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Abstract

The aim of this study is the investigation of charm production in positron-proton collisions at a
centre-of-mass energy of 318 GeV in the kinematic regime of photoproduction. Dijet events are
analysed, which were collected with the H1 experiment in the years 1999-2000 and correspond
to an integrated luminosity of 48 pb~'. Events are selected by requiring two jets with transverse
momentum of the jet larger than 7 and 6 GeV in the central rapidity range. One jet is tagged by
a muon to be initiated by a charm quark. In order to shed light on the production mechanism of
charm events in ep collisions the shape of the other jet is studied to estimate to what extent it is
initiated by a quark or a gluon. The jet shapes are measured as a function of kinematic variables
such as the transverse momentum, energy and pseudorapidity of the jet and :cibs, the photon en-
ergy fraction entering the partonic production process. The shapes are found to be well described
by the leading order plus parton shower Monte Carlo simulation PYTHIA in the region of large
:cfybs, where according to the simulation the jets are dominantly charm quark initiated. Deviations
of PYTHIA from the data are observed for small x@bs, where resolved photon events are expected
to contribute significantly and more gluon jets are expected. No such deviations are observed in a
flavour inclusive photoproduction sample without muon requirements, which is dominated by light

quark production.

Zusammenfassung

Das Ziel dieser Studie ist die Untersuchung der Charmproduktion in Positron-Proton Kollisio-
nen bei einer Schwerpunktsenergie von 318 GeV im kinematischen Bereich der Photoproduktion.
Aus der Charmproduktion stammende Zweijetereignisse wurden untersucht, die mit dem H1 Ex-
periment in den Jahren 1999-2000 aufgezeichnet wurden und einer integrierten Luminositit von
48 pb~! entsprechen. Es wurden Ereignisse mit zwei Jets im zentralen Rapiditdtsbereich selektiert
mit Transversalimpulsen grofer als 7 und 6 GeV. Einer der beiden Jets wird durch ein Myon als
Charmjet identifiziert. Um den Produktionsmechanismus von Charmquarks in ep Kollisionen zu
untersuchen, wurde die Form des anderen Jets untersucht, um zu bestimmen, in wieweit er auf
ein Quark bzw. ein Gluon als priméres Parton zuriickgeht. Die Jetform wird als Funktion der
kinematischen Variablen Transversalimpuls, Energie and Pseudorapiditit des Jets und :L'f’ybs, dem
Anteil der Photonenergie im partonischen Produktionsprozess. Die Daten werden mit dem Monte
Carlo Simulationsprogramm PYTHIA verglichen, das auf Rechnungen in fiihrender Ordnung der
Storungstheorie, kombiniert mit Partonschauern, beruht. Die Messergebnisse werden im Bereich
grosser Werte von :Ufybs gut beschrieben, wo laut Simulation der grofite Anteil der Jets durch
Quarks induziert wird. Abweichungen zwischen den Ergebnissen und PYTHIA werden fiir kleine
:c?ybs beobachtet, wo ein signifikanter Beitrag so genannter aufgeldster Photonen und mehr Gluon-
jets erwartet werden. Solche Abweichungen wurden in einem flavourinklusiven Datensatz, in dem
kein Myon verlangt wurde, nicht beobachtet. Dieser Datensatz enthélt vor allem Photoproduktion

leichter Quarks.

Abstrakt

Cielom tejto préce je vySetrovanie produkcie charmovych kvarkov v pozitron-protonovych zrazkach
pri taziskovej energii 318 GeV v kinematickom rezime fotoprodukcie. Pouzita vzorka dat bola na-
zbierané experimentom H1 na urychlovadi HERA v rokoch 1999 a 2000 a zodpoveda integrovanej
luminozite 48 pb™'. Selektované eventy obsahuju dva jety v oblasti centralnej rapidity s prie¢nou
hybnostou vicsou ako 7 a 6 GeV, pricom jeden z nich bol oznafeny myoénom ako jet pochadza-
juci z c-kvarku. S ciefom preverit mechanizmus produkcie charmu vo fotoprodukcii sme v préci
studovali tvar neoznaceneho jetu aby sme zistili nakolko je iniciovany kvarkom alebo glu6nom.
Tvar neoznaceného jetu sme Studovali ako funkciu pseudorapidity, prie¢nej hybnosti, energie jetu
a premennej m;’bs, predstavujicej podiel energie fotonu v partonovom produkénom procese. Tvary
jetov su dobre popisané Monte Carlo simulaciou PYTHIA, zaloZenou na prvom rade poruchovej
teorie kombinovanej s parténovymi spr§kami, v oblasti velkych xgbs, kde su podla simulacie jety
prevazne iniciované charmovym kvarkom. Rozdiely medzi datami a PYTHIOU boli pozorované pre
malé :cfybs, kde st ocakavané znacné prispevky od 'resolved’ fotonu a tym aj viac glu6novych jetov.
Ziadne také odchylky neboli pozorované vo flavour-inkluzivnom fotoprodukénom datovom subore

bez myo6novej poziadavky, kde prevazuje produkcia l'ahkych kvarkov.
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Introduction

Presently the world of elementary particles is described very successfully by the Stan-
dard Model, which consists of the strong and the electroweak interaction parts. Quantum
Chromodynamics (QCD), as one part of the Standard Model, is the theory of strong inter-
actions between quarks and gluons. Calculations of production cross sections in QCD are
performed in perturbation theory, where the strong coupling constant a; is used as an ex-
pansion parameter. In the presence of a hard scale oy is small. This ensures the convergence
of the perturbation series. In heavy quark production this hard scale can be provided by
the mass of the heavy quark. The study of heavy quark production thus offers possibilities
to test QCD calculations. In particular the different approximations which are necessary
to perform the calculations can be checked for their validity in different kinematic regions.

The charm production mechanism in ep collisions at HERA is dominated by boson-gluon
fusion processes. In photoproduction the exchanged photon is quasi-real and, in addition to
direct photon processes, resolved photon processes can contribute significantly, where the
photon acts as a source of quarks and gluons which participate in the hard interaction, as
shown in figure 1. It was found in previous analyses that the so called excitation component,
where the charm quark originates from the resolved photon, is needed to describe the data.
Many measurements of charm production cross sections at HERA are adequately described
by Monte Carlo models based on QCD predictions. However, the agreement is worse in the
region where resolved processes are expected to contribute.

Figure 1: Charm quark production processes in leading order pQCD: direct process a) and
resolved processes b) - e). Figures c) - e) show the charm excitation processes.

Having measured the cross sections, the next step in the investigation of charm produc-
tion is to disentangle the contribution of different processes to the cross section, particularly,
to which extent charm production can be attributed to the excitation processes. In pertur-
bative QCD at leading order only the charm-excitation process produces a hard gluon in
addition to a hard charm quark, while the direct photon and other resolved processes lead
to the production of two quarks as outgoing partons of the hard subprocess. Therefore one



of the experimental questions is whether charm production accompanied by a hard gluon
can be observed.

Although the outgoing partons from the direct and excitation processes are different,
they are hidden to us by color confinement. Due to confinement quarks and gluons are not
directly observable as free particles but they form jets of colorless hadrons. At low energies,
when the non-perturbative behavior dominates, the hadrons are continously distributed in
space. The first evidence for jet-like structure in high energy physics events was found in
hadron production in e*e™ annihilation at the SPEAR collider at SLAC in 1975 [1]. The
observations of jets give a clear experimental evidence of the partons coming from the
hard interactions. Measurements of the jet directions give a picture of the original parton’s
directions. The investigation of ete™ collisions at PETRA in the late seventies led to the
observation of three jet events [2], as shown in figure 2. The origin of the third observed
jet was explained as being caused by the radiated gluon in the process ete™ — ¢gg. The
question can be turned around: Can one recognize partons initiating the jets and so con-
strain the contributing physics processes?

12.9.80

Figure 2: Three jet event (ete™ — qqg) as measured at PETRA.

In the present understanding jets result from chains of elementary splitting processes
of the initial quarks or gluons. Since the relative strengths of ¢ — gg, ¢ — qg and g — qq¢
splittings, determined by the QCD color factors, are different, the structure of gluon and
quark induced jets differs. Gluon jets are broader than quark jets at the same energy and
they consist of more particles with softer p; spectra. Differences in the structure of gluon
and quark initiated jets, as predicted by QCD, have been observed at LEP. Although the
jets at HERA energies have lower transverse momenta than those produced typically at
LEP, there are still visible differences expected. Thus, the internal structure of a jet is one
of the promising tools for distinguishing the primary partons. Recent measurements by
different experiments are based on the analysis of the jet structure and this method is also
exploited in this thesis for charm production.



The aim of the present study is the distinction of events with pairs of charm quarks
from those with a charm quark and a gluon as final state partons from the hard scatter-
ing process. The analysis is performed in the kinematic region of photoproduction. This
analysis uses the data recorded in the years 1999-2000 by the H1 experiment at HERA, cor-
responding to an integrated luminosity of 48 pb~!. Dijet events in which one jet is tagged
as being initiated by a charm quark are used to study the shape of the other jet. A well
established variable called ’integrated jet shape’ is chosen as a tool for the jet shape study.
The charm quark initiated jet is tagged by a muon, in contrast to other analyses which use
a D* meson for charm tagging. A flavour inclusive sample is analysed as well to compare
to the situation in the light quark dominated sector.

This thesis is organised as follows: In the first chapter an overview of the theoretical
background and a description of electron-proton collisions is summarised. Particular at-
tention is given to the heavy quark production mechanisms and discussion of the different
properties of quark and gluon induced jets. Monte Carlo generators are shortly introduced.
In the second chapter the analysis method is explained in detail. The third chapter is dedi-
cated to the H1 experiment where those detector parts are emphasised which are especially
important for this analysis. Reconstruction of the analysis objects, like muons, electrons,
hadronic final state particles and jets in the framework of the object oriented H1 software is
explained in detail in chapter four. In the fifth chapter the selection of the dijet photopro-
duction data samples (flavour inclusive and charm enriched) is described. Particular details
about the measurement are given in the chapter six. Results of the jet shape measurement
are presented in chapter seven. The discussion of the results then follows in chapter eight.
Finally an outlook closes the thesis.






Chapter 1

Theoretical Background

1.1 The Standard Model

The Standard Model of particle physics (SM) describes our current knowledge of the par-
ticles and forces in nature. Although it cannot explain everything, it survived decades of
testing successfully. It says that matter is composed of elementary fermions - leptons and
quarks [3], interacting with each other through fields. The particles associated with the
interaction fields are bosons. Four types of interactions have been distinguished: electro-
magnetic, weak, strong and gravitational interaction. On the scales of particle physics,
gravitational forces are insignificant. Gravitation is described by general theory of relativ-
ity which is a classical field theory. The quanta of the electromagnetic interaction between
electrically charged fermions are the massless photons. The quanta of the weak interaction
fields between fermions are the charged W= bosons and the neutral Z° boson. Since these
carry mass, the weak interaction is short ranged. The quanta of the strong interaction
field are the massless gluons. They carry color and therefore can couple together. Quarks
are confined in compound systems of the size of about 1fm. The most elementary quark
systems are hadrons, compound of a quark and an antiquark (mesons) or of three quarks
(baryons). The most common example is a proton, consisting of uud quarks.

In this thesis the charm quark! is of a particular interest. It was discovered in Novem-
ber 1974 [4] at the same time at SLAC and in Brookhaven, as a constituent of a ¢¢ bound
state with a mass of about 3.1 GeV, later named J/1 (see Fig.1.1). The charm quark is a
heavy quark with a mass of about 1.5GeV. It carries an electric charge of +2/3 e, where
e is the elementary charge.

1.2 Quantum Chromodynamics

Quantum Chromodynamics (QCD) is the theory of the strong interactions between color
charged particles. The fundamental idea of QCD is that hadronic matter is made of quarks.
The interactions of quarks and gluons are described by a non-Abelian gauge theory based on
the SU(3). color symmetry group. The gauge bosons associated with this gauge symmetry
are gluons. They are electrically neutral and form a color octet. The QCD properties make
it much more difficult to work with theoretically than electroweak theory. Large value of
the strong coupling constant ay, used as an expansion parameter, makes the convergence
of the perturbative series problematic. Higher order contributions cannot be neglected.

!Later in this thesis ’charm quark’ denotes both charm quark and charmed antiquark.



1.2. QUANTUM CHROMODYNAMICS

Figure 1.1: Spark-chamber event display of a ¢/ to J/v decay from the Mark I detector
at SPEAR collider at SLAC. Pictures as this one often resembled the shape of the Greek
letter 1.

In addition to the fermion loops also gluon loops occur, as shown in figure 1.2, which exist
due to the gluon self-interaction. These result in an anti-screening effect, causing the strong
coupling constant to behave differently from the electromagnetic fine structure constant.
It becomes large at large distances corresponding to small momentum transfer. In one loop
approximation ay at the scale > Agep is given by

! ,_ 33=2n
b ln(/@L)’ 127

QCD

as(p?) (1.1)

where Agcp is the scale where o gets large and perturbative theory is not applicable any-
more. This fundamental parameter of QCD depends on the renormalisation scheme (see
section 1.5) and on the number of active flavors. The value of Agcp(MS) was determined
experimentally to be about 215 MeV [3].

The running of the coupling constant as a function of the scale is shown in figure
1.3. It has important consequences: confinement and asymptotic freedom of partons.
"Confinement’ means that quark and gluon degrees of freedom are not observed as states
which propagate over macroscopic distances.

q g
g g g g
SRS RRARARS

@) (b)

Figure 1.2: Higher order corrections to diagrams with exchanged gluons: (a) a quark anti-
quark loop, (b) a gluon loop.
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Figure 1.3: Running of the effective coupling constant ay as a function of the transverse
jet energy. Combined ZEUS and H1 measurement and the QCD prediction [5].

"Asymptotic freedom’ describes the fact that at small distances partons behave as free
particles. This explains why the method of perturbation theory is useful at high energy.

Heavy quark production is an excellent testing ground for pQCD, because the high mass
of the heavy quark, together with p; of the quarks and/or Q2 provide a hard scale. The
presence of the hard scale enables the convergence of the perturbation series present in the
calculations.

1.3 High Energy ep Collisions at HERA

At HERA high energy leptons (positrons or electrons) are scattered off a proton beam at
a centre-of-mass energy of 318 GeV. The process can be described in leading order by the
exchange of a single virtual gauge boson (v, Z° or W), as shown in figure 1.4. According
to the boson charge neutral current (NC) processes (ep — eX) and charged current
(CC) processes (ep — v, X) are distinguished.

positron

proton

scattered lepton (e or v,)
exchanged boson (v, Z° or W)
hadronic final state

N<~@“

Figure 1.4: Deep inelastic positron-proton scattering at HERA in the single boson exchange
picture. In NC processes v or Z° bosons are exchanged and the scattered lepton is a
positron. In CC processes a W+ boson is exchanged, resulting in an outgoing antineutrino.
The four momenta of the particles are denoted in parentheses.



1.4. CROSS SECTIONS AND STRUCTURE FUNCTIONS

For unpolarised beams at a given centre-of-mass energy
Vs =+/(k+ P)? (1.2)

only two variables are needed to completely describe the kinematics of inclusive lepton
proton scattering. Usually they are selected from the following Lorentz invariant quantities:

Q= —¢"=—(k—K)? (1.3)
P

y=5p 0<y<) (14)
2

=m0z <) (1.5)

where Q? is the negative squared transfer of four momentum from the incoming lepton
to the proton. It can be interpreted as a measure of the resolving power of the exchanged
boson, where large Q> means high resolution. In the proton rest frame, the inelasticity y
represents the fractional energy transferred from the lepton to the proton. The momentum
fraction of the proton carried by the struck parton is characterised by x. Neglecting the
lepton and proton masses, the variables are related by the following equation

Q*=zx-y-s (1.6)

The regime of small momentum transfer (Q? = 0) is called photoproduction. The ep in-
teraction is in this case mediated by quasi-real photons. At H1 photoproduction is usually
selected by @? < 1GeV. The regime of large Q? is called Deep Inelastic Scattering (DIS).

1.4 Cross Sections and Structure Functions

The complete differential neutral current cross section for e™p — e™X processes incorpo-
rating both v and Z" exchange can be written as

2 _NC 2
3903@2 - %4 [P+ (1= y)?) -2 = (1= y)*) =y Fi] (1.7)

where Fy(z,Q?), F3(x,Q?), Fr(z,Q?) are the proton structure functions, which
parametrize the structure of the protons as 'seen’ by the virtual boson. The term contain-
ing F3(z,Q?) describes the Z% exchange and the 7Z° interference. Due to the large mass
of the Z° boson it can be neglected in this photoproduction analysis, since it contributes
only at very large Q2 where the vZ° interference becomes important.

