 7.1.2.

7.1.1 Acceptance correction

In this analysis the bin-by-bin method is utilised for the aceptance correction. The
method is based on a MC sample containing event and jet infoation on detector
and on hadron level. For every observable and every bira multiplicative correction
factor, C*°, is determined according to

MCihad

Cre = T (7.1)
|

LIn the following the term 'acceptance' is used as short form ér 'acceptance-times-resolution' if
not stated di erently.

91
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whereMClad (MC ) are the number of hadron (detector) level events in bin that
ful | the selection criteria. To correct the data, the measwed number of events in bin
i is multiplied with the respective correction coe cient. This method can be applied
only if the following two requirements are ful lled:

the data has to be well described by the detector level MC prations;

migrations between bins have to be small.

As LEPTO provides a slightly better description of the data han ARIADNE (see

section 6.5) in this analysis the LEPTO MC event sample is utsed for the acceptance
correction. Before the correction can be applied the binwikds have to be chosen
according to the resolutions in the respective intervals. fAis prevents that migrations

and thus correlations between the bins become too large.

Migrations, e ciencies, and purities

As described above, the bin-by-bin correction method can lyrbe applied if migrations
and thus correlations between bins on hadron and on detectl@vel are small. Purity
P and e ciency E of an observable can be used as an indicator for migration €ts.
They are de ned separately for every bin according to

GEN"REC
_ MC;

Mc_GEN"REC
|
R Vot

and E= ————;
MCGEN

(7.2)
where MCCEN (MCREC) is the number of generated (reconstructed) events in bin
i and MCEN"REC is the number of events that are reconstructed in the same bin
they were generated in. In the notation used above the events hadron (detector)
level correspond to generated (reconstructed) events. Eyalijet event that is selected
either on hadron or on detector level (or on both) is consided for the calculation. The
selected events are registered in a two-dimensional migiat matrix where the x-axis
(y-axis) corresponds to the bins on hadron (detector) level. vEry event that is selected
on both levels is registered in the respective two-dimensial interval. According to
this, the diagonal of the matrix contains those events that i@ reconstructed in the
same bin they were generated in (events that are not migratgdEvents that are only
selected on hadron (detector) level and can therefore not lagsigned to a physical bin
on detector (hadron) level are registered in bin 0. To deterime the purity (e ciency)
the number of entries in a diagonal bim;; is divided by the sum of entries in the
respective row (column)Nqy:i and Ncgp:i

Ni;i N;-i
Pi= —— and E= ——: 7.3
I I\Irow;i E Ncol;i ( )
The errors are given according to
4 i
u u
p=t PP g gt BLED (7.4)

I Nrow;i I\Icol;i
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| var. | bin 1 | bin2 | bin3 | bin4d | bins |
Q%(Ge\V?) [125,250[ | [250,500[ | [500,1000[| [L000,2000] [2000,5000}
Xpg; [0.0001,0.01] [0.01,0.02[| [0.02,0.035] [0.035,0.07| [0.07,0.1]
E; (GeV) [10,16] [16.22[ | [22,30 [30,60] {
M; (GeV) [20,32] [32,45] | [45,65[ | [65,120] {

° [0,01] | [0.1,0.25[ | [0.25,0.45[| [0.45,0.65[| [0.65,1.6]
100, [2,1.5[ |[-1.5,-1.35] [-1.35,-1.1[| [-1.1,-0.85[| [-0.85,-0.5]
log, (Q° binl) | [2-1.5[ |[L15,-1.35] [-1.35-1.1[ [-1.1,-0.5] {
log, (Q2 bin2) | [-2-15[ | [15-1.3[| [1.3-1 | [1-05] {
log,, (Q2 bin3) | [-1.9,1.5[ | [1.5-1.2[| [-1.2,-0.9[ | [-0.9,-0.6] {
log,, (Q2 bind) || [-1.7,-1.4[ | [1.4-1.2[| [1.2-1] | [1,-0.6] {
log,, (Q2 bin5) | [1.6-1.2[ | [L.2-1[ | [1,-0.6] { {

Table 7.1: De nition of the nal binning for the observabled?, xg;, E1, Mj; , ° and

and for measured in di erent regions 2.

The nal bin width is chosen in such a way that purities and e ciencies are typically
larger than 40 % (see gures 7.3 and 7.4).

Table 7.1 shows the nal binning for the observable€Q?, xgj, Et, Mj,
measured in dierent regions of Q2.

and for

0

Figures 7.1 and 7.2 show the

two-dimensional migration matrices. Purities and e cienges are shown in gures 7.3

and 7.4.
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Figure 7.3: Purities (black dots) and e ciencies (open circles) of thieservable<)?,
g, Et, M, ’,and . The nal bin width is chosen in such a way that purities and
e ciencies are typically greater than 4 (black line).
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Correction coe cients

After the nal binwidth is chosen such that migrations betwesn bins are small the
correction coe cients can be determined according?¢ = MC"4=MC%! (equation
7.1). Since the number of MC events in a certain bin, follows a Poisson distribution
the statistical errors of MC"@ and MC % are given according to

q_—
«[MC!]=  MC! with |2 f had;detg: (7.5)

The statistical error of C2¢ arises from error propagation according to

2 M C had 2
stat [M C had] + W stat [M C det] . (7-6)

<

stat [CF°] = MC det

As the same MC sample is used on hadron and detector level aridig MC "2 and
MC 2t are correlated this corresponds to an upper limit of the truerror.

Figure 7.5 and 7.6 show the acceptance corrections obtainém the LEPTO
MC sample for the observable®?, xg;, Et, Mj;, °, and and for in dierent
regions ofQ?. The corrections are typically in the order of 10 20 %. The correction
coe cients are typically larger than 1 re ecting the nite a cceptance of the detector
(typically not all generated particles are detected). Valas smaller than 1 mean that
more particles are detected than have been generated in thespective bin. The
appearance of bins withC?® < 1 can be explained by migrations (events are detected
in a di erent bin than they were generated in).

7.1.2 QED correction

As written above the measured distributions include QED preoesses, like initial and
nal state radiation and virtual corrections, which are not included in the xed or-
der QCD calculation. In order to be able to compare the measen cross sections
to the predictions of the NLO calculation, the data are correted for QED e ects.
The correction is based on the bin-by-bin method (describad the previous section)
and utilises two di erent Monte Carlo samples including andchot including QED cor-
rections. For every observable and every bin the multiplicative QED correction
coe cient C°FP is determined according to

CQED IVICiO

i = MCiQED fL; (77)

where MC2®? (MC?) is the number of events in bini that have been selected
from the MC sample including (not including) the QED-vertexcorrections andf
corresponds to the ratio between the integrated luminosds of the two Monte Carlo
samples.
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Figures 7.7 and 7.8 show the obtained QED correction factorf®r the observ-
ablesQ?, xg; , E1, Mj;, °,and and for in dierent regions of Q2. The corrections
are typically in the order of 5 10 %.

7.2 Cross sections and experimental uncertainties
The cross sections are determined from the measured distriltons according to

0

d i | data ED o
= — cie cR x2fQ% xg; Ev; My; 5 ¢ (7.8)

&_ iXx L

where Nidata is the number of measured events in bim, X is the respective bin-
width, L is the integrated luminosity and C2 and C3° are the acceptance and
QED correction coe cients described in sections 7.1.1 and.Z.2. Due to the limited
statistics available and due to uncertainties related to tb experimental environment
the measured cross sections contain statistical and systatic errors. A discussion of
uncertainties taken into account in this analysis is givemi sections 7.2.1 and 7.2.2.

7.2.1 Statistical uncertainties

Due to the limited statistics available, both in data and MC, the measured cross
sections contain statistical errors. There are three sowgs of statistical uncertainties
propagating into the nal results: the statistical error on the data ( sa: [N 942]) and
the statistical errors on the acceptance and QED correctiozoe cients (g [C2°] and
stat [C2E0 ]). Since the number of events in a certain bin follows a Potss distribution
the statistical error of N %3 s given according to ¢ [N 9] = = Ndata, The statistical
error of C° is given according to equation 7.6 (see section 7.1.1). Duethe large
number of MC events used to determine the QED corrections tretatistical error on
CREP can be neglected. The statistical error on the cross secti@mises from error
propagation according to

\Y

u ! 2 ! 2
al 120 P N 2 (o (7.9)
where := d j=dxhas been used and the errors on the luminosity and on the biruti

are neglected.

7.2.2 Systematic uncertainties

As described in section 7.1.1 the data are corrected for deter e ects using a method
based on MC models that are utilised to obtain (simulate) theesponse function of the
detector. However, some of the detector characteristicsk@g the absolute energy scale
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Figure 7.7: QED correction factors for the observab® xg; , E1, Mj;, °, and . The
corrections are typically in the order f 10 % Due to the large statistics of the MC
samples used to obtain the correction coe cients, statistierrors cen be neglected.
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Figure 7.8: QED correction factors for in di erent regions ofQ?. The corrections are
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for electrons and jets) are only known and modelled within aectain precision. One
way to estimate the related uncertainties on the measuredass sections is to vary the
respective variables within their uncertainty ranges. Thevariation is typically only
applied to the MC detector-level events.

Due to the MC-based acceptance correction the measured @aections depend on
the models which are used to simulate the parton cascades atie hadronisation
processes. The uncertainty due to the model dependency isually taken to be the
di erence in the cross sections when correcting the data ugj a di erent MC sample
(including di erent models).

The uncertainty related to the choice of the applied electmreconstruction procedure
is estimated in a similar way by repeating the analysis usingn alternative electron
reconstruction algorithm.

Another source of uncertainty is related to the selection ¢s applied on detector level.
These cuts are applied in order to suppress background preses and to avoid regions
in which a reasonable particle reconstruction is not guaréeed or regions in which the
MC does not provide a reasonable description of the data. Tlehoice of the exact cut
value is, however, a little arbitrary and the nal result shaild not depend on the exact
value. This demand is ful lled as long as physical correlains are well simulated by
the MC event generators . In this case a change in the value ofdatector level cut
will change the number of measured events, but this changelwWbe compensated by
a contrary change in the applied acceptance correction. A wao check the inde-
pendence of the nal results from the exact cut values is to v the cuts (typically
within their uncertainty range) and to study the e ect on the measured cross sections.

In the following a list of all sources of systematic uncertaiies taken into ac-
count in this analysis is given:

the uncertainty on the measured cross sections related toahon the absolute
jet energy scale is estimate by varying the jet energy withithe jet energy scale
uncertainty range. For energies larger than 10 GeVEGTefLab > 10 GeV) the jet

energy is varied by 1 %, for smaller energiesE("Te;tLab < 10 GeV) by 3 %

(uncertainties are taken from [97{99]). In order to simula¢ a possible shift in
the absolute jet energy scale between data and MC, the varian is only applied

to the MC detector-level jets. The resulting uncertainty onthe cross section is
typically in the order of 5 %. It increases to about 10 % for certain regions
of the dijet phase space;

the uncertainty on the measurement due to that on the absolet energy scale
of the electron candidate is estimated by varying the eleain energy within the

uncertainty range of the absolute electron energy scale {% [100]). In order
to simulate a possible shift in the absolute energy scale beten data and MC,

the variation is only applied to the MC detector-level everg. The resulting

uncertainty on the dijet cross sections is typically below 1 %;
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the uncertainty on the measurement due to that on the longitdinal component
of the absolute energy scale for both hadrons and electrors estimated by
raising and loweringeE p, (see Eq. 5.2) by 3%. The variation is applied only
to the MC detector-level events in order to simulate a posdibd shift between
data and MC. The resulting uncertainty on the dijet cross sdmons is typically
below 1 %;

to estimate the uncertainty related to the MC-based acceptae correction and
the resulting dependence on the choice of the phenomenobtagimodel used to
simulate the parton cascade, the analysis is repeated usic@rection coe cients
obtained from ARIADNE instead the (default) ones obtainedrom LEPTO. The
di erence in the cross sections is typically below 8 %;

to estimate the uncertainty on the cross sections related tthe choice of the
applied electron reconstruction algorithm the analysis ieepeated using the EM
electron nder instead of the default SINISTRA algorithm (e section 4.1). The
resulting uncertainty on the measured cross sections is fgally below 3 %;

the ’L‘Zfb cut used to suppress the contamination due to photons falgehisidenti-
ed as jets in the Breit frame is lowered (raised), both for d& and detector-level
MC-events, from -2 to -3 (-1.5). The resulting uncertainty a the measured cross
sections is typically below 1 %;

the E"Te;tLab cut is raised from 3 to 4.5 GeV. The change is applied to data dn
detector-level MC-events. The resulting uncertainty is tgically smaller than
1 %;

the zy cut is changed from 34 cm to 30 cm, both for data and detectoeel

MC-events. The e ect on the measured cross sections is typlty smaller than
2 %;

The systematic uncertainties not associated with the abaake energy scale of the jets
were added in quadrature to the statistical error in order tadetermine the total ex-

perimental uncertainty, . In addition there is an overal normalisation uncertainty

of 22 % from the luminosity determination.