The longitudinal structure function Fy(z, Q?) is related to the exchange of a longitudi-
nally polarised photon. Due to the factor y? in front of Fy, its contribution is kinematically
suppressed. It can lead to sizeable effect only for large inelasticities.
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From the measurements
of the cross section of NC
DIS events one can extract
the proton structure function
Fy(z,Q?). In the naive Quark
Parton Model (QPM) [6], the
proton consists of (quasi) free
point-like objects called par-
tons. Once they are resolved,
the increase of the momentum
transfer Q2 will not make
any new detail visible in this
picture. Thus the structure
functions are expected to be in-
dependent of Q? in this model.
This effect is known as scaling
[6]. The structure functions
in this approximation depend
only on the dimensionless
variable . The data at HERA
and fixed target experiments
show (see Fig. 1.5) that this
is really the case for = ~ 0.1.
But the data show as well
that at low x F5 rises sharply
with increasing @2, a sign of
scaling violations. As one
can see in Fig. 1.5, QCD can
accommodate this behavior
in the whole kinematic region
of the measurements. The
independence of F» on Q2 at
x ~ 0.1 is interpreted as scat-
tering mainly off the valence
quarks. The rise of F5 toward
high Q2 at low z is associated
with the increase of the gluon
density as x gets smaller.

HERA F,
<
< | x=6.32E-5, -0 000102 _
5 x=0.000161 = ZEUSNLO QCD fit
O —— H1PDF 2000 fit
1
£ '~
L 5 e H194-00
4 H1(prel.) 99/00
= ZEUS96/97
L A
A
- x=0.0021 ¢ BCDMS
4 [
R x=0.0032 N
L A
A x=0.005
[ A
x=0.008
3 [
2 k
1 [
0 | | Ll | L |
4
1 10 10 10 10 10

Q% (Gev?)

Figure 1.5: Measurement of the proton structure func-
tion Fy(x, Q%) as a function of Q? at fixed values of x
by various fixed target and collider experiments. The
lines correspond to QCD fits performed by the ZEUS
and H1 experiments.

Another problem of the otherwise successful QPM was that, as the experiments show,
only about 50 % of the proton momentum is carried by the charged valence quarks. This fact
together with the observation of scaling violations confirms, that also gluons and gluon-
induced quark-antiquark pairs (so called ’'sea quarks’) have to be considered as proton

constituents.

Heavy quark production is sensitive to the gluon density in the proton, since the main
production mechanism for heavy quarks at HERA is boson-gluon fusion (see section 1.8).



1.5. FACTORISATION THEOREM

1.5 Factorisation Theorem

The factorisation theorem introduces a separation of the short distance part (hard pro-
cesses) and the long distance part (soft processes) of the scattering process. The QCD
factorisation theorem [7] states that in the presence of a hard scale the cross section can
be decomposed as

g~ fz/p(xlvu%’) ® &ij(‘é’as(:u'R)’,u'Rqu) ® f]/’y(x2vu%’) ® D(Z), (18)

where f;/, and f; /- are parton density functions of the proton and photon, respectively. ;;
denotes the cross section of the hard subprocess. D(z) is the fragmentation function and
z stands for the fraction of the original longitudinal momentum of the parton carried by
the hadron which contains that parton. up and ppr are factorisation and renormalisation
scales, respectively. See also figure 1.6.

Figure 1.6: Schematic diagram illustrating the ep scattering process motivated by the
factorisation theorem for the photoproduction case.

The cross section of the hard subprocess ¢;; is calculable in perturbative QCD. The
other terms absorb the long-range non perturbative processes. These parts are presently
not calculable and therefore have to be determined experimentally, for example the frag-
mentation function D(z).

The fluxes of the incoming particles depend on the parton density functions (PDFs)
fijp and f;/,. They represent the probability to find a particular parton (i or j) having a
momentum fraction of the mother particle in the range of (v, x + dx). Thus f;/,(z1)dx
gives the probability to find the parton ¢ in the proton carrying a fraction z; of its mo-
mentum.

10
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The QCD factorisation theorem allows to write the following relation between the struc-
ture function F, and the parton density functions

1 x 0? 12
FQ('%'7Q2): Z / dZCZ<_ Q_vZ_gvaS(M2)>fi/p(zvﬂFnu'2)' (1'9)

2" 2
1=¢,4,9

The coefficient functions C; can be computed in pQCD. PDFs are not physical observables
in contrast to structure functions which are observables . Figure 1.7 shows parton densities
of the proton as a function of z, as they are predicted by the CTEQ5L set [8] for the scale
relevant in this analysis.

The factorisation procedure introduces a factorisation scale pp, which defines the
boundary between the perturbative and non-perturbative regions. Formally, the ur de-
pendence of the PDFs arises from the absorption of collinear divergences into the PDFs
according to a certain ’factorisation scheme’. For a given choice of factorisation scheme
and scale, the proton PDFs are considered to be universal, i.e. independent of the actual
reaction the proton takes part in.

By introducing the arbitrary renormalisation scale ur > Agcp the ultraviolet di-
vergences coming from the calculation of virtual corrections (see appendix D), which yield
divergent integrals, are absorbed into the definition of the parameters of the theory. The
renormalisation scale can be viewed as the momentum at which the subtraction, which
removes the divergences arising in the momentum limit p — oo, is performed. Several
renormalisation schemes are used. The most important are the minimal subtraction scheme
(MS) and the deep inelastic scattering scheme (DIS).

~ 102 ~ 102
N N 3
C <Q
\é Qee2= 127 GeVee2 é Qee2= 127 GeVes2
x — gluon  CTEQ5L x — gluon CTEQSL
.. up CTEQSL .. upbor CTEQ5SL
...... down CTEQ5L ...... downbar CTEQ5L
CTEQ5L .. stronge CTEQO5SL
10 | 10 |
1 1
-1 , -1
10 10
107 10 1072 107" 107
x x

Figure 1.7: Parton densities of the proton as a function of x as given by the CTEQSL
parton density function [8], which has been used in the Monte Carlo generator PYTHIA.
The scale is given by p;> +m?2 = 127 GeV2.
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1.6. PARTON EVOLUTION MODELS

1.6 Parton Evolution Models

The parton densities discussed in the previous section contain the soft processes up to the
factorisation scale y1y and depend on the scale. Although pQCD does not predict the par-
ton density functions, the scale dependence of the PDFs can be calculated within pQCD.
This means that if the f;/,(x, ) is obtained from the experimental data at a certain
scale pg, the evolution to any other scale py > g is possible. The evolution equations
are derived considering the parton radiation and splitting processes, as shown in figure
1.12. The evolution is performed by parton evolution models, which are expected to be
valid only in certain regions of phase space. The calculation simplifies considerably if some
approximations in the calculations are used. The summation over particular terms can be
interpreted as a kinematical ordering [9].

DGLAP Evolution

The DGLAP? approach [10] is based on summing terms proportional to a,ln Q2. This
approximation leads to strong ordering in the transverse momenta of the emitted partons
(see Fig. 1.8):

ko <hpg < oo K hino1 < hkin < kinr1 < Q? (1.10)

Then the integration of the parton densities over k; and = can be carried out. Therefore
the factorisation within this approximation is called ’collinear factorisation’.

The DGLAP equations are a set of coupled integro-differential equations for parton
density functions f;/, which can be written as

dfi/p(x
fc; lnuu Z/ (2, as(p ))fZ/p(x/z v ) (1.11)

Splitting functions FP;; give the probability for a parton j to emit a parton ¢ with mo-
mentum p; = zp;. They will be discussed in more detail in section 1.10. The DGLAP
approximation is expected to be valid in the region where Q2 is large and z is not too
small. The DGLAP approach describes successfully the scaling violations of the structure
functions observed at HERA down to the smallest accessible x.

BFKL Evolution

The evolution in the BFKL? model [11] is performed in z and the leading o In(1/z) terms
are resummed. This approach is expected to be valid for moderate Q% and small x. This
approach leads to strongly ordered longitudinal momenta z; = x;/x;—1. The transverse
momenta k; are free and one considers the unintegrated (over the parton k;) parton den-
sities. This approach is called ’'k;-factorisation’.

2Dokshitzer, Gribov, Lipatov, Altareli, Parisi
®Balitsky, Fadin, Kuraev, Lipatov
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CHAPTER 1. THEORETICAL BACKGROUND

Figure 1.8: Gluon ladder illustrating the evolution of partons with momentum fractions x,
virtualities k; and emission angles 6.

The behavior of the structure function F3 in the HERA kinematical region is not sen-
sitive enough to discriminate between DGLAP and BFKL. Signs of the BFKL mechanism
may be observable by studying the energy dependence of jets near the proton direction.

CCFM Evolution

The CCFM* model [12] combines both approaches mentioned above. It is equivalent to
DGLAP for large @? and moderate = and equivalent to BFKL in case of small  and
moderate Q2. The CCFM approach is based on a strong angular ordering of subsequent
parton emissions. The unintegrated gluon density which is used here depends on k.

Measurements of forward jet production [13, 14| show, that the DGLAP-based models
including the resolved photon component describe the data better than the CCFM-based

model. However, when in addition to the forward jet two central jets are required, the
CCFM description of the data is better [14].

“Ciafaloni, Catani, Fiorani, Marchesini
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1.7 Photoproduction at HERA

The lepton-proton cross section falls rapidly with increasing @Q? (equation 1.7). At low
@Q? the photon propagator dominates the NC cross section and the contribution of Z° ex-
change can be neglected. In the photoproduction processes the Q2 of the exchanged photon
is small and the positron is scattered under a small angle. The positron can be regarded as
the source of almost real photons. The inclusive ep cross section is dominated by pho-
toproduction, because the photon propagator leads to the behaviour of the cross section
as ~ 1/Q*.

In photoproduction the hard scale of the interaction cannot be identified with Q2. In-
stead the transverse energy of the hard outgoing partons and/or the mass of the heavy
quark, if present, can be used.

Photon Structure

In the Standard Model the photon is considered as an elementary and color-neutral
particle. But it can indirectly participate in strong interactions via fluctuation into a
quark-antiquark pair. This partonic structure of the photon, described by the photon par-
ton density functions, is especially relevant in the photoproduction domain. The hadronic
constituents of the photon lead to the so called resolved photon events (see section 1.8).

1.8 Heavy Quark Production

Heavy flavors refer here to charm and beauty quarks, because their masses m. ~ 1.5 GeV
and mp ~ 4.5GeV are considerably larger than those of the light quarks (up, down,
strange). The HERA centre-of-mass energy is not high enough for top quarks to be pro-
duced in pairs. The Standard Model single top production mechanism has a very low cross
section.

Heavy quark production represents a significant contribution to the total inclusive cross
section at HERA energies. Because of the high mass of the charm quark, it is produced
predominantly dynamically in boson-gluon fusion (BGF) processes, as shown in figure
1.9. Gluon splitting to a heavy quark pair ¢ — Q@ and the production of heavy quarks in
fragmentation processes is suppressed at HERA due to the high quark masses.

In the direct process (Fig. 1.9 a) a photon emitted from the incoming electron interacts
with a gluon from the proton and a heavy quark pair is produced. In photoproduction in
addition to the direct processes, the resolved processes give a sizeable contribution. In
the so called 'normal resolved’ processes (Fig. 1.9 b) a gluon out of the photon interacts
with a parton of the proton. In the ’excitation processes’ (Fig. 1.9 c-e), which are also
subsumed under resolved processes, a heavy quark out of the photon takes part in the hard
interaction. It should be noted that the separation of the direct and resolved processes is
only unambiguous in the LO picture.
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CHAPTER 1. THEORETICAL BACKGROUND

Figure 1.9: Charm quark production processes in leading order pQCD: direct process a)
and resolved processes b) - e). Figures c) - e) show the charm excitation processes.

The direct BGF cross section in leading order can be calculated as [15]

2
X R Tes o 1+
UngQ@(s,mQQ) = % (2 + 2w —w?)In . i —2x(1+x) (1.12)

where

w:4mé/§, x=vVi-w

The squared centre-of-mass energy is denoted as 3, eg is the heavy quark’s electric charge.
The y-terms describe the threshold behavior of heavy quark production. Thus the kine-
matic region close to the charm production threshold is strongly favored, which is reflected
in typically small charm quark transverse momenta with respect to the beam axis. Due to
larger mass and smaller charge of the beauty quark in comparison to the charm quark, the
beauty production is in photoproduction suppressed with respect to the charm production
by a factor of about 200, depending on the phase space selection.

It is assumed that the mass of the charm quark provides a sufficient hard scale
(me > Agep)- Therefore charm production is a good testbasis of the pQCD predictions,
even in absence of any other hard scale. Additionally it provides information about the par-
ton content of the photon and proton, especially gluon structure, because the cross section
is expected to be dominated by gluon-induced processes. Due to the hard fragmentation
of heavy quarks, the parton and hadron levels are closely related.

This analysis studies the open charm production where the partons from the pro-
duced c¢ pair hadronise independently and build jets. In the hidden charm production the
cc¢ pair forms a bound state like for example J/v, which can than decay hadronically or
leptonically.

1.9 Hadronisation Models

In Monte Carlo two partons are produced in the hard process in case of BGF. Subsequently,
they undergo a parton shower, which is carried out by the evolution equation (see section
1.6) as a sequence of particle branchings. From a certain threshold «y is so large that
the use of pQCD is not possible anymore. In order to describe hadronisation processes,
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phenomenological fragmentation models are used. A number of such models have been
developed. Two of them, which are used in this analysis, are discussed here:

» The String fragmentation (Lund model) [16] is used in JETSET. The ¢q pairs and
the color field between them form ’strings’. Gluons are represented by kinks in the
strings. If the potential energy stored in the string becomes large enough (the QCD
potential is proportional to the distance at large distances), the string breaks up into
two string pieces and a new ¢g pair is formed (see Fig. 1.10). When no energy for
further pair production is left, the process stops and the resulting string fragments
are combined into hadrons.

» For heavy quark fragmentation Independent fragmentation is widely used as im-
plemented in the Peterson model [17]. In this model partons hadronise independently
(figure 1.11) and the probability of the transition of a quark @ to the hadron H car-
rying a fraction z of the parton’s longitudinal momentum is given by

N
)
1 €
Ny

At leading order the common choice of the parameter €¢ is €. ~ 0.058 and ¢, ~ 0.0069
at next-to-leading e, ~ 0.035 and ¢, ~ 0.0033 [18]. The additional quarks (antiquarks)
needed to form the hadron are from the vacuum g pairs, with the remaining quark
(antiquark) continuing hadronisation. The branching is repeated until the available
energy is exhausted. This model is generally used in the NLO calculations.

DG (z) =

(1.13)

For heavy quark fragmentation at HERA string fragmentation is often used in the LO
event generators to create hadrons and the momenta of the heavy hadrons are determined
using the Peterson fragmentation function. This is the case also in this analysis.

S Mesons
8
: g0l Ec :
Ry
a© C Ej KO (1'Z)Z’EC
; . 1 :
0 o~
uctuation — FApT)
i © \ o K™ (1-2)(1-2)zEc
0 .
until .
time cut-off energy
Figure 1.10: Creation of mesons in Figure 1.11: Meson creation according to the in-

the Lund string model. The kinks dependent fragmentation model.
representing strings are not shown.
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1.10 Jet Structure

In the present picture jets result from a chain of elementary splitting processes (parton
branchings). Each branching is characterised by the value of Q? representing the negative
squared four momentum transfer in that branching. As the parton shower develops, Q2 in
the particular branching processes decreases and thus «g rises. Therefore the processes
can be described by perturbative QCD only up to a certain cut-off value of the parton
virtuality. After that the hadronisation of the created partons, discussed in the previous
section, takes over. In Monte Carlo calculations the factorisation scale py represents the
boundary between these two regimes. The lower is the available energy, the higher is the
role of nonperturbative effects. Internal jet structure is sensitive to both soft and hard
contribution from QCD, thus it can be used to probe both of them.

Internal jet structure is expected to depend mainly on the primary parton type and
less on the particular hard scattering process. The differences between quark and gluon
jets arise from the SU(3) group structure of QCD. Relative strengths of different splittings
(see figure 1.12) lead to different branching probabilities for quark and gluon and thus to
different properties of quark and gluon induced jets. The strengths of the splittings are
given by the QCD color factors C'4, Cr and Tg:

Chp = N.=3 (1.14)
NZ2_1 4
= < = _ 1.1
Cr N, 3 (1.15)
1
Tp = 3 (1.16)

where N, denotes the number of colors.

In the following differences between quark and gluon induced jets will be discussed in
terms of multiplicity of the jet particles and angular jet size.

e R Rd? F?
q,z 9.z oz 9.z
s
—
a.y a.y 9y RY
g9, y-z q,y-z 3 y-z 9 y-z

Figure 1.12: Branching processes of quarks and gluons.

Multiplicity of Jet Particles

As explained in [19], in pQCD the average number of hadrons of type h in a jet initiated
by a parton ¢ at scale ¢ is given by

1
()i = / dw D" (x,1). (1.17)
0
The scaled hadron energy is given by x = Ej,/Eje;. The fragmentation function D! (z,t)
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1.10. JET STRUCTURE

represents the probability for the parton ¢ to form a jet that contains the hadron A carry-
ing the longitudinal momentum p’i = xpiL. Dlh(x,t) cannot be computed in perturbation
theory, since it describes a non perturbative process. But as in case of parton density func-
tions, the evolution with scale ¢ can be computed. The change of D?(x, t) when t — t+dt
can occur only via the splitting of a parton of type i in this interval. Therefore D! (x,t)
satisfies evolution equations like those for particle densities.

1
12 Dl 1) = > | EE Ptz asto)D)(e/0 (1.13)
It enables to predict the value of Dlh(:c,t) at an arbitrary scale ¢ once they have been
parametrised at some scale tg. Pj;(z) are called splitting functions. They give the probabil-
ity for an initial parton ¢ to emit a parton j with momentum p; = zp;. Splitting processes
relevant for jet development are shown up to order «ay in figure 1.12. At leading order in
as the splitting functions are given by

PO () = cp[llt’f + 25(1 - 2) (1.19)
R = o[ 0= (1.20)
PO(z) = Tg [22 +(1- 2)2] (1.21)
Po(z) = QCA[l_ZJr 1;Z+z(1—z)] +5(1—2)w (1.22)

Thus, the probability for each branching is proportional to the QCD color factors C'4, Cp
and Tr mentioned above. Already from equation 1.21 one can see that gluon splitting to
quarks is the least important process contributing to building of jets at HERA since Tg is
the smallest from the three factors. Since C'4/Cp = 9/4 > 1, more branchings are expected
for jets originating from gluons. Therefore gluon jets are on average broader than quark
jets with the same p;.

A more rigorous approach by solving DGLAP equations (1.18) (see for example [19])
results in a relation between the mean multiplicities:

(nn())g ~ Z—(a(t))g- (1.23)

This relation is valid at a scale t > ty. These differences arise from the greater absolute
effective color charge of the gluon, which is proportional to v/C 4 as opposed to v/CF for the
quark. The following model from [19] illustrates this difference: The dominant asymptotic
contribution to the multiplicity of a quark jet comes from the emission of a highly virtual
gluon by the initial quark. This gluon then generates a gluon jet with an energy lower than
the original quark energy. Thus one factor of Cy4 in the cascade is replaced by Cr leading
to a reduction in the average multiplicity by a factor C4/Cp. The whole situation is shown
in figure 1.13. However, this is an asymptotic behavior at very high scales (energies) [20].
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CHAPTER 1. THEORETICAL BACKGROUND

Figure 1.13: Typical structure of quark and gluon induced jets. Gluon jets are broader and
contain more partons than quark jets. A quark radiates typically one gluon, which then
develops a gluon jet.

In addition, the lower is the energy the higher is the influence of non-perturbative effects
which cause smearing of the differences.

Such effects were studied in three jet events in ete™ annihilation. In recent studies [21]
agreement was also found between theory describing finite scales and experimental mea-
surements in a special event configuration.

Angular Jet Size

In one of the first attempts to define jet cross sections for eTe™ collisions in perturbation
theory [22] the following definition of the two-jet final state was used: The final state is
classified as two-jet like if all but a fraction e of the total available energy is contained
in a pair of cones of half-angle ¢ (see Fig. 1.14). Using this definition the angular size of
quark/gluon jets for a given small € in lowest order can be shown to be

(1 — f2) (1.24)

8y ~ exp —12 —J2)
¢~ P Y Cras(s)|Ine

dg ~ —_—
g XD 4Cra5(s)|In€|

fy = 22t (1.26)
Otot
Therefore
8y ~ 65F/Ca, (1.27)

Since Cp/Cy < 1, the angular size of a gluon jet is larger than that of a quark jet, as
shown schematically in figure 1.15.
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Figure 1.14: Sketch of a two jet final state Figure 1.15: Schematic illustration of the
in ete™ annihilation. decrease of the angular width for quark

and gluon induced jets as a function of
the energy scale s.

Summary of the Quark - Gluon Jet Differences

For quark and gluon jets of equal energy produced under the same circumstances, the av-
erage multiplicity of any type of object in a gluon jet is predicted by QCD to be larger
than that of a quark jet. Therefore the particle spectrum is softer and the jet energy is
distributed at larger mean angles with respect to the jet axis. A further consequence
of the higher multiplicity is a softer fragmentation function of a gluon jet with respect
to a quark jet. The fragmentation of the beauty quark into charged hadrons including
the weak decay products of the beauty flavored hadron is expected to be substantially
softer than that of the other quarks. This is caused by the large mass difference between
the beauty and charm quark which results in many produced particles. A smaller effect is
expected in charm quark fragmentation, since the mass difference between the charm and
strange quark is not as large as in the beauty case.

Differences between light quark and gluon jets predicted by QCD were confirmed by
measurements at LEP. See for example [20, 21, 23] and section 2.6. The results of the ete™
collider experiments concerning the mean charged multiplicity were found to be consistent
with the measurements performed for the current jet at HERA [24]. In addition, different
distributions for flavour inclusive jets and charm induced jets were studied at PETRA [25].
Spectra of charged particle multiplicities in the jets, as well as thrust and sphericity of the
jets were found to be similar for both kinds of jets.

In this thesis the jet structure will be used as a tool to study the contribution of gluon
and quark jets to the final state and thus to discriminate between processes contributing
to charm photoproduction.
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1.11 Physics Simulation

Theoretical predictions implemented in Monte Carlo simulation programs form an integral
part of any high energy physics experiment. They help to design the detectors and to define
the experimental strategies. To serve such a purpose, these predictions must reproduce the
possible collision processes taking place in real detectors as closely as possible. Simulation
of the physics is based on the factorisation theorem (see section 1.5), which says that the
scattering process with a hard scale can be factorised in a hard and a soft part. The scales
for the calculation of the hard scattering process in heavy quark production are defined by
the heavy quark mass in combination with p; of the heavy quark (in photoproduction and
DIS) or Q? (in DIS).

Two different types of programs will be discussed here: event generators and cross sec-
tion integration programs. Event generators are used to produce hypothetical events with
distributions predicted by theory, i.e. the frequency we expect the events to appear in na-
ture. On the other side, cross section integration programs predict distributions in a limited
number of observables according to the theoretical calculations. For a more detailed expla-
nation and examples see [26].

Calculation Schemes

Heavy quark production presents a challenge in pQCD because the heavy quark mass
provides an additional hard scale to p; or @2, which complicates the situation. Presently
there are two main schemes available for calculating heavy quark production, which repre-
sent two different ways of reducing the two-scale problem to an effective one-scale problem:

» Fixed order (FO) massive approach:
In this fixed-flavour-number-scheme (FFNS) heavy quarks are not considered to be
active partons in the proton and in the photon. Charm and beauty quarks are pro-
duced via boson-gluon fusion mechanism. This approach is valid near the threshold,
i. e. for p; of the heavy quark of the order of the quark mass. Feynman diagrams
corresponding to heavy quark production in the massive scheme are shown in figure
1.16. The massive scheme is implemented in the FMNR program [27] for photopro-
duction and in the HVQDIS program [28| for DIS regime calculations. In this case,
the NLO diagrams are of order a2, which are much more complicated to calculate

S

than the diagrams of the second approach.

» Resummed calculations (RS) - massless approach:
It is implemented in the zero-mass-variable-flavour-number-scheme (ZM-VFNS). This
approach is reliable at large scales (p; of the heavy quark much larger than the quark
mass), where the heavy quarks can be treated as zero mass partons, like up, down
and strange quarks. Thus in the ZM-VFNS heavy quarks are active flavors in photon
and proton and heavy quark excitation processes are possible, as is shown in figure
1.17. There are leading order Monte Carlo programs are based on this approach.

» The most reliable pQCD prediction at low and intermediate p; might obtained by
the Matched scheme (FO-+NLL) [29]. It combines the two previous approaches,
utilizing the most appropriate scheme at a given energy scale Q2. The massive scheme
is used near the threshold and the massless scheme (with m. # 0) is applied for large
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scales. This scheme is commonly referred to as the variable-flavour-number-scheme
(VENS).

UK TEE

Figure 1.16: Examples of partonic processes for heavy quark production in the massive
scheme: a) LO contribution, b) virtual contribution and c), d) show NLO radiative pro-
cesses. The straight lines represent the heavy quarks.

T

a

Figure 1.17: Examples of partonic processes for heavy quark production in the massless
scheme: a) LO contribution, b) virtual contribution and c), d) show NLO radiative pro-
cesses. The straight lines represent the heavy quarks.

The measurements of F§¢ and F2b’3 at high Q? [30] performed at H1 were compared to NLO
QCD predictions for both ZM-VFNS and VENS. Both approaches were found to be similar
and compatible with the data.

Event Generators

Event generators generate four vectors of final state particles. Usually they are based on
leading order calculations of the hard subprocess and the higher orders are simulated using
parton showers. Event generators use the following separate stages, as shown in figure 1.18,
to describe the physics events:

» The starting point are the PDFs, which were discussed in section 1.5. PDFs used in
this analysis are listed in table 1.2.

» The hard scattering process is described by a matrix element. It involves a hard
scale, and is calculated using perturbation theory. In the present MC generators
leading order matrix elements are implemented only.

» Gluon radiation may give large corrections to the overall topology of the event.
Therefore they are simulated using the parton shower (PS) method, in which both
initial and final state radiation is simulated by an arbitrary number of branchings
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of one parton into two partons (a — bc). Once formed, the daughters b and ¢ may
branch as well, and so on. In the event generators used in this analysis final parton
showers are implemented via the JETSET program [31]. The shower evolution is cut
off at some scale, where the hadronisation process takes over.

» The colored partons are transformed into colorless partons in the process of hadro-
nisation. Nowadays only phenomenological models exist. Two of them are described
in section 1.9. Hadronisation is also implemented in JETSET using the string model.
In this analysis the Peterson fragmentation function, which is derived for independent
fragmentation, is used additionally for heavy quarks. That means that the hadrons
are created according to the Lund model, but the longitudinal momentum is assigned
to them according to the Peterson fragmentation function. See section 1.9 for details
about both hadronisation models.

» The beam remnant forms part of the hadronic system, which is color-connected
to the hard interaction. It needs to be reconstructed and connected to the rest of
the event. In addition, in collisions of composite particles there is a possibility that
several parton pairs undergo separate hard or semihard scatterings. They are referred
to as 'multiple interactions’. The event generators use phenomenological models
and parametrisations from existing data to simulate effects on the hadronic final state.

hadronisation
hadrons

,,,,,,,,,,

Y W, E

Figure 1.18: A schematic illustration of an event generator with initial and final parton
shower (PS), matrix element (ME) and hadronisation.
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The final state particles (hadrons) characterised by their four momenta are passed in the
second step to the simulation of the detector and trigger response. The H1 detector
simulation (H1SIM) is based on GEANT 3 [32] and includes a description of the detector
components, the materials they are made of, their geometry and positions. Possible changes
of the geometry from run to run are considered. Trajectories of the particles through the
detector are calculated taking into account physics processes such as energy loss and mul-
tiple scattering. Particle decays are simulated according to particle lifetimes. Subsequently,
the detector response is simulated. The output of the simulation has the same format as
the real data recorded by the detector and can therefore be run through the same event
reconstruction and physics analysis chain. In this way the Monte Carlo model predictions
include the detector acceptance and efficiency and thus can be compared directly to the
experimental data.

In this analysis two MC generators are used, PYTHIA 6.1 [31] and CASCADE 1.0
[33, 34]. The PYTHIA Monte Carlo implements the DGLAP evolution (see section 1.6)
and on-shell matrix elements. PYTHIA is run in an ’all inclusive’ mode and all processes
are generated using massless matrix elements. The direct and resolved photon processes
are simulated including excitation processes, in which one heavy quark (¢ or b) originates
from the resolved photon or the proton. The CTEQ5L [8] parton densities are used for
the proton and those of GRVG-LO [35] for the photon. Event samples for the processes
ep — eceX, ep — ebbX and inclusive (light quark dominated) production were generated.
The charm sample is compared to the measured charm data. The light quark sample and
beauty sample are used to simulate the templates for background subtraction. The light
quark sample simulates the background from fake muons, i.e. hadrons misidentified as
muons and decays of light mesons into muons. For comparison with the flavour inclusive
sample an inclusive PYTHIA data set is used. The probabilities of various processes as
simulated by PYTHIA for the charm MC and inclusive MC are shown in table 1.1.

Process PYTHIA Name Type :E;’bs <0.75 :czbs > 0.75
No.

Charm | Flavour | Charm | Flavour
Sample | Inclusive || Sample | Inclusive
Sample Sample
[7] [7] [7] [7]
vg — QQ 135 direct d 16.2 4.7 72.0 43.4
g9 — QQ 53 norm. res. r 1.5 1.5 0.2 0.34
Qg — Qg +c.c. 28 excitation T 61.0 56.8 17.0 33.7
Qq — Qq +c.c. 11 uds comp. r 19.2 12.5 5.3 7.7
4 — QO 12 - r 0.55 0.16 0.1 0.1
7@ — gQ +c.c. 131 - d 1.59 0.85 5.3 8.5
g9 — g 68 - r - 23.3 - 6.1
qq — gg 13 - T - 0.2 - 0.1

Table 1.1: The most important processes and their probability according to the PYTHIA
simulation for the charm sample and flavour inclusive sample in two regions of :cgbs . Q
denotes the heaviest quark in the process, q a light quark, v stands for photon and g for
gluon. Type ’d’ denotes direct photon and ’r’ resolved photon events. See next section for

the definition of :cgbs.
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The CASCADE Monte Carlo generator is based on the CCFM evolution model (see
section 1.6). CASCADE uses unintegrated parton densities and off-shell matrix elements.
In this analysis the JS2001 set [33] is used. Resolved photon processes are not simulated
separately, because k;-factorisation includes partially a hadronic photon component. The
final state parton showers, proton remnant treatment and hadronisation are adopted from
JETSET which is part of the PYTHIA program. CASCADE is used as a cross check for
comparisons between data and theory for the charm sample.

An overview of the properties and settings used for both Monte Carlo models is given
in table 1.2. In both simulations the mass of the charm quark of 1.5 GeV is used as well
as Lund string fragmentation supplemented with the Peterson fragmentation for heavy
quarks, as mentioned above.

| MC | PYTHIA | CASCADE \
Evolution scheme DGLAP CCFM
Factorisation scheme collinear ks
Matrix element on-shell off-shell
Version 6.1 1.0
Mode massless -

(35 % excitation)

Agcep|GeV] 0.192 0.2
Renormalisation scale m?, + p? G 4m3 + p? G
Factorisation scale m?, + p? G 5+ Q7
Proton PDF CTEQSL unintegrated JS2001
Photon PDF GRV-LO -

Table 1.2: Overview of properties and settings used for MC models with leading order
matrix elements and parton showers. Here m, denotes the heavy quark masses, p; 43 the
average of the transverse momenta of the two heavy quarks, § is the centre-of-mass energy
squared and @) is the tranverse momentum of the heavy quark.