Chapter 8

Results

In this chapter the measured dijet cross sections are preseth Single-di erential
dijet cross sections have been measured as functions@f xg; , Et, M;;, ° and

The cross sections as function of have also been measured double-di erentially in

di erent regions of Q2. The cross sections have been measured in the phase-space
region de ned according to 125< Q2 < 5000 Ge\f and jcos ,j < 0:65. Jets
have been reconstructed with theékt cluster algorithm in the Breit reference frame.
Events have been taken into account for the measurement if &ast two hadronic

jets with E’f;téfii)t > 12(8) GeV have been reconstructed for the respective event

in the pseudorapidity range given according to 2 < ‘;teit < 1.5. The data have
been corrected for detector and QED e ects as described incsen 7.1.1 and 7.1.2.
The obtained cross sections are compared to the prediction$ a xed order QCD
calculation of the order ofO( 2), which for the observed dijet processes is the next
to leading order. The QCD calculations have been performedtiv DISENT. In order

to be comparable to the measured cross sections the calcathtparton level cross
sections have been corrected to hadron level as describedéttion 2.2.1.

The single-di erential cross sections measured as funati® of Q> and xg and
as functions ofEt, Mj;, ' and are shown in gures 8.1 and 8.2. The double-
di erential cross sections as functions of measured in di erent regions ofQ? are
shown in gure 8.3. The cross sections are also given in tabl8.1 to 8.7. They are
compared to the predictions of the NLO calculation perforngewith % = Q2 + Eﬁ.
NLO cross sections calculated with 2 = Q2 and 2 = E- are also showh The
relative di erences to the NLO cross sections calculated thi 2 = Q2 + E- are
shown in the lower part of gures 8.1 and 8.2 and in gure 8.4. Te displayed
di erences are determined according to
2=Q, 28

= — with 2t data; NES » N0 O (8.1)
NLO

LIf not stated di erently here and in the following the term 'N LO calculation' is used for the
calculation performed with 2 = Q% + E7.

107
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. 2 -02 2 -E2
where 4ia are the measured cross sections andy o, NEOQ , No | are the
. .. . . —2 =2
theoretical predictions obtained with 3 = Q*+ E7, 2= Q?and 2% = Ez. Inall

the gures each data point is plotted at the abscissa at whiclthe di erential cross
section is equal to its bin-averaged valde

For a quantitative comparison the deviation between meased and calculated
cross section is also calculated in multiples of the total &r, i,

_ data NLO : —
= == T~ with tot — exp+ theo (82)

tot
where ¢, and e are the experimental and the theoretical uncertainties asedhed
in sections 7.2.2 and 2.2.2. The deviation between data and® is called signi cant
if > 1 orin other words ( gat no) > (exp t theo)- A detailed description of
the single- and double-di erential cross sections is givan the following sections.

8.1 Single-di erential cross sections

8.1.1 Dijet cross section as function of  Q?

The di erential dijet cross section as a function ofQ? exhibits a fall-o of more than
two orders of magnitude within the range studied (125 Q2 < 5000 Ge\f). The
data is well described by the NLO calculation over the wholeange observed. The
deviation in multiples of the total error, , varies between -0.35 and 0.88 and is
largest in the highestQ? bin where the NLO calculation underestimates the data. For
125< Q2 < 2000 GeV the theoretical error, e, is larger than the experimental error
by a factor 31 < eo= exp < 1:6. For larger values ofQ? and thus higher values of
the renormalisation scale the theoretical uncertainty deeases and the experimental
error becomes the dominant source of uncertainty. In this géon the statistical error
is of the same order as the systematic uncertainty. Since timeean dijet energyE 1 is
typically below 60 GeV, the default renormalisation scale = Q%+ Eﬁ is, in most
regions, dominated by theQ? contribution. According to this no larger di erence is
observed between the NLO calculations performed with3 = Q2 + E$ and 2= Q2
In contrast to this the calculation performed with 2 = E? systematically lies above
the default NLO predictions and, in all but the highestQ? bins, overshoots the data.

8.1.2 Dijet cross section as function of  Xg;

The di erential dijet cross section as function of Bjorkerx exhibits a fall-o of about
two orders of magnitudes within the range studied (0001< x g; < 0:1). The decrease

2In order to be able to determine the intersection between thebin-averaged value and the con-
tinuous di erential cross section the NLO calculation is repeated with a ne binning to approximate
the continuous distribution.
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of d =dxg; with increasing xg; re ects the decrease in the parton density functions
of the proton towards large values of Bjorkerx. The measured cross sections are
well described by the NLO calculation. The only exception ishe largest xg; bin
where the NLO calculation underestimates the data by almos#0 %. Due to the
large systematic and statistical uncertainties in this reign ( st syst 20 %) the
deviation between data and NLO is still smaller than the totauncertainty. Over
the whole range observed the deviation between data and NL@ multiples of the
total uncertainty varies inbetween 0:49 < < 0:9. Within the range 00001 <
Xgj < 0:07 the theoretical error exceeds the experimental uncentdy by a factor of
15< theo= exp < 3:7. For larger values ofxg; the experimental error becomes the
dominant source of uncertainty (imeo= exp = 0:42). Both the relative statistical and
the sysytematic uncertainty increase from about 3 % in the Vo xg; region to more
than 20 % in the highestxg; bin.

8.1.3 Dijet cross section as function of E+

The di erential cross section as a function of the mean tranerse jet energyE+ shows
a fall-o of more than two orders of magnitude. Jets are accemble within the energy
range 10< E1 < 60 GeV. The data are well described by the NLO calculation owe
the whole range observed. The deviation between data and NL©® always smaller
than the sum of the experimental and theoretical errors (0:67 < < 0:72). For
the smallest mean jet energies (18 E1 < 16 GeV) the error is dominated by the
theoretical uncertainty ( ieo= exp = 5:31). For larger energies (1& Et < 30 GeV)
all uncertainties are of the same order. In the highesE: bin the uncertainty is
dominated by the experimental error (ineo= exp = 0:19). The relative uncertainty
related to that on the jet energy scale is about 5 % over the whorange studied.
For E1 > 20 GeV the dierences between the NLO calculations, calcutzd with the
di erent scales, can be neglected. For smaller energies theoss section calculated
with 2 = _i Is larger than the other NLO cross sections and overshootsetfiata.

8.1.4 Dijet cross section as function of M

The di erential dijet cross section as function of the the inariant dijet mass, M;; ,
is in many aspects similar to the cross section measured awdtion of E+. Just
like d =dEt, d =dMj; shows a fall-o of more than two orders of magnitudes within
the range studied. The accessible dijet mass lies within 20120 GeV. The NLO
calculation provides a very good description of the data ovdghe whole range ob-
served. The deviation in multiples of the total uncertaintyis always smaller than 0.2
( 018< < 0:12). In the lowestMj; region the total error is dominated by the
theoretical uncertainty ( meo= exp = 5:6) , Wwhereas for the highesMj; region the ex-
perimental error is the largest source of uncertainty (,eo= exp = 0:37). The relative
uncertainty related to that on the jet energy scale is about 86 over the whole range
observed. ForMj; > 50 GeV almost no di erence occurs between the NLO calcula-
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tions performed with di erent renormalisation scales. Forsmaller dijet masses the
cross sections calculated with 3 = E$ are larger than the cross sections calculated
with 2= Q2and 2= Q2+ E> and overshoot the data.

8.1.5 Dijet cross section as function of 0

The di erential dijet cross section as function of ° exhibits a plateau in the low-°
region (0< < 0:25) followed by an increasing fall-o of more than one orderfo
magnitude in the medium -and high-° region (025 < %< 1:6). The data is very
well described by the NLO calculation over the whole range sbrved. The deviation
between data and NLO in multiples of the total unvertainty isalways smaller than
0.6 ( 0:53< < 0:19). The theoretical error is the dominant source of unceriaty
over the whole °range and exceeds the experimental uncertainty by a factof op to
3 (L4< theo= mexp < 3). The relative uncertainty related to that on the jet energy

scale is typically 5 %. The NLO cross sections calculated with2 = E$ exceed

those calculated with 2 = Q? + Eﬁ by about 10 % and overshoot the data over the
whole range observed.

8.1.6 Dijet cross section as function of

The di erential dijet cross section as a function of shows an increase in the low-
region followed by a plateau and a fall-o of more than one ot of magnitude in the
high- region. The suppression of the measured cross section in tbe- region is
related to the requirement of two high-energetic jets in thenal state. The decrease
of the cross section at high values of re ects the decrease of the quark and gluon
densities at high . The restriction of the Q? range implicitly limits the accessible
range to Q09< < 0:37. The data is very well described by the NLO calculation ove
the whole range observed. The deviation in multiples of theotal uncertainty varies
between 0:32 0:79. In the low- region ( 2 < log,, < 1:1) the theoretical
error is the dominant source of uncertainty and exceeds theperimental error by a
factor of 26 < heo= exp < 4:3. In the highest bin the experimental error becomes
the dominant source of uncertainty and exceeds the theoredl error ( teo= exp = 0:6).

8.2 Double-di erential cross sections

8.2.1 d=d in dierent regions of Q2

The cross sections as a function ofhave also been measured double-di erentially in
ve di erent regions of Q? (see gure 8.3). In all Q? regions the shape of the cross
section distribution is similar to that of the single-di erential cross sectiond =d
described in the previous section. All curves exhibit an imease in the low- region
followed by a plateau and a fall-o towards the high- region. As described in the
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Figure 8.1: Measured (dots) di erential cross sectiods=dQ? and d =dxg; for dijet
production withEX3@ > 12 (8) Gevand 2< . < 15, in the kinematic range
given byj cos pj < 0:65and125< Q2 < 5000 GeVt. The inner error bars represent the
statistical uncertainty. The outer error bars show the istatal and systematic uncertain-
ties, not associated with the uncertainty in the absolutergy scale of the jets, added
in quadrature. The shaded bands display the uncertaintiestal the absolute energy
scale of the jets. The NLO QCD calculations with= Q2+ E> (solid lines), 2 = Q2
(dashed lines), and3 = Eﬁ (dotted lines), corrected for hadronisation e ects andngsi
the CTEQG6.1 parametrisation of the proton PDFs, are alsavehoThe lower parts of
the gures show the relative di erences with respect to theQNQCD calculation with

2 = Q2+ E2: measurements (dots), NLO QCD calculations with = Q2 (dashed
lines) and with 2 = E- (dotted lines); the hatched bands display the total theiosst
uncertainty.
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Figure 8.2: Measured dierential cross sectionb=dEr, d=dMj, d=d ° and
d=dlogy, for dijet production withE¥z2 > 12 (8) Gevand 2 < £, < 15
(dots), in the kinematic range given pgos ,j < 0:65and125< Q2 < 5000 Ge\f.
Other details as in caption to gure 8.1.
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previous section, the suppression of the measured crosstises in the low- region

is related to the requirement of two high-energetic jets inhte nal state whereas
the decrease towards higher values of re ects the decrease of the parton density
functions in the high- region.

The predictions of the NLO calculation give a good descrigin of the data in all ve
Q? regions. The deviation between data and NLO is typically mucsmaller than the
sum of experimental and theoretical errors (0:62< < 0:68). The only exceptions
are the two lowest bins in the highestQ? region (2000< Q2 < 5000 Ge\#), where
the deviation is in the order of or even exceeds the totalem¢ =0:98and =1:10).

In the low- and mediumQ? region (125 < Q2 < 1000 GeV) the theoretical
uncertainty typically exceeds the experimental uncertaty (1:4 < iheo= exp < 3:0).
Exceptions are the highest regions where, due to the decreasing statistics, the
experimental error becomes the dominant source of uncergi. For higher values
of the photon virtuality (1000 < Q2 < 5000 Ge\f) the experimental error becomes
the dominant source of uncertainty. In this region, where té statistics is small, the
statistical error ranges between 8 16 %. The relative uncertainty related to that on
the jet energy scale is in the order of 10 % in the lowe§? region and is reduced to
about 3 % in the highestQ? region.

As can be seen in gure 8.4 the theoretical uncertainty is in Ila Q? regions
largest at small values of and decreases towards the high+egion. The gure also
shows that the theoretical uncertainty decreases with ineasing values of)?.