Cross Section Integration Programs

Perturbative QCD calculations of heavy quark production in next-to-leading order are
available in Monte Carlo integration programs. For photoproduction of heavy quarks the
FMNR program |27, 36, 37| is used, which implements a massive scheme calculation. The
output includes only the (two or three) parton four vectors. For a comparison with data
in a limited phase-space these have to be evolved to hadron level and the decay of hadrons
has to be modeled. Only then the kinematics of the decay products can be included in the
definition of visible cross sections. More details about the FMNR program as well as the
principle of Monte Carlo integration programs can be found in appendix D. The results of
this analysis are at present not compared to any NLO calculation.
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Chapter 2
Analysis Method

The aim of this analysis is to shed light on the production mechanisms involved in charm
photoproduction at HERA, which are in leading order QCD represented by direct, re-
solved and excitation processes, as discussed in the previous chapter. In the direct pro-
cesses (yg — c¢) and in the 'normal resolved’ processes (gg — c¢¢) a charm quark pair is
produced in the hard interaction. In contrast to that, in the excitation processes (cg — cg
and cq — cq), which are supposed to represent the largest fraction of the resolved photon
processes [38], the products of the hard interaction are a charm quark and a gluon.

A charm enriched event sample is studied, which consists of dijet events where one
jet is tagged by a muon to originate from a charm quark. The origin of the second jet
is investigated by exploiting its internal jet structure. The structure of this 'other jet’ is
expected to depend mainly on the type of the primary parton, as explained in the previous
chapter. The 'other jet’ can originate from a charm quark, a gluon or from a light quark.
Thus this approach is sensitive to differences between cg and c¢ type of events.

Different methods to investigate the jet structure were studied. Results of the studies
are discussed in appendix A. A variable called mean integrated jet shape was chosen to be
used in this analysis. It will be explained in section 2.5. For comparison a sample of flavour
inclusive dijet events is selected in tagged photoproduction. Such flavour inclusive event
sample is dominated by light quark events. In both samples the dependence of the inte-
grated jet shape is studied as a function of different jet variables like p/*, n/¢*! EJ¢t and
as a function of the :cgbs variable. In addition, direct enriched and resolved enriched events
are investigated separately.

The results of the measurement for both samples, after background subtraction (in
charm enriched case only), corrected to hadron level are compared to the pQCD predictions
implemented in the Monte Carlo models. The most important aspects of the analysis are
discussed in the following sections.

2.1 Investigated Jets

Jets are in this analysis reconstructed from the hadronic final state objects (see section
4.3) using the ki-clustering algorithm with the p;-weighted recombination scheme. Details
of the jet reconstruction are discussed in section 4.4, jet selection is given in section 5.2.
In case of charm enriched sample only the structure of the jet without muon is studied
("other jet’). This is not biased by the muon cuts. In case of flavour inclusive sample both
jets are studied.

!The pseudorapidity 7, corresponding to a polar angle 0, is given by — In tan(6/2).
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2.2. TAGGING OF HEAVY QUARKS USING THE SEMIMUONIC DECAY
CHANNEL

2.2 Tagging of Heavy Quarks Using the Semimuonic Decay
Channel

Traditionally charm enriched events are tagged using D* mesons, reconstructed via the
golden decay channel (D** — K¥r¥xF). In the data taking period 1999-2000 there was
no dedicated trigger at H1 to trigger D* photoproduction events. Charm photoproduction
tagged by D* mesons could only be triggered via the scattered electron at a low angle,
which limits the kinematic range and the statistics of the D* sample [39]. Another possi-
bility to tag charmed photoproduction is to tag charm events by a lepton with a high
transverse momentum. In the present analysis a muon tag is used which leads to a
larger number of events to be studied in comparison to the D* tagged charm production.
There is a dedicated trigger to trigger events containing a muon. However, background is
also higher since the muon tag is not as clean as the D* tag.

In frame of charm production so called ’open’ and ’hidden’ charm production is dis-
tinguished. In case of the open charm production heavy quarks fragment into hadrons
containing only one charm quark, since in case of the hidden charm production bound c¢
states are created. Charm hadrons decay with a probability of almost 1.0 into hadrons
containing a strange quark. The decay of a c-quark into a d-quark is strongly suppressed
since the |V4| element of the Cabibbo-Kobayashi-Maskawa Matrix is much smaller than
the |Vgs| element [3]. Typically the charm quark transforms via radiation of a W-boson
into a strange quark. The charged W-boson can decay into a muon and a neutrino, which
escapes detection. Such decay of a charm meson is schematically shown in figure 2.1. The
branching ratio ¢ — pX has been measured by the LEP experiments to be 0.098 £ 0.005
[40]. This branching ratio is large enough to be used in this analysis and the decay muon
provides a clean experimental signature. This is desired since charm quark production is
suppressed by about a factor of 5 with respect to the production of lighter quarks, due to
its high mass.

d d

Figure 2.1: Example of a semileptonic decay of a charmed hadron.

In case of charm enriched event sample the jet algorithm provides an association of the
muon to a jet. According to the charm PYTHIA MC, in 2% of charm events the muon is
not included in any jet with other particles, but forms its own jet. Such events are excluded

from the analysis. Muon associated to the jet enables us to define variable p®

Y
prel — Pu ipjet —pu)l 2.1)
Ipjet — Pyl
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CHAPTER 2. ANALYSIS METHOD

where pje; and p;, are the momentum vectors of the muon and the jet, respectively.
py€l represents relative momentum of the muon with respect to the axis of the rest of
the jet which contained the muon. This variable is used for enrichment of charm events, as

explained in the next section.

2.3 Background Types

An event selection requiring dijet events containing a muon does not result in a pure charm
sample. There are various background processes producing similar final state topologies.
The two main sources are open beauty production and events from the production of light
quarks, u, d and s.

» Open beauty production results in topologies which are very similar to open
charm production. Muons can appear directly as decay products of beauty hadrons
(on the quark level b — pX) or via cascade decays (b — ¢X where ¢ — pY') with a
total branching ratio of about 20 %. The cross section for the production of beauty
quarks at HERA is about 200 times lower than the one for charm production. How-
ever, the high p; muon requirement also enriches beauty events and they become an
important background for the charm measurement.

Since the beauty quark has an approximately three times higher mass than the
charm quark, beauty decays are characterised by higher p;® values in contrast to
charm decays, where the mass difference between the charm and strange quark is
smaller. Therefore we select events with low p¢ to reduce the beauty contamination

of the sample. Details are discussed in section 5.2.

» A study of the light quark originated muon background was performed at H1
[41] for dijet + muon type of events. The modeling of the fake muon background
distributions was investigated using the flavour inclusive Monte Carlo samples. It
was found that the majority, i.e. about 90 %, of the selected muons in the light quark
event sample originates from charged kaons and pions, which leave the the central
tracker volume undecayed. The remaining 10 % are muons which result from inflight
decays of charged kaons and pions inside the beam pipe (5 %) or in the active volume
of the central track detector and central silicon tracker (5%). See section 3.2.1 for
the description of the detectors.

» Other background sources: Studies performed in [42] show that the required
topology (two jets and a muon) is an unlikely one for heavy vector meson decays
as well as for overlay of dijet events with a cosmic muon. Therefore these sources of
background can be neglected.

The remaining background in the charm enriched sample is subtracted from the data on
a statistical basis. Details of background determination and subtraction will be discussed
in sections 5.2 and 6.2.
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2.4. EXPERIMENTAL SIGNATURE OF RESOLVED PROCESSES

2.4 Experimental Signature of Resolved Processes

Direct and resolved processes differ in the way in which the photon participates in the
hard interaction. In direct processes the photon enters the hard interaction directly, while
in resolved processes the photon interacts via hadronic states. The structure of the photon
is resolved and only one parton takes part in the hard subprocess (see figure 1.9). The
difference between these two types of photon interactions are reflected in the fraction of
the photon momentum entering the hard interaction. The variable xgbs representing the
fraction of the incoming photon energy which participates in the production of the two

highest p; jets is in this analysis defined as

Lobs _ ZheJen (B —p2) + ZhEJetQ(E —p2)
K >on(E —ps2)

(2.2)

The sums in the numerator run over the particles associated with the two jets and that in
the denominator over all detected hadronic final state particles. This equation is discussed
in detail in section 4.5.

obs

2l
For the direct process xgbs approaches unity, because the hadronic final state consists of

only the two hard jets and the proton remnant in the forward region which contributes

little to Y, (E — p;). In resolved processes 2" can be small.

Direct and resolved processes tend to populate different regions in the x2”® distribution.

In this analysis we investigate the jet structure in direct enriched and resolved enriched
events defined by x%bs > 0.75 and xgbs < 0.75, respectively. This enables to study sepa-
rately direct and resolved processes.

2.5 Jet Shape Analysis Strategy

The main idea of the analysis is to distinguish processes using the differences in the jet
structure of quark and gluon initiated jets. The most common way of resolving the internal
jet structure, inspired by the cone-type algorithms, is to measure the energy distribution
perpendicular to the jet axis direction. The physical observables used for this purpose are
the integrated jet shape ¢ (r) and differential jet shape p(r) [43]. ¥(r) is defined as
the fraction of the jet transverse momentum deposited within a cone of the radius r around
the jet axis relative to the transverse momentum of the jet deposited in a bigger cone with
radius R = 1:

Zi,m<r ptvl

o(r) = :
Zi,m<R ptvl

(2.3)

where the sums run over the hadronic final state objects. p(r) is defined as the fraction of
the jet transverse momentum deposited within two cones of the radii » and Ar around the
jet axis relative to the total transverse momentum of the jet

_dy(r) Zi,TiG(r,rJrAr) Dti
dr Yir<R Pti

p(r) (2.4)
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Visualisations of both definitions are shown in figure 2.2. Transverse momenta of the par-
ticles p;; are measured with respect to the beam axis. The distances of the individual

particles forming the jet to the jet axis are defined as r; = \/An? + A¢?, where An; and
Ag; are the distances to the jet axis in pseudorapidity 1 and azimuthal angle ¢, respectively.
Generally, the parameter r can vary between 0 and R. In this analysis R = 1, according
to the resolution parameter Ry in the k;-clustering jet algorithm (see section 4.4), which
is in this analysis equal to 1. Note that in case of the k;-clustering jet algorithm particles
can occur which belong to the jet, although the distance to the jet axis is r; > Ry. Those
are not taken into account in this analysis. It was checked that considering those parti-
cles in the ¢(r) and p(r) definitions does not change the conclusions obtained without them.

Y(r) p(r)

N

b)

Figure 2.2: Visualisation of the integrated jet shape a) and differential jet shape b).

In this analysis the mean integrated jet shape is measured as

W) = —— 3 ), (2.5)

Nevents

events

where the mean is calculated over all investigated jets from all events of the selected data
sample. Analogically the mean differential jet shape is measured. The averaging over
events means to consider one jet per event in the charm enriched sample and two jets per
event in the flavour inclusive sample. Close to the jet axis, the jet shape is dominated by
collinear gluon emission, whereas at large angles from the jet axis, the jet shape reflects
large angle gluon emissions, which can be calculated perturbatively.

Due to differences in the formation processes of charm and gluon jets the latter are
expected to be broader and contain more particles [19]. Narrower jets are characterised by
larger values of (¢(r)). Therefore one expects

(W) quark > (1)) gluon (for r < R), (2.6)
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becau

se for gluon jets the full transverse momentum is reached more slowly and at a given

radius the value is on average smaller. This kind of difference between gluon and quark

jets is

{p(r))

2.6

also reflected in the distributions of the mean differential jet shape. Distribution of
gluon 15 shifted to larger values of r than (p(7))quark -

Measurements by Other Experiments

The method of the jet shape measurement has been already used by other experiments.

| 2

The mean integrated jet shape for gluon, light quark and beauty quark initiated jets
was measured by OPAL [23]. Figure 2.3 a) shows the differences in the (¢ (r)) distri-
butions of light quark and gluon jets, as observed for high jet energies in eTe™ colli-
sions at LEP. Large differences are observed. The gluon jets were found to be much
broader than the quark jets, as predicted by pQCD. The jet energies in the present
analysis are lower but still high enough to expect significant differences in the jet
shapes of gluon and charm initiated jets. The shape of the charm quark initiated jets
is expected to be similar to the light quark jets, because the mass difference between
the charm and the strange quark is not too high. In contrast to that, beauty quark
initiated jets were measured to be broader than light quark jets and very similar to
gluon jets (Fig. 2.3 b). This behavior is caused by the large mass difference between
the beauty and the charm quark.
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ggl_“aaaamﬁm 83 1 % %> a o a
= @© r 1 = @ o 1
3% 05 3 05
1. |~ Conedefinition: 1. = Conedeéfinition:
C R=30" =% o R=30°
09 =10 GeV - " . 09 =10 GeV .
08 B 08 B
07 ] 07 [ E
g o8 | OPAL 1 @os [ OPAL ;
N F - F ]
> 05 E E udsjet > 05 E i bijet
04 [ $ gluon jet 3 04 [ ¢ gluon jet 3
03 | /. — Jetset 7.4 7 03 |~ — gluonjet, Jetset 7.4 7
F i ---- Herwig5.8 E ——— gluonjet, Herwig 5.8 ]
02 — - Ariadne4.06 ] 02 = — - bjet, Jetset 7.4 ]
E!‘ S Cojets 6.23 E e bjet, Herwig 5.8
01 =/ 7 01 | ]
0. :1111111111111ll11111111llllllllllllllllllllllll 0 :11111111l111111111l1111111111111111111111111111:
0. 01 02 03 04 05 06 07 08 09 1 0. 01 02 03 04 05 06 07 08 09 1
riR riR
a) b)

Figure 2.3: Mean integrated jet shape (here labeled Vg (r/R)) for a) light quark and gluon
jets and b) beauty and gluon jets as measured by OPAL [23].
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» The integrated jet shape was measured by H1 for a flavour inclusive DIS dijet event
sample [44] (Fig. 2.4) and it was found to be reasonably described by the Monte
Carlo model LEPTO, which predicts a fraction of ~ 80 % photon-gluon fusion events
with two quarks in the partonic final state. Thus the observed jets are consistent
with being mainly initiated by quarks, as expected in DIS.

~ 12 — T 1
N—r

> i ET,Breit >8GeV :
1r NBreit < 1'5/ LT <77< i
0.8 L H 1 E
06 | inclusive k, -
i ® HI1 data :
o4 [ — LEPTO (alljets) |
! -~~~ LEPTO (quark jets)
Y A LEPTO (gluon jets) |
0.2 | 3
i -~ LEPTO (all jets before -
i hadronization) |

0 | | | |

| | |
0.2 04 06 0.8 1
r'R

o

Figure 2.4: Jet shape measured by HI1, for jets produced in the range
10 < Q? <120 GeV? and comparison to the Monte Carlo models [44].

» A similar flavour inclusive measurement was performed by ZEUS for photoproduction
events [45] (Fig. 2.5 a). The observed broadening of jets as 7/ increases is consistent
with an increase of the fraction of gluon initiated jets. There one concludes that
the prediction of PYTHIA, including resolved and direct processes, fails to describe
the strong broadening of the measured jet shape for forward rapidities. The present
analysis does however not cover this forward 77 region, in this analysis |7/¢| < 1.73.

» ZEUS also measured the integrated jet shape for the ’other jet’ in a D*-tagged dijet
photoproduction sample [46] (Fig. 2.5 b). A difference between the total and the
direct-enriched sample in the highest 77¢* bin was observed. They conclude that the
measurement in the highest 77¢! bin is consistent with the presence of cg — cg pro-
cesses.
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Figure 2.5: a) Integrated jet shape as measured by ZEUS for photoproduction events [45]. b)
Integrated jet shape measured at fixed value of r—0.3 as a function of /¢ for the 'untagged
charm’ jet from the D* tagged charm events as measured by ZEUS [46]. Shown are the
total and direct enriched data samples for jets with p{et > 7(6) GeV in photoproduction in
the central region.

The analysis presented in this thesis selects a similar kinematic range of charm produc-
tion as the ZEUS analysis. Only the 77¢ range is restricted to more central region. The
fundamental difference is the charm tagging method (muon versus D*), which causes a com-
pletely different composition of background and thus provides an independent approach.
Since we are especially interested in the contribution of gluon jets in resolved processes in

comparison to direct processes, we compare directly jet shapes for high and low acgbs values.
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Chapter 3
The H1 Experiment at HERA

In this chapter the electron-proton collider HERA is introduced briefly. Then a short de-
scription of the H1 detector components most important for this analysis follows, including
tracking, calorimetry, detection of muons, luminosity system and trigger system.

3.1 The HERA Collider

The electron-proton storage ring HERA (Hadron Elektron Ring Anlage) is situated at
DESY (Deutsches Elektronen Synchrotron) in Hamburg, Germany. Before injection into
the HERA storage ring both the electrons and the protons are accelerated in pre-accelerators
which are shown in figure 3.1 a). Further are electrons and protons accelerated in two in-
dependent accelerators in HERA tunnel, which is 6.3km in circumference and 10 — 25m
under ground. In HERA (see figure 3.1 b) 27.5 GeV positrons! were collided with 920 GeV
protons in the years 1999-2000, resulting in a centre-of-mass energy /s ~ 320 GeV.