Figure 8.5 shows the contributions to the relative theoretal uncertainty in-
duced by the variation of the renormalisation scale, g, and by the uncertainties on
the proton PDFs. As can be seen the theoretical uncertaingeare in most regions
dominated by the contributions from the variation of the remrmalisation scale.
This scale uncertainty exhibits a strong dependence onand Q2. The uncertainty
decreases as and Q? increase. In contrast to this the contributions from the PDF
uncertainties are approximately constant and show almostandependence on or
Q?. At high values of the decreasing contributions related to the scale dependsn
and the constant contributions related to the PDF uncertaities are of the same size.
In some regions the PDF contribution becomes even dominantAs can bee seen
in gure 8.6 in these regions the fraction of gluon-inducedvents to the dijet cross
section is still in the order of 40 60 %. The double-di erential dijet cross sections
might thus have the potential to further constrain the gluonPDF in the high-
regions.
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Figure 8.3: Di erential cross sectiod =dlog,o for dijet production withj cos nj < 0:65,

EXEa > 12 (8) GevVand 2< £y, < 1L:5in dierent regions ofQ2. Other details as

in caption to gure 8.1.
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Q? bin d =dQ?

(GeVZ) (pb:GeVZ) stat syst ES CQED Chad
125-250 | 0:1183 0:0033 "G00k ooor7 || 0:96 [ 0:85
250-500 | 0:0589 0:.0018  *Q;3%55  *Q:09%2 || 0:94 | 0:91
500-1000| 0:02061 0:00074 *Goo0es oioooes | 0:93 | 0:92
1000-2000 0:00602 0:00028 *%:90018  +0:0001% || 0:91 || 0:95
2000-5000 0:001189  0:000075 *9;393083 +0:00002% | 0:96 | 0:96

Table 8.1: Dijet cross sectiord =dQ? for jets of hadrons in the Breit frame selected
with the longitudinally invariant kg cluster algorithm. The statistical, uncorrelated

systematic and jet-energy-scale (ES) uncertainties are ®hin separately. The mul-
tiplicative corrections applied to correct for QED radiatve e ects, Coep, and for

hadronisation e ects, Cyaq, are shown in the last two columns.

Xgj bin d =dx Bj
(pb) stat syt Es || Coep || Chad
0.0001-0.01] 1599 45 %, U1 095 || 0:86
0.01-0.02 | 1849 48 3L "R || 0:94 || 0:93
0.02-0.035| 647 24 Y% R 0:.92 || 0:92
0.035-0.07| 1417 7.5 Y49 220 0:.95 || 0:91
0.07-0.1 211 32 %3 93| 0:89 | 0:90

Table 8.2: Dijet cross sectiord =dxg; for jets of hadrons in the Breit frame selected
with the longitudinally invariant kt cluster algorithm. Other details as in the caption
to Table 8.1.

Et bin | d=dE+

(G eV) (pb/ G eV) stat syst ES CQED Chad
10-16 5:71 011 "G5 %58 || 0:94 | 0:90
16-22 1:935 0:.064 Q%86 Q081 | 0:94 | 0:90
22-30 | 0:361 0:.023 *Q923 O 1| 0:94 || 0:91
30-60 | 0:0371 0:0043 *§%7e *o:02t | 0:97 || 0:91

Table 8.3: Dijet cross sectiord =dE for jets of hadrons in the Breit frame selected
with the longitudinally invariant kt cluster algorithm. Other details as in the caption
to Table 8.1.
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ij bin d =dM i

(GeV) | (pb/GeV) stat syst ES Coep || Chad
Y

20-32 2:382 0:051 "Goaa oo || 0:95 | 0:91

32-45 1:134 0:.034 *9537 Q0% | 0.94 | 0:89

45-65 0:222 0:.012 *98%6 Q008 | 0:92 || 0:89

65-120| 0:0180 0:0021 *9:%017 +0:0013 1\ 0:97 || 0:94

Table 8.4: Dijet cross sectiord =dM j for jets of hadrons in the Breit frame selected

with the longitudinally invariant kt cluster algorithm. Other details as in the caption
to Table 8.1.

“bin [d=d °
(pb) stat syst es || Coep || Chad
0-0.1 879 34 53 B2 095 || 091
0.1-0.25| 870 28 4% 3% | 094 | 0:94
0.25-0.45| 685 21 43 3201 095 || 0:91
0.45-0.65| 427 1:6 ‘Y9 '35 | 094 | 0:87
0.65-1.60| 6:07 0:28 *%2% *O37 1l 0:91 || 0:86

Table 8.5: Dijet cross sectiord =d ° for jets of hadrons in the Breit frame selected

with the longitudinally invariant kt cluster algorithm. Other details as in the caption
to Table 8.1.

log,; bin | d =d log,
(pb) stat syst ES CQED Chad
{2-{15 22:22 0:78 Q77 I3TT0.95 [ 0:88
{15-{1.35 744 26 ‘38 32| 094 | 092
{1.35-{1.1 739 1.9 *32 34| 094 | 0:92
{1.1 - {0.85 310 1:3 ‘2 45| 094 | 0:87
{0.85 - {0.5 3:93 0:36 *%a8 0321 0:93 || 0:79

Table 8.6: Dijet cross sectior =d log,, for jets of hadrons in the Breit frame selected

with the longitudinally invariant kt cluster algorithm. Other details as in the caption
to Table 8.1.
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log,, bin | d=dlog,,
(pb) stat syst es | Coep | Chad
125< Q2 < 250 Ge\?
{2.00 - {1.50 9:17 0:48 +°9§j{83 092.22 0:.97 | 0:83
{1.50 - {1.35 250 14 *yg "7 | 0:95 || 0:89
{1.35 - {1.10 1974 0:93 *%3 LAl 095 || 0:86
{1.10 - {0.50 2:52 i 0:20 +%;18V2 *0:28 1 0:99 || 0:83
250< Q2 < 500 Ge
{2.00 - {1.50 8:65 0:49 ++°(l);g§ ++°(l);§l§ 0:94 [ 0:93
{1.50 - {1.30 234 1:2 42 L2 094 || 0:93
{1.30 - {1.00 16:18 0:83 *%:35 L1021 0:93 || 0:89
{1.00 - {0.50 1:77 . 0:21 +%§88\?+%§%? 0:94 || 0:88
500< Q%< 1000 Ge
{1.90 - {1.50 4:32 0:40 ‘lg(i)g goiz 0:94 [ 0:92
{1.50 - {1.20 17:50 0:88 *1%0 0721 0:94 || 0:94
{1.20 - {0.90 9:45 0:63 *%9 932 091 || 0:92
{0.90 - {0.60 1:48 . 0:26 %08 \;%582 0:98 || 0:86
1000< Q2 < 2000 Ge
{1.70 - {1.40 2:72 2 0:37 "0 00T 0.093 [ 0:94
{1.40 - {1.20| 1098 086 *122 022 094 | 0:98
{1.20 - {1.00 10:37 0:84 *%8 *Q28 1 0:92 || 0:96
{1.00 - {0.60 2:17 0:25 *%12 *0:06 1 0:85 || 0:89
2000< Q2 < 5000 GeV
{1.60 - {1.20 2:14 026 411 %0 [ 0:92 | 0:99
{1.20 - {1.00 8:28 0:80 *%:22 %1 1:00 || 0:96
{1.00 - {0.60 2:48 0:30 *%:16 +008 1 0:.93 || 0:94

Table 8.7: Dijet cross sectionsl =d log;, for jets of hadrons in the Breit frame
selected with the longitudinally invariant ky cluster algorithm in di erent regions of
Q?. Other details as in the caption to Table 8.1.
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Summary and outlook

Summary

Single- and double-di erential dijet cross sections have den measured in neutral
current deep inelastic electron-proton scattering at HERAThe data used for the
presented analysis were recorded with the ZEUS detector ime years 1998, 1999
and 2000 and correspond to an integrated luminosity of 81.7b . In this period
HERA delivered protons and leptons (electrons and positreh with energies of 920
and 27.52 GeV, respectively, resulting in a centre-of-massergy of 318 GeV. The
measurement is restricted to DIS events with a photon virtuity, Q?, between 125
and 5000 GeV. Due to the upper limit on the virtuality the exchange ofZ° bosons
is negligible. The phase space is de ned by an additional cain the polar angle of
the hadronic nal state, }, according tojcos j < 0:65.
After the selection of the inclusive DIS sample the reconsicted kinematics of the
electron and the hadronic nal state have been compared to éhpredictions of the
leading order Monte Carlo generators LEPTO and ARIADNE, whth utilise a parton-
shower algorithm and an implementation of the colour-dipelmodel for the simulation
of higher orders via the generation of parton cascades. Theape of the kinematic
variables is well described by both MC generators. Deviatig are typically smaller
than 5 %.
For the selected DIS events jets have been reconstructed lwihe inclusive kr cluster
algorithm in the Breit reference frame. The transverse jetrergies have been corrected
for losses in dead detector material using a standard rourbased on MC events for
which jets have been reconstructed on hadron and detectové. Events have been
selected for the nal dijet sample if at least two jets with eergies greater than 12 and
8 GeV have been reconstructed in the pseudorapidity range2 < gt < 1:5.
For the selected dijet events, di erential cross sectionsave been measured as func-
tions of the photon virtuality, Q?, the scaling variable, Bjorkenx, the mean transverse
jet energy, E1, the invariant dijet mass, M;; , the di erence in jet pseudorapidity,
0= j et e2j and the momentum fraction, . The cross sections as function of
have also been measured in di erent regions of the photon tuality.
The measured cross sections have been corrected for deteetects and QED-vertex
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corrections using the bin-by-bin method. The corrected css sections have been
compared to the predictions of a xed-order QCD calculationperformed with
DISENT. The QCD calculation is of orderO( 2), which for the observed processes is
the next-to-leading order (NLO). Before being compared tohte data, the NLO cross
sections have been corrected for non-perturbative hadreation e ects. For both
the acceptance and the hadronisation correction, sample$ BIS MC events with
reconstructed jets on parton, hadron and detector level havween used. For the QED
corrections, two MC samples with and without QED-vertex caections have been
used. As for the dijet events the description of the data hadewn to be better for
LEPTO than for ARIADNE, the acceptance and the QED correctims are based on
the predictions as obtained from the LEPTO event generatorfor the hadronisation
correction the correction factors obtained from ARIADNE ad LEPTO have been
combined.

The presented dijet analysis represents a very detailed te®f perturbative
QCD and QCD dynamics. The comparison of the data to the NLO QCpredictions,
calculated for a default renormalisation scale of3 = Q? + Eﬁ, shows a good
agreement in the order of 5 % for the single-di erential crassections and 5 10 %
for the double-di erential cross sections. As the renormadation scale is in most
regions dominated by theQ? contribution?, the predictions obtained for 2 = Q? also
provide a good description of the data. In contrast to the gabagreement achieved
for 2= Q%+ Eﬁ and 3 = Q?2, the predictions obtained for (the typically smaller
renormalisation scale) 2 = Eﬁ systematically overshoot the data by typically 10 %.

The uncertainties on the dijet cross sections are in most regs by far domi-
nated by the theoretical uncertainties which are (in case ahe double-di erential

cross sections) for all but the highes®? and regions dominated by the contributions
from missing higher orders as estimated by varying the renoalisation scale. This
clearly demonstrates the need for xed order QCD calculatits of orderO( 2) (or

higher) which for the observed dijet processes would be thexi-to-next-to-leading

order (NNLO). The systematic experimental uncertainty ism most regions dominated
by the jet-energy scale uncertainty which is assumed to be3)(% for high (low)

E+ jets. The resulting uncertainty on the measured cross seatis is typically in the

order of 5 % and increases to about 10 % for some regions of thietdohase space
(double-di erential cross sections).

1Q2 covers the range from 125< Q2 < 5000 GeV* whereasE is restricted to values smaller
than 60 GeV.

2The uncertainty related to the MC-based acceptance corredbn is another major source of sys-
tematic uncertainty. Within a ZEUS dijet analysis based on HERA |l data it has been shown that the
respective uncertainty can be by reduced by re-weighting tie MC samples. The re-weighting yields
a better description of the data and signi cantly reduces the di erence between the MC predictions
as obtained from ARIADNE and LEPTO [101].
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It has been shown that the cross sections measured in dietemegions of Q?
are sensitive to the gluon density of the proton. The gluomduced fraction of the
respective cross sections is in the order of 60 % for low anddnen values of the
photon virtuality and still about 30 40 % in the high<Q? region (Q? > 1000 Ge\}).
The precise measurements obtained here are therefore of tmadar relevance for
improving the determination of the gluon density in future NNNLO) QCD ts.

A rst signi cant measurement of double-di erential dijet cross sections based
on a data set of about 33 pb* was published by the H1 collaboration in 2001 [102].
It should be noted that the results of the presented dijet argsis, published in
2006 [3], are based on a much larger data sample. The statistivas increased by a
factor of almost 2.5 with respect to the 2001 measurement,sidting in a reduction
of the statistical uncertainty. Moreover the presented arlgsis provided the basis
for the latest results on dijet cross sections from the ZEUSollaboration [94] which
combined the presented HERA | cross sections with cross seas as obtained from
additional 128 pb ' of HERA Il data3. The single- and double-di erential dijet
cross sections, measured in this combined analysis, are mod agreement with the
NLO predictions. They are (over a wide kinematic range) alsdominated by the
theoretical uncertainties which get as large as 25 %. Due tbé large statistics used
for this analysis Lix 210 pb ') the statistical error of the data could be reduced
to about 2 10 %. A similar measurement by H1 (albeit for dijet distributons
normalised to the inclusive NC cross section) is using thelfHHERA 1+I1 statistics

of about 395 pb ! [103].

Outlook

Since the end of the HERA running in 2007, the experiments Hlnd ZEUS have
prepared for the nal analysis of all HERA (HERA | and HERA Il) data. There are
also ongoing e orts to combine (dijet) cross sections as abhed from the H1 and
ZEUS collaborations and in this way to make use of the maximuravailable HERA
statistics (Liitigra 1 fb '). The combination would not only yield a further
reduction of the statistical uncertainty but would, due to goss-calibration e ects,
also result in a signi cant reduction of systematic uncertenties like those related to

the absolute jet-energy scale.

Due to the good understanding of the detectors, including Ghration and en-
ergy scales, and due to the high statistics available, the oertainties of recent
HERA jet measurements are in most regions by far dominated bihe theoretical
uncertainties. Here, in most regions the contributions firm missing higher orders are
dominating and exceed the contributions from the uncertaires on the proton PDFs.
In order to make full use of the obtained experimental preden by including the

3The author of this thesis contributed to the analysis by cross-checking the obtained HERA Il
results.
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data in QCD ts and thus to be able to reduce the uncertainty onthe PDFs, it is
mandatory to provide (dijet) predictions in next-to-next-to-leading order (NNLO).

As stated before the correction of the predictions from the ND QCD calcula-
tion with factors obtained from LO Monte Carlo models is sontew inconsistent and
unsatisfactory. In the last few years NLO Monte Carlo genetars such asMC@NLO
have been developed. Unfortunately at present no such NLO M Carlo generator
exists for deep inelastic electron-proton scattering. Pacularly with regard to the

need for NNLO calculations the development of such NLO or aveNNLO generators
is mandatory.



Part I

Towards a measurement in HERA
1
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Chapter 10

HERA luminosity upgrade

In the years 2000 and 2001 HERA was upgraded from HERA | to HERA. The aim

of the upgrade was to increase the luminosity by a factor of 3-4n order to be able
to collect about 1 fb ! of data until the end of the HERA operation in 2007. The
luminosity upgrade was motivated by the expected increasa istatistical precision
that would allow more stringent tests of the electroweak anthe strong interaction
and by the enhanced sensitivity to rare processes like heagyark production, NC
and CC events in the very high@? region, and new phenomena beyond the Standard
Model.

As can be seen from equation 3.1, one way to increase the lupsity is to decrease
the spatial extension of the bunches which are related to the beam emittance,

and the amplitude function, , accordingto = "~ . It was concluded that the
most promising way to increase the luminosity was to reducén¢ -functions [104].
The reduction was achieved by a new design of the interactioegions which al-
lowed to place the lepton and proton low- quadrupoles closer to the interaction point.

The shutdown of HERA also allowed an upgrade of the ZEUS detec in or-
der to adapt it to the high-luminosity environment and to the HERA Il physics
programme. In order to enhance the tagging capabilities fahort-lived particles a
vertex detector based on silicon strip sensors, also refrto as silicon microvertex
detector (MVD), was installed inside the CTD. In the forward region, the ZEUS
detector was supplemented by a straw tube tracker (STT) whic replaced the
transition radiation detector (TRD). Additionally a new lu minosity (monitoring)
system consisting of three components (a photon calorimet@ photon spectrometer
and an electron tagger) was installed. The new luminosity stem had been designed
to cope with the higher rate of synchrotron radiation and Bete-Heitler events in the
HERA Il environment.

A brief description of the upgraded ZEUS interaction region the MVD, the
STT and the upgraded luminosity system is given in the folloimg.
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10.1 Upgraded interaction region

The upgraded interaction region [105] was designed to fatdte an early separation of
the electron and proton beams, close to the interaction pdilP), by using combined

(focussing + bending) function magnets that were installedghside the detector. This
allowed to move the proton nal focus magnets from 26m (at HER |) to 11m from

the interaction point, resulting in a reduced spot size of I2 30 m. The spot size of
the electrons was matched to the same values by reducing bpthe IP  -functions as
well as the beam emittance. The schematic layout of the upgited interaction region
is shown in gure 10.1. The focussing scheme was di erent fthe two beams. The

Figure 10.1: Top view schematic layout of the upgraded interaction reg20 , and
12 , beam envelopes are shown for electrons (dashed lines) atwhgi(solid lines),
respectively. Figure taken from [106].

electrons (or positrons) were focused by a triplet structer that consisted of three
single quadrupoles. On the left side the rst quadrupole wathe superconducting
GO, followed by the two normal conducting magnets Gl and GJ. ® the right side
the quadrupole component of the superconducting GG quadrofe was set to zero
and the triplet structure consisted of two Gls and one GG.

The protons were focused by a double doublet structure, i.éour lenses. Because of
the high beam energy each lens had to be made of several quadides. In total the
double doublet consisted of 13 magnets, most of them more th& m long. The rst
exclusive proton quadrupoles were two GMs, which were desggl as half quadrupoles
with mirror plates in order to allow a close passage of the eteon beam.
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10.2 Microvertex detector (MVD)

The ZEUS microvertex detector was designed in order to enhea the tracking
capabilities of the ZEUS experiment. The aim was to provide detector with the
capability of tagging heavy quarks and other short-lived pdicles by identifying
secondary vertices and to improve the e ciency, acceptancand resolution of the
ZEUS tracking system. The MVD was subdivided into the barrebnd the forward
MVD (BMVD and FMVD). The barrel part of the detector was a 63 cm long
cylinder placed inside the CTD, with silicon sensors arramgl around the elliptical
beam pipe. The forward part consisted of four circular shagedisks, each consisting
of two sensor layers. For both the BMVD and the FMVD, singleided silicon strip
detectors with a readout pitch of 120 m were used. In total the MVD contained
over 200,000 channels and:2 n? of silicon. The single-hit resolution of the BMVD
was 25 m and the impact-parameter resolution of the BMVD+CTD systen for high
momentum tracks was 100 m.

Figure 10.2a shows the layout of the silicon sensors in the rbel MVD (xy-
view). The sensors were arranged like roof tiles along threencentric cylindric layers

a) b)

Figure 10.2:a) Cross section of the barrel MVD. The silicon strip serm@srranged like
roof tiles along three concentric cylindric layers arolnedteam pipe. b) Wheel geometry
of the forward MVD.

around the beam pipe. The innermost layer provided a coveragf only about 75 %
in azimuth angle. Figure 10.2b displays the wheel geometry the forward MVD.

The MVD consisted of four wheels arranged perpendicular tdhé¢ beam axis. The
forward section extended the angular coverage of the MVD dowto 7 from the

beam line.
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10.3 Straw tube tracker (STT)

During the HERA | running period the forward tracking detector (FDET) of ZEUS
comprised three planar tracking chambers (FTD) and four trasition radiation
chambers (TRD). The four TRD modules, used for the electrordenti cation, were
accommodated inside the two gaps between the FTD chamberseé¢s gure 3.3).
Within the upgrade of ZEUS, the forward tracker was supplenmed with a straw
tube tracker (STT) which replaced the TRD, covering the psedorapidity range from
15< < 3(B5 < < 25). The STT had been designed in order to improve
the track nding and reconstruction capabilities in the foward region of the ZEUS
detector.

The STT consisted of straw drift tube layers grouped into séors of trape-
zoidal shape (wedges). lz-direction the sectors were grouped into four super-layers
The super-layers were located inside the two gaps betweeretRTD chambers. Two
layers were placed inside each of the gaps, respectively. eTtour super layers were
rotated by 15 with respect to each other. Each super-layer contained twolgnes
rotated by 30 with respect to each other, each plane comprising six secsoctovering
the full azimuthal angle. Each sector consisted of three lays of straw tubes along
the z-direction. Depending on thez-position the wedges contained 196-280 straw
tubes with an outer diameter of 8 mm. In total the STT comprisd 11616 straw
tubes grouped into 48 wedges.

Figure 10.3 displays the design of the super-layers and theongplete straw
tube tracker. In gure 10.4 the cell design of the STT is compad to that of the

FTD. In contrast to the FTD, the cell size of the STT decreasedvith decreasing
radius. The STT design thus avoided the draw-back of large Itsizes in a region with
high track multiplicity, which leads to high cell occupances. The gained improvement
in the tracking e ciency at small radii was of vital importan ce for the analysis of
high-Q? events, where the track multiplicity was typically high in the very forward

region.

10.4 Upgraded luminosity system

Due to the strong focusing required to increase the lumindgiand due to the early
separation of the two beams, the rate of synchrotron radiain at HERA Il increased
by a factor of almost 7 compared to that at HERA |. Furthermore as a direct
consequence of the increasing luminosity, the rate of Betlteitler (BH) events, used
for the luminosity measurement, increased by a factor of 4-3nsu cient shielding
of both synchrotron radiation and photons from BH events wdd lead to signi cant
radiation damage in most scintillator-based calorimetersThe high rate of BH events
also leads to a higher number of-pile up events. The upgradedninosity system had
been designed to cope with these diculties. It comprised ttee sub-components:
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b)

Figure 10.3:a) Layout of an STT super-layeky view). Each super-layer comprised six
sectors covering the full azimuthal angle. b) Sketch of thmpete straw tube tracker.
The STT consisted of four super-layers. Always two supyerdawere placed together
in one of the gaps between the FTD chambers. Each superdapésined two planes
rotated by 30 with respect to each other. The super-layers were rotated 3oywith
respect to each other.

Figure 10.4: Comparison between the FTD and the STT design. In contrated=TD
the cell size of the STT decreased with decreasing radius désign avoids the draw-
back of large cell sizes in a region with high track multtplievhich leads to high cell
occupancies.
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Figure 10.5: Design of the upgraded ZEUS luminosity system. The systenpresed
three sub-components: The 6m (electron) tagger (blue),pheton spectrometer (green)
and the photon calorimeter (bluish green).

the photon calorimeter, the photon spectrometer and the 6magger. While the
photon calorimeter and the photon spectrometer were both iised for the luminosity
measurement, the 6m tagger was primarily used for the energglibration and the
acceptance determination of the other two components. Witthe upgraded system,
the luminosity at HERA 1l could be measured with an accuracy ©2:5 %. The
luminosities determined with the photon calorimeter and tk photon spectrometer
agreed with each other typically within 1 % [107].

The positions of the photon calorimeter, the photon spectroeter and the 6m
tagger are indicated in gure 10.5. A brief description of tk three components is
given in the following. A more detailed description can be tod in [108].

Photon calorimeter: The photon calorimeter was a lead/scintillator sand-
wich calorimeter with a depth of 24X, and a surface of 20 20 cn?. A position
detector , consisting of 16 vertical and 14 horizontal sciiltator ngers of dimension
150 1.0 0:3cnfand 180 1.0 0:3cn?, was inserted at 4X,. In order to screen
the detector from the high ux of synchrotron radiation, the calorimeter was preceded
by an active lter. The lter consisted of two 2 X, blocks of carbon absorber each
followed by a slab of aerogel acting as Cerenkov counter thateasured a signal
proportional to the energy deposits in the lters. The energ can be reconstructed
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from the energy deposit in the calorimeterE.,, and the number of photo-electrons
measured by the two Cerenkov counters\l; and N,, according to
Eggrr = CyEca + CiIN1 + G&Ny; (101)
where ¢; and ¢, are constants determined from MC simulations. A MC study
showed that using the reconstrucﬁic[] method described abmvthe energy resolution
can be inEpE)ved from 90 %= E (photon calorimeter + carbon absorber) to
25 %= E (photon calorimeter + active Iter), which p'sﬂould be compared
to the intrinsic resolution of the calorimeter of 15 %= E [108]. To deter-
mine the luminosity with the photon calorimeter the rate of B4 events (photons)
was measured by counting the hits with an energy deposit ab®a certain threshold.

Photon spectrometer: The photon spectrometer [109, 110] had been de-
signed in order to measure the approximately 10 % of Bremsaliungs photons
which converted to e"e pairs when traversing the beam pipe window at about
92 m from the interaction point. According to the design of te measurement the
problems of pile-up events and radiation damage due to Brestgmhlung became
almost negligible. The spectrometer comprised a 60 cm longpdle magnet with
a typical eld strength of By 0:5 T (used to seperate thee"e pairs) and two
tungsten/scintillator sandwich calorimeters that were usd to measure th% energies
and positions of the separated leptons with resolutions ofbaut 17 %= E and

< 1 mm, respectively. The passive layers of the calorimetersntained 26 plates of
3.5 mm thick tungsten alloy corresponding to 24 electromagtic radiation lengths
(24 Xo). The active elements consisted of scintillating ngers, leernating after
each plate in thex and y direction, each nger 79 mm wide and 26 mm thick.
The calorimeters had dimensions of 128 120 1586 mm® (lower calorimeter) and
128 88 1586 mm?® (upper calorimeter) and were placed 9.8 m downstream of the
exit window. In order to diminish the exposition to synchroton radiation, they were
positioned o the xz-plane. The luminosity was determined by measuring coinat
energy deposits of similar size (in energy) in the two calonieters.