Hall North

Hall East
HERMES

Volkspark
Stadion

magnet
test—hall

PR
e-linac™ {} .

HERA-B

Hall South
ZEUS

a) | b)

Figure 3.1: The injectors and pre-accelerators of the HERA storage ring a) and the electron-
proton collider itself with the four experiments b).

!Further in this thesis the term electrons is used to denote both electrons and positrons.
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3.2. THE H1 DETECTOR

The magnets of the proton storage ring produce a magnetic field of 4.77T for bending
the high momentum proton beam through the ring. These superconducting magnets op-
erate at a temperature of 4.4 K. The magnets of the electron storage ring contain normal
conductors producing a magnetic field of 0.165T and operate at room temperature. The
protons and electrons are stored in up to 220 bunches of 109 — 10! particles. A small
number of non-colliding bunches, called 'pilot bunches’; is usually preserved for studying
beam induced background arising from interactions of the beam with the residual gas in
the beampipe, or with its wall. The proton beam lifetime is rather large, of the order of
100 h, while the positron beam lifetime of about 10 — 20h limits the typical duration of
luminosity fills to less than 15h. When the beams have reached their final energy, they
are tuned to collide each 96ns at very small angles in the interaction regions of the H1
and ZEUS experiments dedicated to the measurement of electron and proton collisions. In
addition there are two beam-target experiments, HERMES studying the spin structure of
the nucleons and HERA-B focused on fixed target heavy flavour production.

3.2 The H1 detector

The analysis described in this thesis is based on a data sample collected with the H1
detector in the years 1999-2000. The H1 detector is described in detail in [47]. The H1
experiment (see figure 3.2) is a typical multi-purpose collider detector with approxi-
mate dimensions 12 x 15 x 10m? and a weight about 2800 t. The momentum and energy of
particles produced in an ep interaction are measured. The identification and precise energy
measurement of the scattered electron, a high resolution for the hadronic system measure-
ment and a good hermicity to recognize missing transverse energy were of importance in
designing the detector. The unequal beam energies are taken into account in an asymmet-
ric detector configuration, namely its enhanced instrumentation in the proton direction.
The fine granularity liquid argon calorimeter enables the measurement of both charged and
neutral hadrons, photons and for high Q? events the scattered electrons. Since the electron
most likely scatters in backward direction, the SpaCal calorimeter has been built there in
order to support the electron identification. It also servers for measurement of photons.
The tracking system as well as the calorimeters are located inside the superconducting
coil, which produces a magnetic field of ~ 1.15T for momentum measurement. This layout
minimizes the dead material in front of the calorimeter. The whole apparatus is surrounded
by an iron yoke to return the magnetic flux of the solenoid. The iron yoke is instrumented
and used as central muon detector.

H1 uses a right-handed coordinate system. The origin of the coordinate system is
located at the nominal interaction point. The positive z-direction is defined by the beam
axis in the direction of the proton beam, called the forward direction. The positive z-axis
points to the ring centre, the positive y-axis points upwards. The polar angle 6 is defined
with respect to the positive z-axis and the azimuthal angle ¢ in the xy-plane such that
¢ = 0 points to the positive z-axis.

In the following the components of the experiment relevant for the present analysis will
be briefly described.
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Figure 3.2: Schematic view of the H1 detector and definition of the coordinate system.
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3.2.1 Tracking Detectors

The purpose of the tracking chambers is the reconstruction of charged particles trajecto-
ries. In addition, information on event vertices, i.e. the position of the ep interaction point
(primary vertex) and decays of long-lived particles (secondary vertices), is obtained by
extrapolating the reconstructed tracks back to the beam axis.

The H1 tracking system consists of the Forward Track Detector (FTD) and the Central
Track Detector (CTD) (see Fig. 3.3). For this analysis only the CTD is used, covering a
polar angular range of 15° < 6 < 165°. The CTD consists of the Central Silicon Tracker
(CST), the Central Jet Chamber (CJC) and the Central Inner and Outer z-Drift Chamber
(CIZ and COZ), which are shown in a radial view in figure 3.4. The CTD provides a good
angular and vertex resolution as well as the charge determination of the particle tracks.

The Central Inner and Outer Proportional Chamber (CIP and COP) are used for trig-
gering purposes only. Part of the FTD is also used by triggers. More details about the
tracking detectors can be found in [48].

cable distri-
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radial planar i .
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Figure 3.3: Side view of the H1 tracking system. In addition to the Forward Track Detector
(FTD) and Central Track Detector (CTD) the backward calorimeter SpaCal is also shown.
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Central Jet Chamber (CJC)

The CJC is the main tracking device, as shown in figure 3.3, consisting of two gas-filled
coaxial cylindrical drift chambers CJC1 and CJC2. It covers the polar angular range of
26° < 6 < 155°. The momentum and direction of the charged particles are measured via
ionisation in a gas. The drift velocity and the time at which the charge collected by the
sense-wires is measured, define the position of the hits in the r — ¢ plane. CJC1 (2) is built
of 30 (60) drift cells with 24 (32) sense wires each. The sense wires of the chambers are
strung parallel to the beam axis to give accurate resolution in the r — ¢ plane. The drift
cells are tilted by about 30° with respect to the radial direction. 'Lorentz angle’, which is
the angle between the electrical field and the drift direction of the electrons, is approxi-
mately compensated by this tilt. Therefore the electrons liberated by the charged particles
drift approximately perpendicular to the particle’s direction of the flight. This results in
optimum track resolution and solves drift ambiguities caused by mirror track segments.

The spatial resolution of the CJC in the r — ¢ plane is measured to be about 170 pm
and the time resolution is about 0.5ns. The transverse momentum of charged tracks can
be determined with precision up to o, /p? = 0.01/GeV. The sense wires are read out at
both ends and thus allowing determination of the z-coordinate by means of charge division.
However, the z-resolution achieved with this method is only a few centimeters.

(cm]
80 — Al tank
S : i Central jet chamber 2 (CIC 2)
A [ (60 cells, 32 sense wires each)
]
60 — :/ Carbon fibre cylinder
i
i Outer MWPC (COP)
50— 13 (2 layers, 1574/1615 wires, 2x288 pads)
1
40 - X Outer z-chamber (COZ)
(24x4 sense wires)
30 - Carbon fibre cylinder
: Central jet chamber t (CIC 1)
20 (30 cells, 24 sense wires each)
Carbon fibre cylinder
10 = Inner z-chamber (CIZ)
(15x4 sense wires)
0 [nner MWPC (CIP)
(2 layers, 2x480 wires, 2x480 pads)

Beam pipe
30 20 10 0 -0 -20 -30 [em]

Figure 3.4: Cross section of the central tracking chambers perpendicular to the beam
direction.
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Central Inner and Outer z-Drift Chambers (CIZ and COZ)

The measurement of the z-coordinate is mainly performed with the z-drift chambers CIZ
and COZ. Their signal wires are perpendicular to the z-axis. These two thin drift chambers
(see Fig. 3.4) sandwiching the CJC1 yield a z-resolution of about ~ 300 ym. The chambers
cover the polar angular range 16° < 0 < 169° (CIZ) and 25° < 0 < 156° (COZ). The CIZ
consists of 15, the COZ of 24 similar rings, which are arranged along the beam axis, each
ring containing four sense wires. The sense wire planes of the CIZ are tilted by 45° with
respect to the radial direction, while those of the COZ are oriented perpendicular to the
beam axis.

Central Inner and Outer Proportional Chambers (CIP and COP)

The multiwire proportional chambers CIP and COP, shown in figure 3.4, are cylindrical
double layer chambers. The CIP, covering a polar angular range of 8° < 0 < 172°, consists
of pad cathodes, which are 60-fold segmented in z and eight-fold in ¢. Both layers are
rotated by 22.5° against each other in order to achieve an effective 16-fold segmentation.
The pads of the COP are 18-fold segmented in z and 16-fold in ¢. They provide a fast
timing signal with a better time resolution than the HERA bunch crossing interval and are
used for triggering. A four-fold coincidence of pads of both double layer chambers leads to
a first estimation of the z-position of the vertex. For more detail about the z-vertex trigger
see section 5.1.

Forward Track Detector

The FTD serves for track measurement in the forward direction. It covers the angular range
of 5° < 0 < 30° and consists of three supermodules, as shown in figure 3.3. Each supermod-
ule contains a forward proportional chamber (FPC), radial and planar drift chambers and
a transition radiator. The FPCs consist of multiwire proportional chambers which provide
fast signals used for triggering purposes.
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Central Silicon Tracker (CST)

The CST consists of two cylindrical layers of double sided semiconductor (silicon) sensors,
as shown in figure 3.5. It has an inner radius of 5.57 cm and an outer radius of 9.7 cm. The
CST covers the polar angular range of 30° < 6 < 150°. The inner (outer) layer contains
12 (20) identical and slightly overlapping 'ladders’, which are arranged around the z-axis.
Each ladder consists of six silicon sensors in the z-direction and readout electronics at both
ends. Due to the voltage between the inner and outer surface of the sensors, the electrons
and holes, produced by the charged particles, drift to the inner or outer side. Here strips
are mounted, from where the deposited charge is read out. Since the strips of both sides
are perpendicular to each other it is possible to measure the » — ¢ -coordinate as well as
the z-coordinate. A hit in three dimensional space is determined from the position of the
sensor and the two coordinates. In the r» — ¢ plane a resolution of 12 ym is achieved and
in the z-coordinate a resolution of up to 22 um is obtained. Possible CST hits are assigned
to the tracks measured in the CJC and improved track parameters are found. More details
about the CST can be found in [49].

COOLED HYBRID SUPPORT

CABLE
FEED-THROUGH
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END FLANGE

Figure 3.5: Construction of the Central Silicon Tracker.
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3.2.2 Calorimetry

The main calorimeters in H1 are: the Liquid Argon Calorimeter (LAr), the Spaghetti
Calorimeter (SpaCal), the Tail Catcher and the Plug Calorimeter. While the LAr is im-
portant for the reconstruction of the hadronic final state and measurement of the scattered
electron at Q% > 100GeV? | the SpaCal is used mainly to detect and measure the scat-
tered electron in the low Q2 regime. The Tail Catcher will be mentioned in section (3.2.3).
The Plug Calorimeter, closing the gap between the LAr and the beam pipe in the forward
direction, will be not described here.

Liquid Argon Calorimeter (LAr)

The LAr encloses the forward and central part of the detector with a polar angle cov-
erage of 4° < § < 154° and with full azimuthal acceptance. The highest granularity is
in the forward direction. It is situated inside of the magnetic coil in order to minimize
the passive material improving the electron and the hadronic energy measurement. It is
segmented along the beam axis in eight wheels, as shown in figure 3.6 and each wheel is
constructed from identical octants. It has almost 45000 readout channels in total, called
calorimeter cells. Particles deposit their energies via different mechanisms, which requires
the LAr to be divided in an inner electromagnetic section and an outer hadronic section.
The electromagnetic and hadronic sections use lead and stainless steel absorber plates re-
spectively. In both cases liquid argon is used as the active medium, because of its good
stability, ease of calibration, possibility of fine granularity and homogenity. The depth of
the electromagnetic calorimeter varies with 6 between 20 and 30 radiation lengths, while
the depth of the hadronic calorimeter lies between 5 and 8 interaction lengths. The energy
resolution measured in test beams is oen(F)/E ~ 0.11//E[GeV] @ 0.01 for an electro-
magnetic shower and op,44(F)/E ~ 0.50/+/E[GeV] @ 0.02 for a hadronic shower. The LAr
is a non-compensating calorimeter, i.e. the response to hadrons is about 30 % lower than
the response to electrons of the same energy. An energy dependent reweighting is used to
equalize the response. More information about the LAr calorimeter can be found in [50].
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Figure 3.6: Cross section through the upper half of the Liquid Argon Calorimeter is shown.
The names of electromagnetic sections end with ’E’, those of hadronic sections with "H’.
The horizontal and vertical lines indicate the orientation of the absorber plates.
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Spaghetti Calorimeter (SpaCal)

The angular region of 153° < § < 178° is covered by the SpaCal [51], a scintillating-fiber
calorimeter with lead absorbers. The main design goals of the calorimeter are a good cov-
erage of the region close to the beam pipe, high angular and energy resolution for electrons
and capability of providing hadronic energy measurement. The SpaCal has an electromag-
netic and a hadronic section, both 25cm thick. Since the SpaCal is mainly used for the
identification of the scattered electron, the hadronic part is only about one interaction
length deep. The electromagnetic energy resolution is oen(E)/E =~ 7%/+/E[GeV]. In the
hadronic section, energies are measured with a resolution of o4,44(E)/E ~ 30%/+/ E[GeV].
High resolution in both space and time is achieved, the latter being used for triggering
based on time-of-flight methods. Acceptance of the SpaCal corresponds to photon virtual-
ities in the range 1 < Q? < 100 GeV?2. In this analysis the absence of the scattered electron
in the detector volume is used to select photoproduction events.

To measure measure the tracks of the scattered electrons, the Backward Drift Chamber
is used, covering the region of 151° < 0 < 177.5°.

3.2.3 Central Muon Detector

The muon system is located outside the central calorimeters, because of the high pene-
tration power of the muons in contrast to hadrons and electrons. The iron yoke, which
guides the magnetic flux produced by the superconducting coil, is instrumented with de-
tectors which form the Central Muon System. It is divided into four regions, as can be
seen in Fig. 3.7: the backward endcap (130° < 6 < 171°), the backward and forward barrel
(35° < 0 < 130°) and the forward endcap (4° < 6 < 35°). The entire detector is split
up into 64 modules. Each module consists of ten 7.5 cm thick iron plates sandwiching ten
layers of limited streamer tubes and additional 6 layers are placed on the inner and outer
side of the module, as shown in figure 3.8. Layers 3, 4, 5, 8 and 12 are used for trigger
purposes. The individual streamer tubes have a cross section of 1 x 1 c¢cm? and are of differ-
ent length depending on the size of the module to which they belong. Eight of these tubes
form a profile, two profiles build a gas tight element and several elements form a plane.
The sense wires are strung parallel to the z-axis in the endcaps and in the z-direction in
the barrel region. Five planes (1, 2, 7, 14, 15) are equipped with strip electrodes, while the
others use pads. The strip electrodes are glued perpendicular to the sense wires in order
to provide a two dimensional measurement. The strips are 1.7 cm wide, while the pads are
of the size 25 x 25cm? in the endcaps and 50 x 40 cm? in the barrel. While the wires and
strips are used for muon identification the pads are mainly used to detect the energy of
hadronic showers leaking out of the LAr calorimeter (Tail Catcher).

The wires and strips are read out digitally. Three dimensional tracks are reconstructed
with information from 16 wire layers, 5 strip layers and 11 pad layers. A spatial resolution
of 3 — 4mm for the wire and 10 — 15mm for the strip hits is achieved. The momentum
resolution is estimated to be about 30 % for the particles in the barrel and the momentum
measured by the CMD is not used in this analysis. More information about the myon sys-
tem can be found in [52].
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backward endcap backward barrel forward barrel forward endcap
14 | 15 62 | 63
12 | 13 60 | 61
10 | 1 58 | 59
8] |9 56 | |57
6 7 54 | 55
4 5 52 | 53
2 3 50 | 51
0 1 48 | 49

magnet coil

Figure 3.7: The four parts of the Central Muon Detector, which is divided into 64 modules.
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Figure 3.8: Cross section view of an instrumented iron module. The streamer tube layers
3, 4, 5, 8, and 12 are used for trigger purposes.
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3.2.4 Luminosity System

The luminosity system of H1 is used for a fast online relative luminosity determination and
to control the electron beam steering and monitoring by HERA, as well as for the absolute
luminosity measurement after applying offline corrections. It consists of crystal Cerenkov
calorimeters located close to the beampipe, downstream in the direction of the electron
beam, as shown in figure 3.9. The luminosity is measured during the data taking by the
Bethe-Heitler process ep — epy, which has a large and well known cross section [53] and is
insensitive to the internal proton structure. Electrons are detected in the Electron Tagger
(ET33) at z = —33.4m, photons in the Photon Detector (PD) at z = —103.1 m. For an
online determination of the luminosity the rate of coincident detection in both detectors is
used. After offline calibration the luminosity is determined more precisely from the photon
rate in the PD only [54]. The main background comes from bremsstrahlung processes with
the residual gas in the beampipe (eA — eA~). These events are estimated to contribute at
the level of 10 % of the ep — epy rate and can be subtracted using data from the electron
pilot bunches, which do not interact with corresponding proton bunches. This leads to a
precision better than 2% for the measurement of the integrated luminosity.