6m (electron) tagger: The 6m tagger was a small tungsten/scintillator spaghetti
calorimeter located at about 6m from the interaction point m the rear region of the
ZEUS detector. The tagger had been designed in order to meesuhe electrons
from Bethe-Heitler processes. It was primarily used to crescalibrate the two other
luminosity components and to determine their acceptance. M#in the measurement
of the longitudinal structure function, F_, the tagger was also used to determine
the photoproduction background to that measurement. A detied description of
the tagger including the design of the dedicated 6m taggerigger, the position and
energy reconstruction, the calibration procedure and the amitoring of the radiation
damage is given in the next chapter.

LFor the luminosity measurement the uncorrected energy depsit in the cal, Ec,, was used.






Chapter 11

ZEUS 6m tagger

11.1 Design

The 6m tagger was a sampling calorimeter with 'spaghettide’ structure with tung-
sten alloy (DENSIMET with a nominal composition of 905 % W, 7 % Ni, 25 %
Cu [111]) as absorber and organic scintillator ( bres of typ SCSF-38M) as active
material. The tagger had a dimensionok y z=84 234 100 mn?¥. It con-
sisted of 84 absorber plates (stacked i), each with a dimension of 1 234 100 mn.
In order to accommodate the scintillating bres, half-cylndrical grooves with a di-
ameter of 0.56 mm were milled into the plates (22 on one and 28 the other side).
In total the tagger contained 1890 bres. The bres had a lenth of 1.5 m and a
diameter of 0.5 mm. The part of the bres not contained insidghe tungsten body
of the tagger was used to guide the produced light to one of th® photomultipliers
(PMTSs) of type Hamamatsu R7400U-03, which each read out thegmals of 27 bres.
In this way the tagger was divided into a matrix-like structue of 5 14 cells, each
with a dimension of 6 4:68 mn? (see gure 11.1).

a) b)

y (mm)

84 mm

11.7 +

0+ 23.4 mm

-11.7 +

06 84 x (mm)

Figure 11.1: Sketch of the 6m taggexy view) and de nition of the 6m tagger coordinate
system. The tagger was divided into a matrix-like strucaff® 14 cells, each with a
dimension o6 4:68 mn¥. Each cell contained 27 scintillating bres.

135
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Figure 11.2: Sketch of the 6m taggery¢ view). The tagger had a dimension of
84 234 100 mn?. It contained 1890 scintillating bres with a diameter @ mm.
The bres had a total length of 1.5 m. The part of the bres navrtained inside the
tagger was used to guide the produced light to the 70 phottphiets which each read
out the signals of 27 bres. The front surface of the tagges wavered by a lead and a
steel plate with thicknesses of 3.3 mm and 3 mm, respectively

In order to protect the tagger from scattered synchrotron rdiation, its front surface
was covered by a lead and a steel plate with thicknesses of 3n and 3 mm,
respectively. The design of the tagger is shown in gures 1I1(xy view) and 11.2 {z
view). The 6m tagger coordinate system is de ned in gure 11.

The 6m tagger was located inside the HERA quadrupole magnet IG5 (see
gure 11.3). Its front surface was situated atz = 5:512 m (given in the ZEUS
coordinate system). The distance from the left side of the ¢mer to the nominal
electron (positron) beam orbit was 64.5 mm (68.8 mm). Vertally the tagger was
approximately centred with respect to the beam. In this wayticovered they range
from -11.7 to 11.7 mm.

Figure 11.3: Position of the 6m tagger inside the quadrupole magnet GiRbe ZEUS
reference frame. Figure taken from [112].
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e (7 Gev)
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Figure 11.4: a) The bending power of the magnetic dipole eld in front oé ttagger
was such that electrons with energies of abéut 7 GeV hit the tagger. The impact
position on the tagger was correlated to the energy of thielémt electron. b) Depending
on their energy the electrons hit the tagger with inciderglas of abou8 7 degw.r.t.
the normal in thexz plane. Figures taken from [112].

The bending power of the magnetic dipole eld in front of the &gger was such that
electrons with energies of about 4 7 GeV [112], which were produced with small
opening angles at the ZEUS interaction point, were de ectedut of the nominal
beam orbit and hit the tagger (see gure 11.4). The impact pagon on the tagger
was correlated to the energy of the incident electron. With etreasing energy
the electrons were bent more strongly and thus hit the taggeat the right side
corresponding to largerx values (in the coordinate system of the tagger). Depending
on their energy the electrons hit the tagger with incident agles of about 3 7 w.r.t.
the normal in the xz plane (see gure 11.4b).

The main properties of the 6m tagger are given in table 11.1. hEé radiation
length of the tagger (mixture of absorber and bres),X &9, has been calculated

according to [113]

| abs jact 1

X9 = (11.1)

where! @s@) and X 3% are the weight fractions and the radiation lengths of the
tungsten absorber (the active scintillator material). Theweight fractions have been
determined according to the geometry of the tagger. The Meie radius of the tagger
RYY has been calculated according to [113]

1
| absg abs | actEact' 1
: c : c

800 MeV
+ .
X c:;1bs X gct

Z+1:2°

RYY = E with E¢= (11.2)
where Eg = 21:21 MeV and E. are the scaling energy and the critical energy, re-
spectively. The atomic numbers of the absorber and the sciltator have been ap-
proximated by the atomic number of tungsten Zy = 74) and carbon ¢ = 6),

respectively.
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Dimension of the tagger (tungsten body)

84 234 100mn? (x y 2)

Width of the front lead plate

diead =3:3 mm

Width of the front steel plate

dstee| = 3 0 mm

Absorber

Dimension of the plates

Number and diameter of the grooves
Density, absorption length, Molere radius

84 plates of tungsten alloy (DENSIMET)
1 234 100mm? (x y 2)
Ngroove =22=23, d=0:56 mm
=17:0 Z5; Xo=3:5mm; Ry =6:977 mm

Active material
Diameter, length

1890 bres of organic scintillator (type SCSF-38M )
d=05mm, I 15m

Emission peak, decay time, att. length X =428 nm, tg=2:3ns, > 3m

Density, absorption length, Molere radius =1:032%; Xo=424mm; Ry =80:919 mm
Mixture (absorber + scintillator)

Density, absorption length, Molere radius =13:169 Cm%; Xo=3:569 mm Ry =7:104 mm

Photomultiplier

Hamamatsu, type R7400U-03

Table 11.1: Main properties of the 6m tagger, the absorber, the activeéerred and
the photomultipliers. The radiation length of tungsteXq(= 3:5 mm) is used as a
approximation for the radiation length of the densimet aben

11.2 6m-tagger trigger

The 6m tagger was used to determine the photoproduction bagtound to the mea-
surement of the longitudinal structure function of the proon, F. [114]. For this
measurement a dedicated 6m tagger rst-level trigger was deloped. The aim of the
trigger was to select with high e ciency and purity those evats, where an electron
candidate was found in the tagger.

Trigger design

A ducial volume was de ned such that it contained all cells &cluding those located
within the rst and last column and row of the 6m tagger. For the cells contained
within the ducial volume, the mean values and the widths of he pedestalsPed and
Ped “were determined by tting Gauss functions to the signal disibutions (given

in ADC counts) recorded during empty bunch crossings. Figar11.5 shows as an
example the pedestal distributions for di erent channels sobtained from run 57050.
As can be seen the distributions are well described by the Gssian ts. For every
channel an individual threshold was then de ned accordingot

Ti(n) = Ped+n ™ n20,1,23::: ; (11.3)
where n is a parameter that was tuned in order to optimise the e cieng-to-noise
ratio. For the nal trigger design it was set to n=8. An event was selected by the
trigger if at least one cell within the ducial volume had a sgnal above its threshold.
In order to guarantee a stable performance of the trigger theedestals were carefully
monitored and the thresholds were adjusted if necessary. A&w set of thresholds was
implemented whenever the pedestals had changed such, that &t least one channel
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Figure 11.5: Pedestal distributions for di erent channels of the 6m taggecorded during
empty bunch crossings. The distributions are obtained froam57050. In order to
determine the mean values and the widths of the pede&adsand "¢, the distributions
are tted with Gauss functions.

within the ducial volume the threshold calculated from eqguation 11.3 di ered by
more than 4 ADC counts from the one used.

Trigger e ciency

The e ciency of the trigger is determined using data from run57040. The event
sample contains all kinds of physics events and backgrounddathus events with and
without an electron in the tagger. In order to select those ents where an electron
hits the tagger the following selection cuts are applied:

electron energy: The reconstructed energy of the electron candidate (see sec
tions 11.3 and 11.4) has to be within the range of 4 to 11 GeV @ E 536 <
11 GeV);
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Figure 11.6: a) Distribution of the reconstructed enery.qs, b) fraction of the recon-
structed energy contained within the hottest cell as a fiamcof E,46, reconstructed
energy as a function of the reconstructed positigys. The applied cuts are indicated
by the dashed lines.

shower shape: The fraction of the measured energy deposited
in the hottest cell has to exceed a certain energy-dependentalue
(Ehot=Etags > 0:2 +exp( 7 2'5%\36). This empirically derived cut is used to
separate events with well-con ned electromagnetic showefrom events with a
smeared-out shower pro le. The ratioEn.=Eags IS determined using calibrated
energies;

X position:  The reconstructedx position (see section 11.3) has to be within
the range of 6< X g6 < 76 mm. This cut removes events where the electron
hits the tagger at the edges and where the shower is not conely contained
within the tagger, thus leading to a bad reconstruction of tk electron energy.

Figure 11.6 shows the distributions of the reconstructed ergy, E,4s, the fraction
Enot=Etags @s a function of E,g6, and the energyE4 as a function of the recon-
structed x position, Xgs. The applied cuts are indicated by the dashed lines.

According to the selection criteria the data sample is divied into events with
and without an electron candidate in the tagger, that is eveas that should and
should not be selected by the 6m-tagger trigger. The e cienc of the trigger is
de ned as the fraction of selected events (events with an ekeon candidate in the
tagger) that pass the (simulated) trigger:

N trigger && selection
e = ; (11.4)

N selection

The noise is de ned as the fraction of events without an elecin candidate in the
tagger (rejected events) that pass the trigger:

N trigger && selection

noise = (11.5)

N selection

Figure 11.7 shows the e ciencies versus noise values for drent values of the pa-
rameter n, that is di erent sets of thresholds, T;(n) (see equation 11.3). For the nal
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Figure 11.7: E ciency and noise of the 6m-tagger trigger for di erent uak of the
parametern corresponding to di erent sets of thresholdgn). For the nal trigger
design the thresholds were set Tqn) = Ped +8 9. The corresponding value is
indicated by the circle.

trigger design n was set tan = 8. The corresponding (noise,e ) value is indicated
by the circle. The e ciency for the nal trigger design is 999 %, while the noise is
reduced to 51 %. Figure 11.8 shows the e ciency as a function of the recamacted
horizontal position, Xags -
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Figure 11.8: E ciency of the 6m-tagger trigger as a function of the rectiaosted hori-
zontal positionXige. Within the ducial volume the e ciency is almost00 %
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11.3 Position and energy reconstruction

An electron that hit the 6m tagger produced an electromagnet shower. Since the
Molere radius of the tagger R 7 mm) was in the order of the cell size (6
4:68 mn¥), most energy was deposited in just a few cells around the ster maximum.
Most of the cells thus only contain noise. In order to optimes the signal-to-noise
ratio it is thus convenient to de ne a reconstruction volume Ve, Which contains
(almost) all the energy of the electromagnetic shower and &t the same time as
small as possible. For the reconstruction of both the energnd the position of the
electromagnetic shower the reconstruction volume is de desuch that it contains
those 3 3 cells centred around the hottest cell, that is the cell withthe largest
(calibrated) energy deposit. A simulation showed that abadu90 % of the shower
energy are contained within this 3 3 volume [115]. If the hottest cell is located at
the edges of the tagger and the reconstruction volume thus @eds the tagger, the
reconstruction volume is reduced to those cells containedtiin the tagger [112] (see
gure 11.9).

Figure 11.9: Reconstruction volume of the 6m tagger. The volume conthiose3 3
cells centred around the hottest cell. If the reconstructrolume exceeds the volume of
the 6m tagger, it is reduced to those cells contained withentagger.

The energy of the electromagnetic shower is reconstructearn the cells within the
reconstruction volume by summing up their calibrated sigria (energies) according to

X
Eagse = E;: (11.6)

Vrec

The position of the electromagnetic shower is reconstructdrom the energy-weighted
cell positions according to

P P

Xiags = P2 —— and Yiags = —P% (11.7)
Vrec | Vrec [

where x; and y; are the coordinates of the centre of cell given in the coordinate
system of the tagger andg; is its calibrated signal (energy). The sum takes into
account all cells within the reconstruction volume. The oldined position is corrected
for non-linearities by applying a polynomial correction [15].
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11.4 Calibration

As described before, the signals of the 27 scintillating l@s contained within one
cell were read out by one of the 70 photomultipliers. The sigis of the PMTs were
converted into ADC counts, A;, by analogue-to-digital converters. The ADC counts
are converted into energied;;, by subtracting the mean pedestalPed (given in ADC

counts), and multiplying a conversion factorcs¢ = 0:0157875,55¢%—:

Ei = %A, Ped): (11.8)

The mean pedestal values are determined from Gauss functsorted to the signal

distributions recorded during empty bunch crossings. Pedtals are determined for
all runs with more than 15,000 Third-Level-Trigger events. For smaller runs the
pedestals obtained from the closest run with more than 15,00Third-Level-Trigger

events are used.

In order to obtain calibrated cell energies, four dierent sts of multiplicative

calibration constants are applied: A rst set of calibration constants is obtained from
test beam measurements [116]. The set consists of 70 di erealibration constants,

one for each cell.

A second set of calibration constants [117] is obtained ugirBethe-Heitler events in
which both the photon and the electron are detected by the spgometer and the 6m
tagger, respectively (coincidence between spectrometendaém tagger). The basic
assumption is that the sum of the electron energy measuredthlithe 6m tagger,
Eiags, and the photon energy measured with the spectrometeEg,ec, has to be equal
to the lepton beam energy Ee,

Ee = Eta96+ Espec: (11-9)

This assumption is used to determine a set of 14 calibratioroestants, one for every
column of the tagger. Calibration constants are obtained foeach run with more
than 15,000 Third-Level-Trigger events. For smaller runshie calibration constants of
the closest run for which constants have been determined awsed. This calibration
is optimised for a reconstruction volume of 5 5 cells.

The nal calibration procedure [112] is again based on BetHdeitler events.

The procedure is separated into a vertical and a horizontalatbration. The

vertical calibration procedure utilises the expected trasverse shower pro le of the
electromagnetic showers in the tagger to obtain a consisterelative calibration of

the cells within one column. The procedure introduces one ldaation constant per

cell. The nal horizontal calibration procedure is again baed on the assumption
given by equation 11.9. The calibration is used to optimisehe calibration for a
reduced reconstruction volume of 3 3 cells. The horizontal calibration procedure
introduces one calibration constant per column.
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11.5 Radiation damage and Cobalt scans

As the 6m tagger was located very close to the beam pipe (seaurg 11.3), it was
exposed to a high rate of scattered synchrotron radiatioh.In addition, due to the

high HERA 1l luminosity, it was exposed to a high rate of BetheHeitler electrons.
In irradiated scintillators absorption centres are creatg that cause a reduction of
the attenuation length, resulting in a reduction of the respnse signal. A simple
model used to simulate the described e ects is presented iaction 11.5.1. In order
to monitor the radiation damage a series of 12 Cobalt scans svperformed from
December 2003 to July 2007. At each scan the response of thgger to a Cobalt-60
(5°Co) source of known activity was recorded. A fraction of theecorded data has
been presented in [118] and [117]. This is, however, the reme that the complete

data set is presented (section 11.5.2).

11.5.1 Simulation of the radiation damage

A high-energy electron hitting an absorber produces an eteemagnetic shower. The
longitudinal shower pro le can be parametrised accordingot[113]

(bt a 1e bt
(a)

wheredE=dt is the energy loss per length in units of the radiation lengtkt = x=xo),

Eo is the energy of the incoming electron and and b are parameters that depend on

the material of the absorber. The two parameters are relatet each other according
to

?j_lf(t) = Egb (11.10)

a = 1+b In E 05 ; (11.11)
Ec
where E. is the critical energy that is de ned as the energy at which th energy loss
due to Bremsstrahlung is equal to the energy loss due to ioatsn.

Due to the radiation, absorption centres are created insidehe scintillating bres
resulting in a decrease of the attenuation length,. The number of absorption centres
created within an interval [t;t + dt], Nas(t)dt, is proportional to the total ux of
incoming electrons, , and to the energy deposition within his interval, dE:

Nas(t; ) dt = dE: (11.12)

is a parameter that depends on the material of the scintillamg bre. The atten-
uation length, , is related to the number of absorption centres created with the
interval [t;t + dt] according to [118]

t) = 0 __ - SR, (11.13)
1+ Nab,il(otr) 1+ 0 d_'%

!Since the 6m tagger was located at the inside of the HERA ringtiwas not exposed to direct
synchrotron radiation.
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where Ng and ( are the intrinsic number of absorption centres and the intrisic
attenuation length of the bres before irradiation. Due to the nite attenuation length
the signal strength of light traversing a scintillating bre is reduced. The reduction
of the signal strength per intervaldL=dt is given according to

dl _ X, .
da — (t)

(11.14)

Equations 11.10-11.14 have been used to simulate the resp®mrof the 6m tagger
to the radiation of the Cobalt source as a function of the lontudinal position
of the source. For the simulation the parameter b has been sév 0.5 and
the critical energy, E., has been calculated for the tungsten absorber (Z=74)
according to E. = 800 MeV=(Z + 1:2). The radiation length has been set
to Xo = 3:5 mm and the intrinsic attenuation length of the bres has bee
set to o = 3:5 m. Simulations have been performed for electron uxes of
% =100 ;200 50Q 100Q 2000 5000 1000020000 and 5000@.% .

Figure 11.10a shows the longitudinal pro le,dE=dt, of an electromagnetic shower
in tungsten induced by a 5 GeV electron. Figure 11.10b showi®r di erent values
of the electron ux , the resulting attenuation lengths of t he scintillating bres
as functions of the longitudinal position within the tagger The attenuation length
decreases with increasing values of the electron ux. Figeil1.11 shows the simulated
signal strengths as functions of the longitudinal positiorof the ®°Co source. At
z = 100 mm the signal strengths are set to one. This boundary cdition corresponds
to a readout directly at the rear end of the tagger. Losses wiin the bres outside
the tagger are not incorporated in the simulation.

Time dependence of the signal
At a given position, t° the attenuation length only depends on the electron ux

( = ()) and the solution of equation 11.14 is given according to
| |
X X dE
L = Loexp 22t =Lgexp 22 1+ © o {0 - (11.15)
0

Assuming a constant mean rate of electrons hitting the taggeR., the total electron
ux is related to the time, , accordingto = R, and the time dependence of the
signal strength at a given position can be parametrised by axponential function,

L() / exp( C): (11.16)

Although the rate of electrons hitting the tagger was, at tine scales in the order of
hours and days, at HERA strongly uctuating, at larger scales (within the order of

months) the assumption of a constant mean rate seems to be asenable approxi-
mation.
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Figure 11.10: a) Longitudinal shower proledE=dt of an electromagnetic
shower in tungsten induced by a 5 GeV electron. b) Resultitignua-
tion lengths of the scintillating bres as functions of thengitudinal posi-
tion within the tagger. The dierent curves correspond toeatfon uxes of
=100 ; 200 50Q 100Q 200Q 500Q 10000 20000 and 5000@1-. The attenua-
tion length decreases with increasing values of the efeatro
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Figure 11.11:Simulated signal strengths as functions of longitudinaitjpm of the®Co
source. Atz = 100 mm the signal strengths are set to one. This boundary condttiore-
sponds to a readout directly at the rear end of the taggerséssvithin the bres outside
the tagger are not incorporated in the simulation. The deetrlines correspond to electron
uxes of © =100 ; 200 50Q 100Q 200Q 500Q 10000 20000 and 50001 .
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11.5.2 Cobalt scans

In order to monitor the radiation damage, 12 Cobalt scans werperformed from
December 2003 to July 2007. During each scan the response athechannel to
the irradiation with a %°Co source was recorded as a function of the longitudinat)(
position of the source.®°Co decays via beta decay into the stable isoto§&Ni emitting

one electron of 316 keV and two photons of 1.17 and 1.33 MeVspectively. The half
life time of ®°Co is 5.271 years. The dates of the scans as well as the coroesjing
activity of the utilised Cobalt source are given in table 1P.

scan date t | ®9Co activity
number | (dd.mm.yyyy) | (days) (MBQq)
0 04.12.2003 (-63) 47.91
1 05.02.2004 0 46.83
2 06.05.2004 91 45.32
3 03.06.2004 119 44.87
4 16.08.2004 193 43.69
5 05.01.2005 335 41.51
6 13.04.2005 433 40.07
7 07.12.2005 671 36.78
8 02.05.2006 817 34.89
9 06.09.2006 944 33.33
10 06.12.2006 1035 32.26
11 02.07.2007 1243 29.93

Table 11.2: Number of the scan, date of the scan, time di erence to scanbwr 1, and
activity of the®Co source at the date of the scan.

In order to be able to locate the source at a well de ned and repducible position,
10 guiding tubes were permanently mounted on the surface dfet tagger along thez
direction (parallel to the bres). The positions of the guidng tubes named topl-top5
and botl-bot5 are indicated in gure 11.12. The gure also sbws the cell-tube
assignment which de nes which tube was used to monitor whiatell. An alternative
cell-tube assignment used to estimate the related systenmatuncertainty is also
shown. During the scans the source, which was mounted on the bf a small wire,
was moved inside the guiding tubes using a stepping motor. this way the response
of the channels to the®®Co source could be recorded as a function of the longitudinal
z position of the source. For the scans the outputs of the phatwltipliers were
connected to the ADC cards of a portable computer which was &g to record the
response signals. For every scan pedestal values were takéhout cobalt irradiation
in order to be subtracted from the signals recorded during ehscan.

Figure 11.13 shows the signals recorded for channels 2.0céied close to the
beam pipe) and 2.6 (located in the middle of the tagger). Thegsition of the cells is
indicated in gure 11.12. The 11 curves correspond to the 1tans taken into account
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Figure 11.12:Sketch of the 6m tagger surfacry(view), numbering scheme of the cells
and position of the guiding tubes. The cell-tube assignnseindicated by the black bold

line. An alternative assignment used to determine the @dlaystematic uncertainty is

indicated by the dashed lines. The beam pipe is indicateebgrbssed circle on the left

side of the tagger.

for this analysis? The signal, corrected for the decreasing activity of the’Co source
and for the pedestal, monotonously decreases from the rsbtthe last scan. The
individual curves show a characteristic behaviour: A stragrise in the range from 0
to 20 mm followed by a smooth, almost linear increase betwe@@ and 90 mm. For
positions larger than 90 mm the slope starts to rise again. Bhobserved behaviour
is not only related to the position-dependent attenuationdngth, but also depends
on purely geometrical e ects: If the source is placed at thednt edge of the tagger
(z = 0 mm), the tagger only covers a quarter of the solid angle ohe (isotropically)

emitted radiation. As the source is moved towards largezx values, more and more
radiation hits the tagger leading to a strong increase of theignal. For positions inside
the tagger (20 to 90 mm) half of the solid angle of the emittedadiation is covered by
the tagger. The slow increase of the signal in this range islated to the decreasing
distance the produced light has to cover inside the bres. T slope of the curve
within this range depends on the (position-dependent) atteiation length. At the rear

end of the tagger £¢> 90 mm), some fraction of the radiation hits the unprotected -

bres outside the tungsten body of the tagger, leading to a sing increase of the signal.