Furthermore, the ET33 is also used to trigger and to detect electrons in photoproduc-

tion events where the electrons are scattered under a very small angle. Electrons in events
with Q2 < 0.01 GeV? and 0.2 <y < 0.7 can reach the ET33.
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Figure 3.9: The HI luminosity system, consisting of an electron tagger (ET) at z = —33.4m
and a photon detector (PD) at z = —103.1m.

3.2.5 Trigger System and Data Acquisition

Electron and proton bunches collide every 96 ns, corresponding to a frequency of 10.4 MHz.
The rate of physically interesting ep interactions is much lower. In addition the rate of the
background processes is several orders of magnitude higher than the ep event rate. The
background arises mainly from collisions of the beam protons with the rest gas atoms
within the beampipe (beam-gas interactions) and also collisions of beam particles with the
beampipe or the material of the detector lead to background events (beam-wall events).
Cosmic muons and synchrotron radiation have to be considered in addition. Due to the
short time between two bunch crossings and limited bandwidth for the data transfer to
mass storage devices, it is not possible to read out the whole detector for every bunch
crossing and to select the interesting events afterwards. Thus a four level trigger system,
schematically shown in figure 3.10, is used to decide whether to keep an event or not. In
this way the input rate of about 100 kHz is decreased to about 10 Hz.
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First trigger level (L1): Since the decision time of some detector components is signifi-
cantly larger than the time between two bunch crossings, the detector information is first
stored in buffers (pipelines). In case of a positive trigger decision the buffers are read out.
During this time no data can be collected (dead time). The L1 decision is based on 256
special trigger signals from various detector components, called trigger elements, which are
combined into 128 so called subtriggers. The trigger decision is positive if the event is ac-
cepted by at least one of the subtriggers. Depending on the run and background conditions,
the L1 subtriggers are prescaled to obtain an acceptable output rate. A prescale factor of
n means, that only every n-th event which fulfills the subtrigger condition is accepted by
L1. The L1 reduces the rate typically from about 100 kHz to few kHz.

Second trigger level (L2): Neural networks and topological triggers are implemented
on L2. In case of a negative decision on L2 the restarting sequence is initiated and then the
detector is ready for the next event. Otherwise the detector readout starts. The subtriggers
selected in this analysis do not require an L2 condition to be fulfilled. The L2 output rate
had to be below 50 Hz, because the third level (L3) was not implemented during the HERA
I data taking period 1999-2000.

Fourth trigger level (L4): The fourth trigger level is a multi-processor farm, where the
online event reconstruction is performed. If the L1 and L2 trigger decisions can be vali-
dated, the events are classified into L4 classes. If the event fulfills a ’hard scale’ requirement
(such as a high Q? , high p; track, high p; jet, missing E;) or passes one of the final state
finders, it is accepted without prescale. Otherwise they are downscaled and acquire an L4
event weight. The maximal allowed time for the L4 decision is 100 ms.

Offline reconstruction (L5): A complete offline event reconstruction is performed using
the software package HIREC [55] and the final calibration. No events are rejected on L5.
The output is permanently stored on ’physics output tapes’ (POT). Each recorded event
is labeled by a 'run number’ and an ’event number’. All events which belong to a given
run have been recorded within one time period and with a constant beam conditions and
trigger setup.
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Figure 3.10: Overview of the H1 trigger system. Shown are typical rates and decision times
for each level.
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Chapter 4

Reconstruction of the Analysis
Objects

In this chapter the reconstruction of muons, electrons and the hadronic final state as well
as jets using the H1 Object Oriented framework will be described.

4.1 Muon Reconstruction

The identification of muons is based on their characteristic low energy loss when travers-
ing matter. Muons with energies as produced at HERA lose much less energy than electrons
due to Bremsstrahlung because of their higher mass. In contrast to hadrons, muons do not
interact strongly either, so that they do not lose their energy in nuclear interactions. There-
fore muons do not produce showers. They also lose only a small amount of energy due to
ionisation and excitation, which is described by equation (4.1).

The mean energy loss of charged particles heavier than electrons in material per unit
length is in general energy dependent and described by the Bethe-Bloch formula

dE  4nz%et 2mev?y?
—— = — - NpZ |In——
dx M2 Sl I

S (4.1)
where z is the particle charge in units of the elementary charge and v denotes its velocity.
me is the electron mass, N4 stands for the Avogadro constant and Z is the atomic num-
ber of the material. The parameter [ is interpreted as a mean atomic excitation potential
incorporating all excitation and ionisation processes. § and C are the density and shell
corrections respectively.

For muon energies above roughly 200 MeV, where the ionisation is minimal, the energy
loss increases only logarithmically with energy and does not deviate much from the mini-
mum. This is why muons are often called 'minimum ionizing particles’.

Typical muon energies in events with heavy quarks observed in the H1 detector are of
the order of a few GeV. When such a muon passes the liquid argon calorimeter it typically
traverses distances 2 100 cm. The energy loss due to ionisation is rather constant (about
10 MeV /cm), so the energy deposits are expected to be evenly distributed in the calorime-
ter and concentrated in a narrow cylinder around the muon track. If the energy is high
enough (2 1.5 GeV), the muon penetrates through the coil of the superconducting magnet
surrounding the LAr and enters the instrumented return yoke of the magnet. The average
energy loss in any of the ten iron plates is around ~ 90MeV. If the muon has enough
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energy, it has a good chance to pass through the iron plates as well and leave the detector.
This is typically the case for p}’ > 2GeV.

In the following the part of the muon finding algorithm [56], which is relevant for the
present analysis, will be described. A muon is detected in H1 if it has either a minimum
ionizing particle pattern in the calorimeter or a reliable signal in the instrumented iron (see
below). As the high energetic muons searched for in this analysis are expected to penetrate
through the calorimeter, muons identified solely in the calorimeter are not considered. The
requirement for well measured muons decreases the background, what is important for an
analysis studying events containing a non isolated muon like the present one.

In the instrumented iron tracks are reconstructed which are referred to as ’iron tracks’.
To reduce the non-muon background from hadrons entering the muon system a set of cuts
is applied to the iron tracks. Since the hadron background is more dominant in the direc-
tion of the proton beam, harsher conditions have to be fulfilled by tracks reconstructed in
the forward direction. The cuts applied to the iron tracks developed in [57] are listed in
table 4.1. They are based on the number of layers, where the signal was registered as well
as on the distance of the track to the nominal interaction point.

‘ H barrel ‘ forward endcap ‘ backward endcap ‘
P0o < 100 em < 100 em < 100 em
20 < 100cm < 100em < 100em
Niayers > 2 > 6 >3
first layer <5 <5 <8
last layer > 2 >6 >3

Table 4.1: Cuts for iron tracks reconstructed in the barrel, forward endcap and backward
endcap of the CMD. The variables pg and zy describe the distance of the extrapolated
iron track to the nominal interaction point. Only streamer tube layers enclosed by the iron
plates are taken into account.

A measured track in the inner tracking chambers enables to reconstruct the muon mo-
mentum. Tracks well measured in the inner tracking chambers are at H1 also referred to as
'Lee West tracks’ and the requirements for them are defined in [57]. For muons not isolated
in the detector there might exist more than one possibility to link a certain iron track mea-
sured in the instrumented iron with inner tracks in the drift chambers. These ambiguities
are solved by first defining so called muon candidates for each possible combination of
tracks and then using a well defined procedure to choose from all the muon candidates the
best possible set (for more details see [56]).

In this analysis only the best 'iron muons’ with a good fit between inner track and
iron track are used. In the linking procedure, performed by the reconstruction software
HI1REC [55], the inner tracks are extrapolated to the first hit in the iron system taking the
energy loss according to Bethe-Bloch formula and multiple scattering into account. Then
a fit between the extrapolated inner track and the iron track is performed and a x? value
for the fitted track parameters is calculated (more details in [58]). The link probability,
derived from the y? value, is required to exceed 10~ and the combination with the largest
link probability is chosen.
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In this analysis we consider only muons with a significant signal in the muon detector.
However, in figure 4.1 can be seen that approximately half of the selected muons left some
signal also in the calorimeter. That muon quality [59] distribution is well described by
the inclusive PYTHIA MC simulation. More details about lower quality muons, as are for
example the calorimeter muons, can be found in [56]. Further cuts to select muons for this
analysis will be explained in section 5.2.
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Figure 4.1: Quality of the analysed muons and the description by the inclusive PYTHIA
MC. 10 denotes ’iron muon’ with the lowest calorimetric quality (no calorimeter signal),
13 denotes ’iron muon’ with a very good calorimetric quality. For the definitions of the H1
calorimetric muon qualities see [59]. The data and the total PYTHIA MC prediction are
normalised to the same number of events.

4.2 Electron Reconstruction

The electron finder implemented in the H1 Object Oriented framework searches for elec-
trons in the SpaCal and in the LAr calorimeter. A number of electromagnetic particle
candidates can be created from clusters and tracks that fulfil the selection criteria. These
clusters and tracks are locked and will not be used by other finders. In order to be able to
calculate the kinematics using the scattered electron, one candidate is selected to be the
scattered electron. The candidate with the highest p; fulfilling additional isolation criteria
is chosen to be the electron candidate. Several electron finders are run in different regions
of the detector:

» The LAr electron finder requires transverse momentum of the electron to be larger

than 3 GeV, the electron energy to be larger than 5 GeV and the number of cells of
the cluster has to be larger than three. The identification of the electron is based
on estimators used to characterize the electromagnetic shower like electromagnetic
fraction, transverse radius and energy fraction in the ’hot’ core, built of the N most
energetic neighboring cells. The cut values on these estimators are #-dependent to
match the detector characteristics. For more details see [60].
A track is associated to the electron cluster if the distance to the cluster in n—¢ plane
is less than 0.1. ’Lee West tracks’ are preferred. The identified electron is defined as
isolated if the calorimeter energy in a cone around the electron of radius R=0.5 is
less than 5% of the electron energy.
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» The SpaCal electron finder looks for electron candidates with energy larger than
5GeV and cluster radius less than 4cm. The (x,y) position of the centre of gravity
of the SpaCal clusters is calculated using logarithmic weighting. The z-position cal-
culation is energy dependent [56]. If the distance between a track measured by the
Backward Drift Chamber extrapolated into the SpaCal and the SpaCal cluster is less
than 3 cm, the track extrapolation is used to define the electron candidate position.

» Additionally a track based electron finder is run, which is aimed for low p;
(< 5GeV) electrons. It achieves very high purities (up to 98 % ) with comparable
efficiencies to the above electron finders.

In this analysis the absence of the scattered electron is used to select photoproduction
events. Electrons created in the ep collision, apart from the scattered electron, and in de-
cays of hadrons are also used as input for jet finding.

4.3 Reconstruction of the Hadronic Final State

For the reconstruction of the hadronic final state (HF'S), the Hadroo2 algorithm is used, as
described in [61]. It associates calorimeter clusters to tracks and defines the four vectors of
the output particles trying to avoid energy double counting. The basic idea is to use either
the track or the calorimeter information for a particular particle candidate, depending on
the uncertainty of the track measurement. In principle at low p; all tracks are kept and
the cluster behind the track is ignored. At high p; an estimate of energy compatibility and
expected resolution between tracks and clusters is used to decide whether the cluster or
track information is accepted. A detailed explanation of the Hadroo2 algorithm follows.

The algorithm uses the event vertex, tracks and clusters, which are not associated
to isolated electron and muon candidates, as input objects. Those Lee West tracks and
calorimeter clusters which are associated to isolated lepton candidates are removed first.
Used are central, forward and combined Lee West tracks (see Fig. 4.2 for the exact
definition of the angular regions). Both primary and secondary vertex fitted 'Lee West
tracks’ can be selected. They have to fulfil the quality criteria listed in [61].

2) ()

a) b)

Figure 4.2: a) Different track types and their angular domain: C = central tracks, F =
forward tracks, K = combined tracks. b) Two vertex hypotheses for a single track. Figure
is from [61].

90



CHAPTER 4. RECONSTRUCTION OF THE ANALYSIS OBJECTS

Calorimetric clusters are only selected from LAr or SpaCal, iron and Plug clusters are
not considered. The energy of a LAr cluster has to be at least 0.8 GeV (0.4GeV) in the
central (forward) region. As LAr is a non-compensating calorimeter, weighting algorithms
are necessary to compensate the lower response to hadrons with respect to electrons for
the same energy. SpaCal clusters have to have a cluster radius larger than 9.6 cm.

A number of noise suppression algorithms is run to either reject the whole event
not coming from the ep collision or to remove unphysical clusters while keeping the event.
The noise is due to detector effects such as noise in the electronics or pile-up deposition of
energy coming from halo or cosmic muons.

Having selected tracks and clusters, a cluster-track matching can be performed. Each
track is assumed to originate from a pion, with energy

2 2 2 2 c 2 2
Etrack = Ptrack + my = pt,track/ sin” 6 + M. (42)

As explained in [61], for each track the relative resolution of the track measurement UEEtM

track
. OF .
and of the calorimeter measurement ﬁilo at the same energy are compared to determine

which of the two detectors provides the best measurement. It is not possible to take a
decision based on the measured calorimeter deposit, since this is a priori unknown due to
possible contributions of neutral particles. Therefore the average relative error expected
for the calorimeter measurement of the particle energy is calculated as:

(UE )ia _ OFE LAr expect _ 0.5 (4.3)
i ;= = . .
E nepee Etrack Vv Etrack

Generally the tracker measurement is better up to 25 GeV for central tracks. The se-
lected charged tracks are ordered by increasing p:, in order to associate first the clusters to
the well measured low p; tracks. Then the algorithm does a loop over the selected tracks
and for each track compares the resolutions and tries to associate calorimetric clusters to
the track.

If the relative uncertainty of the track measurement is lower, the track is used to
define a particle candidate. In this case the calorimetric energy is suppressed partially
or totally to avoid double counting. The central tracks are extrapolated into the calorime-
ter. The track energy Firqcr is compared to the calorimetric energy inside a cylinder of
radius 25 cm (electromagnetic part) and 50 cm (hadronic part) (details in [61]), taking into
account possible fluctuations of both measurements within their standard errors. If

2 2
Ecylinder < Etrack x |1+ 1.96 \/(%> + (JFE) (44)

track LAr expect

an amount of calorimetric energy equal to Ecyjinder is suppressed completely. Otherwise
only an amount of energy FEyrqck 1S suppressed.
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If the relative uncertainty of the calorimetric measurement derived using formula 4.3 is
lower and if

Etrack S [Ecyl'inder —1960g Ecylinder +1.960F (45)

cylinder? cylinder]

(With 08,140 = 0-54/ Ecylinder) the track energy is considered to be compatible with the

calorimetric deposit and the calorimetric measurement is used to define a particle
candidate. Otherwise if

» Eirack < Eeylinder — 1.960p the track measurement is used and calorimetric

cylinder?

energy is subtracted as in the case of a better track measurement.

> Etrack > Ecylinder+1-96 OF
the calorimetric cluster.

the track is suppressed and hadron is defined using

cylinder?

Once all the tracks have been treated, particle candidates are made out of the remain-
ing clusters using the calorimetric energies. The momentum of these clusters is obtained
assuming massless particles. These particles correspond to neutral hadrons with no asso-
ciated track or to charged particles with a badly measured track.

4.4 Jet Reconstruction

In high energy interactions partons are produced in the final state as a result of the hard
process. Because of color confinement it is not possible to observe quarks and gluons as
final state particles of the reactions. Partons outgoing from the interactions produce par-
ton showers and finally recombine to color singlet states - hadrons. Since the transverse
energies involved in the hadronisation process are typically much smaller than the hard
scattering energies (typically several GeV), the final state particles are collimated around
the direction of the original parton. These streams of particles, which can be measured by
the detector, are called jets. The aim of reconstructing jets is to reconstruct the direc-
tion and energy of the original partons. An additional difficulty represents the soft
underlying event. Underlying events occur, when the partons from the proton and photon
remnants undergo a second interaction, in additiona to the hard subprocess. Its products
can overlap with the jet formed by the hard partons.