In order to correct the data for the purely geometrical e ec$¢ described above,
the signals of the scans are normalised to the rst scan. Figel 11.14 shows the
normalised signals for channels 2.0 and 2.6. The curves agexhibit a characteristic

behaviour: An almost at tail in the z range from 0 to 20 mm followed by an
almost linear increase towards larger values. This characteristic behaviour is well
reproduced by the simulation as described in section 11.54ee gure 11.11). The
main di erence between the simulated and the recorded sighes the signal strength

2The analysis of the data from the rst scan (scan number 0) revealed a number of dead channels
that were repaired after the scan [117]. For the presented aalysis, the data of the rst scan are not
taken into account.
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Figure 11.13: Signal strength as a function of the longitudinal positidrthe Cobalt
source for channels 2.0 (located near the beam pipe) andidétéd in the centre of
the tagger). The signals are corrected for the decreaseeoédtivity of the®°Co source.
The lines correspond to the 11 scans taken into account fier ahalysis. The signal
decreases from the rst to the eleventh scan.
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Figure 11.14: Relative signal strength as a function of the longitudinadijoon of the
Cobalt source for channels 2.0 (located near the beam pie2#® (located in the centre
of the tagger). The signals are corrected for the decreaseeddctivity of the®°Co source
and are normalised to the signal of the rst scan. The lingsespond to the 11 scans
taken into account for this analysis. The signal decreases the rst to the eleventh
scan. The decrease of the signal is more pronounced for eh2rih) located near the
beam pipe.

at the rear end of the tagger £ = 100 mm). While it is set to one within the
simulation, the signals recorded az = 100 mm exhibit a decrease which is related to
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Figure 11.15: Relative signalR!") versus time for bres inside the tagger for channels
2.0 (left plot) and 2.6 (right plot). Measured values areitaded by black dots. The data
of the rst seven scans were tted by exponential functiosslifl line) to extrapolate to
the last day of the HERA operation in June 2007. The error enttis indicated by the
dashed lines. The value predicted for J@i& 2007 is indicated by the horizontal solid
line. The systematic uncertainty related to the cell-tulssignment is indicated by the
horizontal dashed lines.

the radiation damage of the bres outside the 6m tagger, whithas not been taken
into account in the simulation.

In order to disentangle the reduction of the signal due to theadiation dam-
age of the bres inside the tagger from that due to the damagef ¢the bres outside
the tagger, for each scani, two quantities, R" and R®", are de ned according to

. glomm ' (S )
RI' = —omt and R = oo, (L)
59022 L ( lOOmm)l

where S, is the signal atz = 10;90 or 100 mm and the relative signal strengthR™
(R, is a measure for the radiation damage of the bres inside (tside) the tagger.

Figures 11.15 and 11.16 show th&®™ and R°“ values obtained for channels
2.0 and 2.6 as a function of time. The values obtained from thest seven scans
were tted by exponential functions in order to get an estimé for the relative signal

strengths at the end of the HERA life time. The values predi@d for the last day of

the HERA operation at June 30! 2007 are indicated by the solid horizontal line.

In order to estimate the systematic uncertainty on the predited values the
analysis was repeated using an alternative cell-tube assigent. The related
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Figure 11.16:Relative signalR®") versus time for bres outside the tagger for channels
2.0 (left plot) and 2.6 (right plot). Other details as in cam to gure 11.15.

uncertainty is determined according to

1 X :
sys — N JRéred Rgredj; (11'18)
i=1
where R}.q and R, are the predicted values obtained from the two dierent
cell-tube assignments. The sum runs over all cells for whiého di erent assignments
are available (see gure 11.12). The obtained systematicrers on R"™ and R are
&s =0:049 and g = 0:055 [118].
The statistic uncertainty on R™ and R is estimated from cells that show no
systematic reduction of the (relative) signal strengthR™.2  For those cells the
deviation of R{" from one is caused by statistical uctuations only. The relted
uncertainty is determined according to
1 X .
fa = o (4 RMA (11.19)
i=1
where the sum runs over all scans and the respective cells. eThbtained statistical
uncertainty is g = 0:019 [118]. The total uncertainty is thus dominated by the
systematic uncertainty related to the cell-tube assignmen

Results

Radiation damage inside the tagger
Figure 11.17 shows the relative signal strengthR{}) for each channel recorded at
the last scan at July 29 2007, two days after the shutdown of HERA. The box size

3For R no such channels are available.
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Figure 11.17: Relative signalsRl}) for bres inside the tagger measured at the last
scan in July 2007, two days after the shutdown of HERA. Thativel signal strength is
indicated by the box size. Numbers are given for every chamhe distribution of the
signals shows that the radiation damage for bres insidetalgger is largest for cells at
the left side of row 2 and 3 where the high-energy electrarthénitagger.

is proportional to the relative signal. Numbers are given side the boxes. As can be
seen the radiation damage of the bres inside the tagger is noniformly distributed
but is di erent for di erent regions of the tagger. The radiation damage and thus the
decrease of the signal is largest for cells located in row 2darow 3. Here the relative
signal is in the order of 90 % for cells at the right edge of theagjger and decreases
to about 60 % in row 3 and 36 % in row 2 for cells at the left edge tfie tagger,
close to the beam pipe. The radiation damage is less pronoeddn rows 0, 1, and 4.
Here the relative signals uctuate between about 80 and 100 # row 1 and between
about 90 and 100 % in rows O and 4. The results clearly show th#te radiation
damage of bres inside the tagger is mainly caused by the iml&nt electrons, which
due to the beam geometry hit the tagger most often in row 2 and 3

Radiation damage outside the tagger

Figure 11.18 shows the relative signal strengthR€}') for each channel recorded at
the last scan in July 2007. As can bee seen the radiation daneagf the bres outside
the tagger is almost uniformly distributed iny. Horizontally, a trend can be observed
between the left and the right edge of the tagger. The cells #lbe left edge show a
slightly higher reduction of the relative signal with respet to cells on the right side.
The relative signals vary between 44 and 76 %. The results con the assumption
that the radiation damage for bres outside the tagger is maily caused by scattered
synchrotron radiation. Fibres located closer to the beam pe show a slightly higher
radiation damage.
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Figure 11.18: Relative signalsR4") for bres outside the tagger measured at the last
scan in July 2007. The relative signal strength is indicatethe box size. Numbers are
given for every channel. The distribution of the signalsvshibat the radiation damage
for bres outside the tagger is almost uniformly distrillited small trend can be observed
between the left (lower signals) and the right edge (higigrads) of the tagger.
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Figure 11.19:Distribution of the di erence between the relative signmaksasured in July
2007 and the predicted values for bres inside (left gurefautside the tagger (right
gure). For bres inside the tagger the relative signals swead at July 2007 are in good
agreement with the predictions. For bres outside the tagidpe measured values are
typically 15% higher than the prediction, clearly showing the e ect of thad shielding,
which was placed between the bres and the beam pipe aftesalienths scan.

Comparison with the prediction

Figure 11.19 shows the distributions of the di erences bewen the relative signals
measured in July 2007 R, and R$ ) and the respective predicted vaIueng}ed and
Rg;{;d ) for bres inside (left gure) and outside the tagger (right gure). For bres
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inside the tagger the relative signals measured at July 20@fe in good agreement
with the predictions. For bres outside the tagger the measted values are typically
15 % higher than the prediction. The observed discrepancyeerly shows the e ect
of the lead shielding, that was placed between the bres andhé beam pipe after the
seventh scan. The shielding reduced the amount of scattersginchrotron radiation

the bres outside the tagger were exposed to.



Chapter 12

HERA Il Monte Carlo: The single
pion study

In 2007 a detailed study of multiplicities and energy ows bsed on NC lowQ? DIS
jet data [119] showed that the energy ow in the upgraded ZEUSletector is not
correctly described by the HERA Il Monte Carlo predictions. The study revealed
that the HERA 1l Monte Carlo is indeed able to describe the mea energy per
detector object, which can either be a cell, an island or an ergy ow object (EFO),
but fails to describe the number of islands and EFOs. The exs® of islands and
EFOs in the MC predictions thus leads to an excess in energywo

Figure 12.1 shows the ratio between the reconstructed (deter level) and the
generated (hadron level) transverse energy as a function tbe pseudorapidity. The
event reconstruction is based on energy ow objects. As carlseen, in the HERA Il
MC energy is arti cially created within the reconstruction process. The eect is
most dominant in the forward super-crack region (the regiobetween the BCAL and
FCAL) and in the forward region of the detector. Here the rait reaches values in
the order of 1.8 and 1.4, respectively. It should be noted than the super-crack
region this e ect is, though much less pronounced, also pest in the HERA | MC.
The conclusion of the 2007 study was, that though the upgrad® HERA Il only
causes small changes in the hadronic nal state, the energpw in the HERA 1l MC
increases by more than 20 %, resulting in a much worse destop of the data.

The results of the 2007 study triggered the so calledingle pion study The
basic idea of this study is to generate MC events where singbgons are shot into
di erent regions of the detector and look for abnormalitiesn the detector response.
The aim is to identify mechanisms that can cause the observeliscrepancies between
the MC predictions and the HERA Il data, particularly the observed excess in energy
ow in the HERA Il MC. Since the description of the energy ow dramatically
worsened from HERA | to HERA Il these mechanisms have to be egkd to the
HERA and ZEUS upgrades.

155
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Figure 12.1: Ratio between the reconstructed (detector level) and theeggted (hadron
level) transverse energy as a function of the pseudorgadiHERA | (hatched area) and
HERA Il (solid line). The event reconstruction is based @rgn ow objects (EFOs).
Figure taken from [119].

12.1 Event generation

For the single pion study, the response of the ZEUS detectop tsingle pions with
energies oE =2; 5; 10, 20, 50 and 70 GeV is simulated using the GEANT based
MOZART program, which provides a full simulation of the ZEUSdetector (see section
2.1.4). The pions generated aX,x = Ywx = Zux = O are shot into

the very forward region of the detector ( =1; 2; 3; 4 and 6);

the forward super-crack region, that is the region betweerh¢ FCAL and the
BCAL (  =27; 30 33 36 and 39);

the barrel region of the detector ( =90 );

the rear super-crack region, that is the region between the@A\L and the RCAL
( =130);

and the rear region of the detector ( = 160; 174 and 180).

The respective regions are indicated in gure 12.2. For eadmergy and each polar
angle a sample oin = 10;000 pions is generated. The pions are generated such
that they are uniformly distributed in  (azimuthal angle). In order to investigate
possible di erences between HERA | and HERA 11, two sets of sgle pion samples are
obtained by using the HERA | and the HERA Il geometry of the ZELS detector. For

a full event reconstruction, including the reconstructionof energy ow objects, the
output of MOZART, that is the detector response to the incidet pions, is transfered
into the ZEPHYR and ORANGE reconstruction programs.
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Figure 12.2: Sketch of the ZEUS detector. The angular regions most reteteathe
single pion study are indicated by solid lines: 3 (very forward region), 36
(forward super-crack region),= 90 (barrel region), 130 (rear super-crack region),

= 160 (rear region) and 174 (very rear region). The gure also indicates the
position of the GO magnet, located at a distance of about In7&om the IP, in the
forward region of the detector. Particles emitted with paagles of 2 hit the front
surface of the GO magnet.

H L

12.2 Dead material distribution

Within the HERA upgrade a lot of new material was inserted inb the ZEUS detector.
As described in chapter 10, the changes were most dominanttime forward region.
If the modi cations are not reasonably transfered in the dedctor simulation this can
result in a deterioration of the description of the data withrespect to HERA I. In
order to study the distribution of (dead) material within the simulated ZEUS detector
and to reveal possible discrepancies between the real déte@nd its simulation, the
distributions of the reconstructed interaction points (IFs) of the single pion events
are used. The basic concept is illustrated in gure 12.3 whicshows the ZEUS event
display for a 50 GeV pion shot into the detector with a polar agle of =4 . As can
be seen the pion interacts with one of the wheels of the forveaMVD, resulting into
a spray of secondary particles. The interaction point, whit is reconstructed from
the resulting tracks, is close to that point where the pion l$ the MVD. In this way
the distribution of reconstructed IPs re ects the distribution of dead material in the
detector.

Figure 12.4 shows the IP distribution inz direction for 70 GeV pions with a
polar angle of = 6 . For pions not interacting with the detector the IP is
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Figure 12.3: ZEUS event display for a 50 GeV pion shot into the detectdr wipolar
angle of =4 . The pion interacts with one of the wheels of the forward M¥é3ulting
into a spray of secondary particles. Shown are the MC tralogdyits in the STT and the
energy deposits in the calorimeter. The interaction paitich is reconstructed from the
resulting tracks, is indicated by the cross. It is recomstd close to that point, where
the pion hits the MVD. In this way the distribution of recamsted interaction points
re ects the distribution of dead material in the detector.

reconstructed atz,, = 0 cm. It should be noted that, in order to t within the
displayed y range, the peak atz,, = 0 cm is scaled by a factor of 1/50. The
second largest accumulation of vertices, starting with a eep rise atz,x, 20 cm, is
presumably caused by pions interacting with the (ellipticBh beam pipe. For smaller
values of the incident polar angle, , this peak is shifted towards higher values of
Zux , Which is in agreement with this assumption. The observed sptrum, as obtained
from the standard HERA Il MC version (solid line), shows two dditional peaks
at about 30 and 45 cm. A detailed comparison of the geometry tiie simulated
detector with technical drawings of the respective regionnally lead to the discovery
of an error in the simulation of an MVD ange. In the detector smulation the ange,
located atz 30 cm, penetrated the beam pipe. The bug was xed by correctin
the position of the MVD ange in the detector simulation. The vertex distribution
as obtained from the corrected MC is also shown in gure 12.4lléd histogram).
As can bee seen, the two peaks at about 30 and 45 cm vanish wh@plging the
corrected geometry. It should be noted that for all studiesabcribed in the following
the corrected MC version is used.
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Figure 12.4: z,, distribution for 70 GeV pions shot into the detector with dap@ngle
of 6 . Shown are the vertex distributions as obtained from thedaed HERA Il MC
(solid line) and from the corrected MC version ( lled histng). The corrected version
includes the correct position of the MVD ange, which in tienslard version penetrated
the beam pipe at about 30 cm. The peak at30 cmvanishes when using the corrected
MC version. In order to t within the displaygdrange the peak at, = 0 is scaled by
a factor of 1/50.