Jet finding algorithms are used to associate particles to particular jet. After finding
all the particles belonging to the jet, recombination schemes give a prescription how to
calculate the momentum four vector of the jet from the momentum four vectors of the
individual jet particles.
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Jet Finding Algorithms

Jet finding algorithms assign particles to jets. There are different ways to define jets.
Although there is no ’best’ definition, there are better and worse ones in terms of recon-
struction of the original parton direction or magnitude of hadronisation corrections.

According to the Snowmass Convention [62], a good jet definition has to be simple to
implement in both the experimental analysis and in the theoretical calculation. It should
yield a cross section that is relatively insensitive to hadronisation. It should be defined and
yield finite cross section at any order of perturbation theory. More specifically, a jet finding
algorithm should be collinear and infrared safe. This means it should be independent
of a particle splitting into two partons with parallel momenta like in figure 4.3 a). Such a
dependence would cause collinear divergences in the theoretical calculations. From the ex-
perimental point of view, such a property means that the jet finding is largely independent
of the granularity of the detector. Particles which go in the same calorimeter cell cannot be
resolved anyway. Furthermore the jet finding algorithm should be insensitive to the emis-
sion of low energetic particles (fig 4.3 b). This property avoids the infrared divergences in
perturbative calculations. Experimentally, cuts to suppress the detector noise are applied
to make the jet finding as independent as possible of low energy deposits.
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Figure 4.3: a) Infrared radiation and b) collinear splitting.

There are two main types of jet finders commonly used, cone algorithms and clustering
algorithms.

» Cone algorithms define a direction that maximizes the energy flowing into a cone
around it with a fixed radius R = y/An? + A¢?. They are used mostly in hadron-
hadron collisions, to solve the problem of underlying event. Typically R ~ 0.7. Cone
algorithms are simple to implement, but they are not able to separate overlapping
jets unambiguously. Hadronisation and higher order corrections are expected to be
higher for cone algorithms than for clustering algorithms. Additionally there is a
problem with collinear and infrared safety in higher order QCD calculations. And
finally a bias arising from the choice of seeds is present in cone algorithms.

» Clustering algorithms are based on iterative clustering procedures in which parti-
cles are merged together into 'pseudoparticles’ which build the final jets. They assign
unambiguously every particle to a jet and are both collinear and infrared safe. They
are used mostly by the eTe™ collider experiments. A cluster-type algorithm was first
used by the JADE collaboration [63]. The pair of particles with the smallest invariant
mass was combined into a single 'pseudoparticle’ and the algorithm continued recur-
sively until all invariant masses were above a given cut-off. Undesirable features of this
algorithm were improved by the QCD-inspired k;-clustering algorithm replacing the
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4.4. JET RECONSTRUCTION

invariant mass by the relative transverse momentum of the softer particle relative to
the other. More recently, a longitudinally invariant k;-clustering algorithm was
proposed [64], which is used in this analysis. It combines the use of the k;-resolution
variable for ete™ collisions with an improved clustering procedure which is able to
deal with the underlying soft event [65]. Jets built by the k;-clustering algorithm
have effective radii depending on the hardness of the jet. A diagram describing the
principle of the k; clustering algorithm is shown in figure 4.4.

i .
list of calculate I~ “jsétgf
particles [~ | ‘closeness parameters’
d.d. ~ remove i
P dmin_dij from list of
i particles
replace i, j -> ij merge i and j =>

‘pseudoparticle’

Figure 4.4: Diagram showing the principle of the ki-clustering algorithm. Details are ex-
plained in the text.

The input of the k; clustering algorithm are particles from the list of particles. The output
is written in the list of jets, which is empty in the beginning. For every pair of particles a
closeness parameter is calculated as

dij = min(pi ;. i ;)i — n;)* + (6 — 0;)°]/ R} (4.6)

The adjustable parameter Ry, characterising the with of jets, is analogous to the cone
radius in case of the cone algorithm. Further for every particle is calculated

d; = pi;. (4.7)

Minimum of d;; and d; is labeled as dyip, - If dynir, belongs to the set of d;;, the recombination
scheme (see the next section) is used to merge particles ¢ and j into a new 'pseudoparticle’.
The particles ¢ and j are removed from the list of particles. If d,;, belongs to the set of
d;, the particle 7 is removed from the list of particles and added to the list of jets. The
procedure is finished, when the list of particles is exhausted. After that, all particles are
assigned to a jet.
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Recombination Schemes

Recombination schemes are prescriptions to calculate the momentum four vector of the
jet from the momentum four vectors of the merged jet particles. The basic recombination
schemes are defined in the Snowmass Convention [62]:

pt-weighted scheme covariant E-scheme
n =i B = Y, E;
Pl = Sl PE =3 P

p]zet = Zz Pz

The p;~-weighted scheme produces massless jets while the covariant E-scheme results in
massive jets. There are also alternative, rarely used recombination schemes such as a
p?-weighted scheme or an Ej-scheme [66].

In this analysis jets are reconstructed by the inclusive k;-clustering algorithm [64, 67|
in the laboratory frame using the p,-weighted recombination scheme. The algorithm, with
a distance parameter in the 7-¢ plane of Ry = 1 (see the previous page), is applied to
all hadronic final state particles. The resulting jets are massless. The same jet finding
algorithm can be applied at different levels of the analysis chain, as shown in figure 4.5.
In this analysis it was applied on the final state particles in the data and in reconstructed
Monte Carlo events called detector level’, as well as on the level of decayed hadrons of the
Monte Carlo events called ’hadron level’, in order to determine the detector corrections.

many MC

detector
shower partons models -

e S IS
S S =
8|5 8|5 5
= = =
3] 4+ 3+
showering hadronization detector
JETS correction JETS correction JETS correction JETS
parton level hadron level detector level

Figure 4.5: Schematic diagram of a typical analysis using jets [68]. In the upper line the
partons are produced from the hard scattering process and a parton shower is created. The
hadrons deposit their energy in the detector. At each stage jet finding can be applied. This
analysis is performed at the detector level and afterwards detector corrections are applied.
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4.5 Reconstruction of the variable :c?ybs.

In this section a motivation for the definition of the variable x,‘;bs by equation 2.2 will be
given. It is constructed to represent the fraction of the photon momentum entering the
hard interaction. The momentum fraction carried by the incoming parton from the photon
side is at leading order defined as

SC,IYJO _ pp-pparton’ (48)
Pp-P~

where py,, py, and pparion are the four momenta of the proton, photon and parton from the

photon side participating in the hard interaction, respectively. Such defined x%o as defined

by (4.8) is equal to one for direct processes and less than one for resolved processes. In the

collinear approximation, i.e. when the parton has the same direction as the proton, the

following equation holds:

E

LO ‘parton

gLO = Zparton (4.9)
Y E‘7

where Epurt0n is the energy of the parton from the photon side participating in the hard
interaction. In photoproduction the energy of the photon E, is related to the electron
beam energy E. via the inelasticity y, £, = yFE.. The photon momentum fraction enter-

ing the hard interaction can be determined from the transverse energies E; ; = /E]Z - p? j
and rapidities g; = 1/2 In[(E;+p. ;)/(Ej—p.,;)] of the outgoing hard partons according to

o~ Uj
$LO _ Zj:outgoing parton Et7]e ! ) (410)

7 2y L.

Since partons cannot be measured directly, one needs to write equation (4.10) in terms of
experimentally measurable quantities. The sum over partons is replaced by the sum over

hadronic jets. For 2 — 2 processes, like boson-gluon fusion, the variable x%bs is defined as

2o — Zjet:l? Bt jere” et (4.11)
7 2yF,

where the sum in the numerator runs over the two highest transverse energy jets in the
event. Since for a massless jet Et,jete_@fei = (E — p2)jet, xgbs can be written in terms
(E — p) of the jets

xobs _ Zjet:l,2(E‘ - pz)jet (4 12)
T 2yE. ’ :
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CHAPTER 4. RECONSTRUCTION OF THE ANALYSIS OBJECTS

In this analysis this definition will be used in the form

obs _ ZheJetl(E —p2) + ZhEJetQ(E —pz)
K > on(E—p2) ’

where the sums in the numerator run over the particles associated with the two jets and for
the denominator over all detected hadronic final state particles. The variable xgbs defined

T

(4.13)

in this way is restricted to the range 0 < :cgbs < 1. Resolved processes tend to populate

region of lower x%bs values than the direct ones. However, an overlap between them is
present. Especially parton showers and hadronisation processes cause the smearing of the
direct peak at xgbs = 1 to lower values of x%bs. Distributions for the variable :cgbs
processes, as simulated by the charm PYTHIA MC are shown in figure 4.6. This detector

level simulation includes already the smearing effects.

for various

(7] F
Z06E  pyTHIAC
2 05F direct
© 0.4F ----excitation
50.32_ —Norm. res.
©o0.2F
0.1F
ot oo = e
b 02 04 06 08 1

obs
Xy
Figure 4.6: Distributions of x%bs for direct, excitation and normal resolved processes on
detector level, after the final data selection. Distributions simulated by the charm PYTHIA
MC are normalised to the total number of events.

4.6 Analysis Environment

This analysis is performed in the H1 Object Oriented framework (H10O0). It was created
by members of the collaboration in order to manage to process increasing data volumes
and to satisfy increasing demands on the software used for the analysis. It is programmed
in C++. The goal of H10O is to accommodate the collaboration with a standard of event
and particle reconstruction and selection. This new software framework for general anal-
ysis purposes provides a new data storage and environment for all steps of an analysis.
It offers a modular and extendable framework, supporting all H1 physics analyses. HIOO
standardizes the physics algorithms like kinematic reconstruction, selection criteria and
particle identification and make the expert knowledge reusable by non-experts. The algo-
rithms and the data are organised in classes, based on the ROOT package [69]. ROOT is an
object oriented analysis framework programmed in C++ which provides efficient storage,
analysis and graphic display facilities.

For more details about HIOO, particularly concerning the three-layer data storage
design, see [56].
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Chapter 5

Event Selection

This analysis is based on the event sample selected for the recent determination of the
beauty production cross section [70]. The data selection was optimised to select heavy
quark events that include semimuonic decays.

The data were recorded by the H1 experiment at HERA in the years 1999 and 2000
in ep collisions at a centre-of-mass energy of 318 GeV and correspond to an integrated
luminosity of 48 pb~1.

For this analysis dijet events in photoproduction are selected. For a comparison of charm
and light quark events, two samples are selected: a charm enriched sample and a light
quark dominated flavour inclusive sample. The main selection difference between them
is the requirement of a high p; muon in case of the charm enriched sample. The high
p¢ muon, which is used to enrich heavy quark events, also serves for triggering. Since we do
not have this for the flavour inclusive dijets, a scattered electron detected in the electron
tagger is used to trigger such events.

In the following the online and offline selection will be described.

5.1 Online Selection

For apparative details see chapter 3, in particular the H1 trigger system is described in
section 3.2.5. Here only the most important details for this analysis will be mentioned.

L1 Trigger Selection

The charm enriched sample is triggered by a high p; muon in the central muon detector
(CMD) using subtriggers s19 and s22. Subtrigger s19 triggers muons in the barrel part
of the CMD and takes the majority of the studied events (99 %). Events containing the
muon in the forward or backward endcaps are triggered by s22. The most important trigger
elements for both subtriggers are listed in table 5.1.

The flavour inclusive sample is triggered by the scattered electron detected in the elec-
tron tagger ET33. For that purpose subtrigger s83 is required and the trigger elements
essential to that subtrigger are listed in table 5.1. The definition of the individual trigger
elements can be found in table 5.2. In the following a short description will be given of the
triggers, which provide the trigger elements entering the subtriggers used.
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5.1. ONLINE SELECTION

‘ Subtrigger H Trigger Elements

s19 Mu_Bar && DCRPh_CNH && zVtx_ sig>1
522 Mu_ ECQ && DCRPh_CNH && zVitx_ sig>1
s83 DCRPh_Tc && zVtx_sig>1 && LU_ET && 'LU_PD_low

Table 5.1: The essential trigger elements in the definitions of the subtriggers. See table 5.2
for explanations. The symbols &&’ and 1&&’ represent a logical AND and a logical AND

NOT, respectively.

Trigger Element (TE)

H Definition

TE of the CMD:

Mu_Bar

muon candidate in the barrel

Mu_ ECQ

muon candidate in the forward outer endcap or
backward outer endcap or backward inner endcap

TE of the CJC1 and CJC2:

DCRPh_Tc

at least three fired track masks with p, > 450 MeV /c

DCRPh_TNeg at least one fired neg. track mask with p; > 450 MeV /c
DCRPh_THig at least one fired track masks with p, > 800 MeV /c
DCRPh_CNH shortcut for

DCRPh_Tc && DCRPh_TNeg && DCRPh_ THig

TE for the vertex significance:

zVtx_sig>1

significant maximum in the z-vertex histogram

TE for the scattered electron:

LU _ET

signal in the ET33

LU _PD low

energy deposition in the PD

Table 5.2: Definition of the trigger elements from table 5.1. The symbol ‘&&’ represents a

logical AND.

» The CMD trigger uses five layers (3,4,5,8 and 12) of the instrumented iron system.
The number of layers required to fire one of the CMD trigger elements Mu_Bar and
Mu_ECQ (see table 5.2) differs for the different detector regions.

» The DCRPh trigger uses 10 out of 56 wire layers of the CJC. Each track coming
from the nominal interaction point can be parametrised in the » — ¢ plane by a cur-
vature k an azimuthal angle ¢ at the point of closest approach to the vertex (DCA
point). The signals caused by the measured tracks are compared to predefined masks
in the two dimensional space in x and ¢ for small values of DCA. Cosmic muons
and beam induced background produce tracks with a large DCA to the event vertex.
Validation of a mask leads to a positive trigger decision. It is possible to separate
positive and negative tracks with low and high momentum (see table 5.2). More in-
formation can be found in [71, 72].
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CHAPTER 5. EVENT SELECTION

» The z-vertex trigger is based on the signals from the multiwire proportional cham-
bers CIP, COP and FPC (see section 3.2.1). Each of them consists of two independent
layers. The aim of the z-vertex trigger is to reconstruct online the primary interaction
vertex along the beam axis. This is realised by building rays out of pad signals which
can be connected by a straight line pointing to the z-axis (figure 5.1). The z-vertex
histogram consists of 16 bins in ¢ and 16 bins in the z-coordinate. Each active ray
contributes one entry to the z-vertex histogram. The histogram bin with most entries
is expected to contain the interaction vertex of the ep collision, while the combina-
torial background is randomly distributed. The trigger element zVtx_sig>1 fires, if
the histogram shows a significant peak. More detailed information can be found in 73]

» The scattered electron trigger fires if an energy deposition above an adjustable
threshold (6 —9GeV) is found in the ET33, and at the same time the energy deposi-
tion in the photon detector (PD) is smaller than a given threshold (5 — 7 GeV). This
is done in the order to trigger events with a scattered electron in the ET33 and at
the same time veto events from the Bethe-Heitler process.

W g+

Figure 5.1: The z-vertex trigger: Particle trajectories (full lines) cause hits in the double
layers of CIP, COP, and FPC. Rays through pads (dotted lines) are extrapolated to the z-
axis. Only rays from particle trajectories form a significant peak in the z-vertex histogram.

The efficiencies of the trigger elements Mu_Bar, DCRPh_CNH and zVtx_sig>1 deter-
mined from the data are compared to the efficiencies from the Monte Carlo simulation in
section 6.1.1. Trigger elements of the ET33 and PD are not simulated, but the effect is con-
tained in the electron tagger acceptance, which is also discussed in section 6.1.1. Corrections
of the data for trigger efficiencies are contained in the detector corrections (see section 6.5).

L4 Trigger Selection

On the fourth trigger level (L4), the obvious background is filtered out. For this purpose
the complete event reconstruction is performed and the L1 trigger decision is verified. After
the L1 trigger verification, an event classification is performed at L4.
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For the events of both selected data samples, in addition to the L1 subtriggers triggers
also the corresponding L4 verified subtrigger are required. There are no L4 subtriggers sim-
ulated for the MC events, only the L1 subtrigges are required for Monte Carlo. However,
the applied offline cuts are tighter than the online cuts.

At L4, the events are either required to a have hard scale, such as high Q?, E;, Emiss
or piet. If an event does not fulfill any of the hard selections it has to pass one of the
approximately 45 exclusive final state finders. From the remaining events only each n-th is
accepted, and it acquires a weight equal to n. This procedure is known as downscaling of
the events. Thus there is a danger of losing events, when they are not classified properly.
Although the analysis cuts are harder than the cuts of the L4 finders, a different cali-
brations are used at L4. Thus changes after applying the final calibration can occur and
therefore it is necessary to monitor the situation, as it is also performed for this analysis.