12.3 Backscattering

During the HERA upgrade the superconducting magnet GO was @ted into the
forward region of the ZEUS detector. The magnet located a = 1:75 m had an outer
diameter of 19 cm and an aperture of 8:0 cm in diameter. According to this
geometry, a fraction of the particles emitted with small par angles ( < 2.5 ), that is
particles assigned to the proton remnant, which in HERA | esped undetected into
the beam pipe, hit the magnet and can be (back)scattered intilve acceptance region
of the detector. In this way the presence of additional mate&l in the HERA I
ZEUS detector can result into additional energy ow into theforward region. As the
described scattering process occurs in both, data and MCsipresence can not a priori
explain the observed discrepancies in the energy ow betwe&lata and HERA I
Monte Carlo. However, if either the scattering process or thproton remnant are
not reasonably modelled within the Monte Carlo simulation he additional amount
of backscattering in HERA Il can result in a worse descriptio of the data.

Figure 12.5 [101] shows the energy distribution of pions kitg the GO mag-
net. The gure is based on two NC DIS HERA Il MC samples generad with
ARIADNE and LEPTO. For the gure only pions with polar angles of 05< < 3,
coming from the primary vertex, are taken into account. The wents are generated
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Figure 12.5: Energy distribution of pions hitting the GO magnet. The gus based
on two NC DIS HERA Il MC samples generated with ARIADNE (gseéd line) and
LEPTO (black dashed line). For the gure only pions with palagles o0:5< < 3,
coming from the primary vertex, are taken into account. Thien¢s are generated in a
phase space similar to the phase space of the presented HERAySiS. Figure taken
from [101].

in a phase space similar to the phase space of the presented RAEI analysis
(125< Q2 < 5000 GeV andjcos pj < 0:65). The distribution exhibits a maximum
at about 5 GeV and an exponential fall-o towards higher engjies. The number of
pions per luminosity drops from about 300 pions per p at 5 GeV to about 25
pions per pb * at 50 GeV and about 10 pions pepb ! at 70 GeV. It should be noted
that for pion energies above 2 GeV the number of pions per luminosity is always
higher for ARIADNE than for LEPTO. The observed di erences ketween the two
MC samples already indicates an uncertainty in the modellgof the proton remnant.
In order to study whether particles from the proton remnant ktting the GO magnet
can be scattered into the acceptance region of the detectondhin this way have an
e ect on jet analyses, jets are reconstructed from the singlpion samples generated
with polar angles of =2 . Jets are reconstructed with theky cluster algorithm.
Two sets of jets are obtained by applying the jet algorithm orcalorimeter cells (cell
jets) and energy ow objects (EFO jets).

Figure 12.6 shows the polar angle distribution of the recotmacted jets for
four di erent energies of the incoming pion E = 10; 20, 50 and 70 GeV). For the
shown distributions only jets with transverse energies ale 3 GeV are taken into
account. As can be seen for su ciently high energies of the @ming pions, jets
with EX' > 3 GeV are reconstructed within the acceptance region of thestéctor
( > 10). In gure 12.7 the number of reconstructed EFO and cell jetss shown
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Figure 12.6: Polar angle distribution of jets reconstructed from piohdi@rent energies
(E = 10;20,50 and 70 GeVY being shot into the GO magnet ( = 2 ). Jets are
reconstructed from energy ow objects (solid line) and adeter cells ( lled histogram),
using thekt cluster algorithm. For the distribution only jets with teuerse energies above
3 GeV are taken into account. As can bee seen for su cient bBigdrgies of the incoming
pion jets are reconstructed within the acceptance regidghefletector (je; > 10). The
number of jets reconstructed from EFOs is for all pion easrgigni cantly higher than
the number of jets reconstructed from cells.

as a function of the pion energy. The numbers are obtained frothe distributions
shown in gure 12.6. The number of jets increases linearly thi increasing pion
energy. For pion energies of 10, 20, 50 and 70 GeV the numbejjeai§ reconstructed
with Ef' > 3 GeV and o > 10 is 7, 93, 296 and 464 (EFO jets) and 0, 3, 50 and
94 (cell jets). The number of jets reconstructed from EFOs ifor all pion energies
signi cantly higher than the number of jets reconstructed fom cells.
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Figure 12.7: Number of reconstructed EFO (dots) and cell (triangles3 gt function of
the pion energy. Numbers are obtained from the polar angtghditions shown in gure
12.6. For the gure only jets withE)™' > 3 GeV and jet > 10 are taken into account.
The energy dependency can be parametrised by linear fusi¢golid lines).

The integral,

A
Rfakejets = Rpions(E ) Rijes(E ) dE ; (12.1)

E =0

where Rpion = ﬁ’l:‘;:]‘f(E ) is the number of pions per integrated luminosity and per en-

ergy interval, E , andRjes = %(E ) is the mean number of jets witthTet > 3 GeV
and > 10 reconstructed per pion of energf , can be used as an estimate for
the rate of fake jets, that is the rate of pions per luminosityhitting the magnet and
faking a hard jet within the acceptance region of the detecto Rjes is determined
by dividing the total number of reconstructed jets by the nunber of incident pions
(npion = 10; 000 for each single pion sample). For the calculation of thategral the
energy dependences d?,on and Rjes are approximated by exponential and linear

functions according to

Rpions(E ) = 530 % g 0:0652 v (AR|ADNE) X (12_2)
( 1
L 1.8E_ 35 forE 20 GeV )
ReEN(E ) = 10000 GeV cell jets); (12.3
s (E) ( 0 for E < 20 GeV (cell jets); (12.3)
1 75 E_
RjZeL:fSO(E ) — 10000 75 Gev 65 forE 10 GeV (ZUfO jets); (12.4)
0 for E, < 10 GeV

which are obtained from ts to the ARIADNE pion energy spectum and to the
number of reconstructed jets as shown in gures 12.5 and 12.The resulting rate



12.4. ENERGY FLOW OBJECTS 163

of fake jets is 50% for jets reconstructed from energy ow objects and 5%
for jets reconstructed from calorimeter cells. It should b@&oted that the obtained
results only provide a very rough estimate of the fake jet ret The numbers should
be compared to the rate of EFO jets with energies above 3 GeV @rpolar an-
gles larger than 10in the described dijet analysis which is in the order of 300051%.

In order to study whether the observed (back)scattering of anticles from the
very forward region into the acceptance region of the detemtis a special feature of
the HERA Il environment the study is repeated using the HERA Igeometry of the
ZEUS detector. Figure 12.8 shows the polar angle distribatn of jets reconstructed
from 50 and 70 GeV pions shot into the forward region of the HER | ZEUS
detector (=2 ). Though a very small number of jets is also produced withinhie
HERA | environment, the number of jets with E!*' > 3 GeV reconstructed within the
acceptance region of the HERA | detector is signi cantly loer than for the HERA I
geometry. The study thus shows that the amount of (back)sctdring of particles
from the very forward region into the acceptance region of thdetector signi cantly
increases from HERA | to HERA II. In HERA Il particles from the proton remnant
hitting the GO magnet, can be scattered into the detector andiake hard jets within
the acceptance region. If the proton remnant is not corregtimodelled within the
MC simulation this can result in discrepancies between datand MC within jet
analyses.

12.4 Energy ow objects

In order to study the di erences between jets reconstructefom energy ow objects
and calorimeter cells, jets are reconstructed from the genaged 2-70 GeV pions shot
into the forward, the super crack, the barrel and the rear ragn of the detector. Jets
are reconstructed using the&y cluster algorithm. Again two sets of jets are obtained
by applying the jet algorithm on cells (cell jets) and EFOs (EO jets).

Figure 12.9 shows the energy distribution of jets reconstcted from 20 GeV
pions shot into the detector with polar angles of = 33;36 and 39 (forward

super-crack region), = 90 (barrel region), = 130 (rear super-crack region)
and = 160 (rear region). The most striking feature of the obtained jetenergy
distributions is the additional energy peak at about two tines the energy of the
incoming pion for jets reconstructed within the forward andear super-crack regions
( =36 and 130). This secondary peak only occurs for jets reconstructedofn

energy ow objects. A detailed study of the respective evestrevealed a problem
related to the EFO algorithm. As described in section 4.2.Zor particles creating

both a track in the tracking system and an energy deposit in # calorimeter, the
EFO algorithm has to match the particle’'s track with the respective calorimeter
island. For the events within the secondary energy peak theatching between the
track and the calorimeter island seems to fail. Instead of entwo energy ow objects
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Figure 12.8: Polar angle distribution of jets reconstructed from 50t(lehd 70 GeV
(right) pions shot into the very forward region of the HERABUS detector ( =2 ).
Jets are reconstructed from energy ow objects (solid lave) cells ( lled histogram) using
the ky cluster algorithm. For the distributions only jets Wi > 3 GeV are taken into
account. As can bee seen almost no jets are reconstructathwhie acceptance region
of the detector (> 10) .

are reconstructed (one from the track and one from the islapdthus leading to a
double-counting of particles and energies within the jet m®nstruction procedure
based on EFOs.

Figure 12.10 shows the energy distribution of jets reconsicted from 5, 10,
20 and 50 GeV pions shot into the forward super crack region (= 36 ). As can be
seen the additional peak is most pronounced for small energiof the incoming pion
and vanishes forE 50 GeV. For pion energies of 5 GeV more than 40 % of the
jets are reconstructed within the additional energy peak. Ais number decreases to
16 and 8 % for 10 and 20 GeV pions. It should be noted that the clised double
counting of particles seems to be restricted to the HERA 1l MGimulation. For jets
reconstructed from pions shot into the simulated HERA | detetor, no second peak
appears in the jet energy spectrum.

The revealed matching problem and the resulting double coting of particles
in the super-crack region (one particle creates two EFOS) is perfect agreement
with the results of the 2007 energy ow study. As described ithe introduction to

this chapter, this study showed that the HERA 1l MC gives a god description of the
mean energy per EFO but overestimates the number of EFOs. Lking at the results
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Figure 12.9: Energy distribution of EFO jets (solid lines) and cell jeited histograms)
reconstructed from 20 GeV pions shot into di erent regiohshe simulated HERA I
ZEUS detector. For jets reconstructed within the supecicragions ( = 36 and 130)
a second peak occurs at about two times the energy of the ingopion.
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Figure 12.10:Energy distribution of EFO jets (solid lines) and cell jdted histograms)
reconstructed from 5, 10, 20 and 50 GeV pions shot into thveafar super-crack region of
the simulated HERA 1l ZEUS detector. For EFO jets an additipeak occurs at about
to times the energy of the incoming pion. For pion energids of 5 GeV more than
40 %of the jets are reconstructed within the second energy p€his number decreases
to 16 and8 % for 10 and 20 GeV pions. The additional peak vanishes for 50 GeV.

of the 2007 study it seems likely that the observed matchingrgblem is restricted to
the MC simulation or at least occurs more often in the MC thann the data.

12.5 Summary and conclusion

Single pions, generated with energies from 2 to 70 GeV, wehmsinto di erent regions

of the simulated ZEUS detector using the GEANT based programlOZART in order

to study the detector response. The MC study helped to revedi erences between
the real and the simulated HERA 1l detector geometry and thushelped to improve
the HERA Il detector simulation.

Moreover the study showed that at HERA I, particles shot inb the very forward
region, could be backscattered into the acceptance regiof the detector. In this
way forward particles, which at HERA | would have escaped urdected into the
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beam pipe, could cause additional energy ow in the detectolf either the scattering
process or the proton remnant are not reasonably modelledisttould result in a worse
description of the data with respect to HERA |. However, the @ct on jet analyses
is supposed to be smallq 1 %) and can not explain the discrepancies between data
and MC as observed in some HERA Il jet analyses.

The single pion study also helped to reveal imperfections af computer algorithm
commonly used for the reconstruction of energy ow objectstZEUS. In some re-
gions of the detector (namely the super-crack regions betethe FCAL/BCAL and
BCAL/RCAL), this reconstruction algorithm tended to doubl e-count particles and in
this way created additional energy ow in the detector. The bserved double-counting
(only present at HERA 1) is consistent with the results of a tudy of multiplicities
and energy ows performed in 2007 and is able to describe thbserved discrepancies
between data and MC in HERA Il jet analyses, based on energy w objects.
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