The majority of events (99 %) from the charm enriched sample is accepted at L4 via the
finder AOPEN from the heavy flavour class 16. It was designed to look for events including
semileptonic decays of heavy quarks. The requirements are at least one muon measured
in the CMD in the region 0# > 18° with p}’ > 1.5GeV, and at least 4 central, forward or
combined tracks. See figure 4.2 a) for definition of the track types.

The remaining 1% of the events from the charm enriched sample is accepted by a jet
class. None of the selected charm enriched events was found in the prescaled classes, that
is of the events have a .4 weight equal to 1.

In the flavour inclusive sample the events are accepted in more classes, as for example
jet class and multi-particle class. 0.6 % of the events were found with a weight equal to
10. They were classified as soft physics. Those events are included in the control plots and
final result plots with the proper weight.

5.2 Offline Selection

Run Selection and Detector Status

In the years 1999/2000 H1 could be operated in stable conditions. There were neither sig-
nificant changes in the trigger definitions, nor in L4 classification classes relevant for this
analysis. From the collected data the so called 'minimum bias runs’, for which special trig-
ger settings were used, are excluded. Further runs with shifted vertex, where the bunches
are not colliding at the nominal interaction point, are excluded.

Only runs classified at H1 as ’good’ or 'medium’ are used. Because of high requirements
on the final state, all detector components relevant for this analysis like CST, CJC, CMD,
CIP, COP, SpaCal and LAr were switched on for all selected charm enriched events.

Z-vertex Selection

The maximal accepted distance in z of the event vertex from the nominal vertex is 35 cm,
to exclude events coming from collisions of the satellite bunches with oder bunches. The
satellite bunches collide with other bunches before and after the nominal point. They arise
during electron and proton injection into the HERA ring.
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Luminosity Determination

For the selection discussed above, the integrated luminosity collected with subtriggers s19
and s22 was found to be 48 pb~!. This number is already corrected for the averaged prescale
1.06 of the subtriggers |[74].

Kinematic Selection

Both, the charm enriched and the flavour inclusive sample are studied in photoproduction.
However, due to the different triggers, the event selection is different for these two samples.

The charm enriched events are selected in untagged photoproduction, i. e. by
rejecting events with a scattered electron found in the SpaCal and LAr calorimeters. The
scattered electron is searched for by the electron finder (see section 4.2). The photon vir-
tuality is restricted for the selected events through the SpaCal acceptance to Q% < 1 GeV?,
with a mean value (Q?) = 0.05 GeV?2.

Since the scattered electron is not measured, the kinematic variables are determined
using the Jacquet-Blondel method [75]:

— Zhad (E — pZ)

7 (5.1)

YjiB

where >, . (E — p;) is the difference between energy and longitudinal momentum summed
over the entire hadronic final state system including the muon. F, denotes the beam energy
of the incoming electrons. The inelasticity region of 0.2 < yyp < 0.8 is chosen. The upper
cut rejects background from DIS events, which have high inelasticity and correspondingly
small scattered electron energies. The lower cut is applied to reject events in the extreme
forward direction, in order to ensure a complete reconstruction of the final state.

Photoproduction events of the flavour inclusive sample are selected through detec-
tion of the scattered electron in the low angle (7 —6,/) electron tagger ET33. The energy
deposition of the reconstructed electron candidate has to be above 4 GeV. A reliable mea-
surement of the energy of the scattered electron E.s is obtained if the energy deposition is
fully contained in the tagger. This is assured if the x-coordinate of the deposited energy
fulfills |x33| < 6.5cm [76].

Having measured the scattered electron, one can reconstruct the kinematic variables

0o
Q> =4E. E. cos® 7 (5.2)
Ee/ . 92 (96/ Ee/
=1 == “x1-== :
Ye o sin” - . (5.3)

Requiring the scattered electron to be detected in the ET33, events with Q? < 0.01 GeV?
are selected and the mean value of the Q2 is (Q?) = 0.001 GeV2. For the inelasticity a cut
of 0.3 < y. < 0.65 is applied to ensure an ET33 detector acceptance above 10 % (as shown
in figure 5.2). The mean acceptance is about 40 % (see section 6.1.1).
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Figure 5.2: Acceptance of ET33 for different run periods with different beam conditions
as a function of the inelasticity y from [77]. Vertical lines indicate the inelasticity region,
where the acceptance is greater than 10 %.

Dijet Selection

The jet reconstruction was described in detail in section 4.4. Our selection requires at least
two jets with transverse momentum p!“ > 7 and 6 GeV in the angular range
20° < 6 < 160°.

By applying all the cuts mentioned up to now, we have selected a flavour inclusive
event sample which contains a 'normal mixture’ of quarks. It is dominated by the pro-
duction of light quarks. According to the inclusive PYTHIA simulation 3 % of the sample
is due to beauty quark events and 30 % due to charm quark events. An overview of all cuts
applied to select the flavour inclusive sample is given in table 5.3.

Muon Selection

Only for the charm enriched sample muons are required. The muon reconstruction was
described in section 4.1. For this analysis only well measured muon candidates are selected,
in order to keep the background from misidentified hadrons low. Tight cuts are used to
enable an estimation of the charm purity by exploiting the long lifetime and high mass of
the charm quark, as it will be explained later in this section.

The muon candidate has to have a well measured central track. The minimal radial
length of the track measured by the central tracker has to be more than 22cm. A signal
in the CMD has to span at least 5 central layers with measured hits in at least 4 layers,
which are harder conditions than the default Lee West requirements [57]. Good matching
of the tracks measured in the CMD and in the central tracking system is also required
(link probability > 10% ).

Only those muons are selected for which at least two associated hits are found in both
layers of the central silicon tracker (see section 3.2.1), thus providing a high spatial track
resolution close to the ep collision vertex. This cut causes the majority of the event losses,
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that is about 35 %. The link probability between the central track and the CST hits has to
exceed 10 % . Muon candidates fulfilling all the mentioned quality criteria are selected in
the angular range 35° < 0 < 130°, with a transverse momentum of p}' > 2.5 GeV. Such
muons traverse the whole CMD and good identification is thus possible.

Events are accepted only when the selected muon candidate is contained in one of the
two highest p; jets, and an unambiguous determination of the so called muon jet is pos-
sible. According to the PYTHIA simulation of charm events', the muon jet is predicted to
be initiated by a charm quark in 85 % of the selected events. The second, non muon jet,
is initiated in 60 % of the selected events by a charm quark, in 30% by a gluon and in
10 % by a light quark.

Charm Enrichment and Purity

After the selection discussed before, the background in the charm enriched sample consists
of beauty events and light quark events. An event-by-event separation of signal and back-
ground is not possible. However, the fraction of charm events can be determined
on a statistical basis. Two quantities are used to increase the fraction of charm events
further and to determine the charm purity of the selected events. They exploit the different
masses and lifetimes of charm, beauty and light quarks:

» The relative transverse momentum p}° of the muon with respect to the axis of
the associated jet (see figure 5.3 a) and equation 2.1). The higher the mass of the
quark initiating the muon-jet, the higher the relative momentum of the muon to the
jet axis. The pi® distribution of beauty events has a maximum at higher values than
that of the charm and light quark events (see figure 5.4). Therefore it is adequate to
select lower p}"el in order to reject the beauty events. However, an another variable is
needed to separate charm and light quark events.

» The decay length can be measured directly by measuring the distance between the
primary and secondary vertex in the event. Here an other method is used - the impact
parameter method. The magnitude of the signed impact parameter of the muon
0y, is given by the distance of closest approach of the track in the r — ¢ plane with
respect to the primary event vertex. Its sign is positive if the intercept of the track
with the jet axis is downstream of the primary vertex and negative otherwise. This
is illustrated in figure 5.3 b). Decays of long-lived particles are signaled by positive
impact parameters, whereas the finite track resolution yields a symmetric distribu-
tion centered on zero.

First, the primary vertex in the r — ¢ plane is reconstructed from all tracks (with
or without CST hits) including the muon candidate. The position and spread of the
beam interaction region are taken into account. The transverse extensions of the
beam interaction region are measured to be 145 ym in z and 25 um in y for the data
taking period considered here. The mean position of the beam is measured as the
average over many events. The resulting error of ~ 5 pm on the mean position

'In this thesis the flavour of a Monte Carlo event is defined as the flavour of the heaviest quark coming
from the hard subprocess. Events where two gluons are coming from the hard subprocess are considered
as being a light quark event.
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a) b)

Figure 5.3: a) Explanation of pj®’. b) Explanation of signed impact parameter of the muon
d, in the plane perpendicular to the beam axis. PV denotes the primary vertex.
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Figure 5.4: The simulated shapes of the p;® and 0, distributions for charm, beauty and
light quark events used for the 2D fit. The distributions are area normalised.

is small in comparison to the size of the beam interaction region.

The lifetime of charm hadrons (about 0.4 ps [3]) is about four times shorter than
the lifetime of beauty hadrons. This leads to different decay lengths for charm hadrons
(120 pm) and beauty hadrons (typically 450 um), which enables a separation of charm
and beauty production. A part of the light hadrons has negligible lifetimes in com-
parison to heavy flavored hadrons. The second part is represented by pions and
kaons that have much larger lifetimes than the heavy hadrons (decay length of the
order 10m). In order to exclude a bias from light hadron decays it is adequate to
select events with small magnitude of the impact parameter. The §,, distributions for
beauty, charm and light quark events simulated by PYTHIA are shown in figure 5.4.
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The distributions of p;° and d,, for the selected charm enriched event sample are shown

in Fig. 5.5. No cuts on p} and 0, are performed yet. The fractions of charm, beauty and
uds events in the data are determined from a combined fit to the shape of two-dimensional
distribution of pi® and §, using the distributions from the PYTHIA MC (figure 5.4) as
templates. In the fit the relative weights of all three components are determined. A stan-
dard maximum likelihood fit is performed using Poisson statistics. However, the statistical
errors of the template predictions are taken into account by the fitting program. For more
details of the fit technique see [78]. The two dimensional fit is performed by fitting of the
9, distributions in bins od pil . The results of the fit are also shown in figure 5.5. The
overall normalisation of the summed Monte Carlo contributions is adjusted to match the
data. Both the p}° and 0, distributions from the data are nicely described by the sum of
the three contributions.

The PYTHIA MC simulation predicts that after muon selection about 50 % of the sam-
ple are charm events, the rest are beauty and light quark events. In order to enrich events
with charm quark decays, a cut on the transverse momentum p}¢ of the muon track rela-
tive to the momentum of the associated jet, pg‘el < 1GeV, is imposed. In order to exclude
events with light hadrons showing long decay lengths, events with J,, between —0.1 cm and
0.15cm are selected. The final charm enriched sample contains about 800 events. The
procedure of selecting a charm enriched sample is in first approximation independent of

the production mechanism but only depends on the decay properties of the charm hadrons.
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Figure 5.5: Determination of the charm fraction in the selected charm enriched event
sample. The distributions of the relative momentum p}¢ of the muon w.r.t the jet-axis and
the impact parameter ¢, are shown. The white area below the solid line shows the charm
contribution. The light (dark) shaded area indicate the contributions from light (beauty)

quark events normalised using the results of the 2D fit to the data.

The combined fit of p[* and § leads to a charm purity (i.e. the fraction of charm events
in the sample) of 7343 % in the region of pj° < 1 GeV compared to 7142 % expected from
the PYTHIA Monte Carlo simulation. The remaining background due to beauty and light
quark production is subtracted statistically in the studied distributions using the fractions
predicted by PYTHIA, as explained in section 6.2. When background is not present in the
distributions we talk about charm sample.
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5.3 Event Selection Summary

The selection cuts for the flavour inclusive and charm enriched samples are summarised in
table 5.3.

Control distributions for the charm enriched and the flavour inclusive samples, are
shown in figures 5.6 and 5.8, where the data are compared to the PYTHIA Monte Carlo
simulations. Variables for the investigated jet (‘other jet’ in case of the charm enriched
sample and the two highest p; jets for the flavour inclusive sample) are shown, like the
polar angle 67t transverse momentum piet, the number of jets found in the central region
with p{et > 2.5 GeV, the number of hadronic final state objects (HFS) per jet, the distance
in R? of all the HFS objects in the event with respect to the axis of the investigated jet -
ARHFS=jet the fraction of the tranverse momentum of the investigated jet contained in
a cone with a radius r = 2 are shown. Furthermore the variables xgbs, the photon proton
centre-of-mass-energy W,, and AR/® are shown. AR/®" is the distance in R between
the two highest p; jets in R. For the charm enriched sample the muon polar angle 6, the
transverse momentum pi and the transverse momentum of the jet associated to the muon
Pl 7" are shown additionally. The overall normalisation of PYTHIA is adjusted to match
the data. For both samples the relative fractions of charm, beauty and light quark events

are used, as predicted by PYTHIA.

The charm enriched data are described reasonably well by the PYTHIA simulation. In
view of the measurement of the jet shapes in two regions of x%bs, the control distributions
for charm enriched sample are also shown for xff’s < 0.75 (Fig. 5.7), where some deviations
are visible. A typical event from the selected charm enriched sample is displayed in figure
5.9. The control distributions for the flavour inclusive sample are described by the Monte

Carlo simulation reasonably well. Here the acceptance of the E'T33 is taken into account.

| Cut || Charm Enriched Sample | Flavour Inclusive Sample |
Q? [GeV? | <1 < 0.01
Y 0.2..0.8 0.3 ...0.65
Jets
# > 2 > 2
i [GeV] > 7(6) > 7(6)
giet 20°...160° 20°...160°
Muon in one of the jets -
iron link probability > 10% -
CST link probability >10% -
# CST hits >2 -
p} |GeV] > 2.5 -
o* 35°...130° -
prel [GeV] <1.0 -
0, [cm] -0.1..0.15 -
Subtrigger s19, s22 s83
Analysed Jets non muon jet both highest p; jets

Table 5.3: The final selection cuts for the charm enriched data sample and the flavour
inclusive data sample. The values are measured in the laboratory frame.

R = /A2 + A¢?
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Figure 5.6: Control distributions of various variables (see text) for the charm enriched
data sample. The data (points) are compared with the PYTHIA Monte Carlo simulation
(lines). The remaining background from beauty events and light quark events is shown
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Flavour Inclusive Sample
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Figure 5.9: Event display of a typical event from the charm enriched sample in the rz plane
(top) and r¢ plane (bottom) plane. Two jets and a muon with a signal in the CMD are
visible.
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Chapter 6

Measurement of the Jet Structure

In this chapter the aspects of jet structure measurement are discussed including all sys-
tematic checks. In the first section of this chapter the results of quality checks of the
measured variables are shown. They concern efficiency, correlation between reconstructed
and generated variables, purity and stability of the selected data. Further, the background
subtraction method for the charm enriched sample is explained. The measurements of the
mean integrated jet shape at detector level are presented for the background corrected
charm sample and for the flavour inclusive event sample. The method of detector correc-
tions for the data and systematic uncertainties are discussed in the end.

6.1 Quality of the Reconstruction of the Kinematic Variables

In this analysis we measure the variable 'mean integrated jet shape’ (see section 2.5 for
the definition), where the efficiencies enter through the detector correction, as described
in section 6.5 The efficiencies are investigated to ensure that the PYTHIA Monte Carlo
description of the data is good enough to use it for the correction of the data to the hadron
level.

Furthermore, the correlations between the reconstructed and generated variables and
the resolutions are checked to confirm that the bin widths are not too narrow. Finally, the
purities and stabilities prove that the migrations between the bins are not too large and
that a relevant fraction of the reconstructed events was also generated in the same analysis
bin.

6.1.1 Efficiency

The event losses due to the inefficiencies of the detector components and cuts of the event
selection are characterised by (1 — €,¢), where €, is the total efficiency. It factorizes to

€tot = €Etrig X €rec, (61)

where €5, denotes the trigger efficiency and €. the reconstruction efficiency. Since the
analysis cuts are harder than the cuts of the L4 finders, only L1 efficiencies are considered.
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The trigger efficiency we define as the fraction of the events, satisfying the condi-
tions listed in table 5.3, which are actually triggered. The Monte Carlo description of the
efficiency of particular trigger elements is checked with the data. For this purpose a set of
independent monitor triggers is needed, which do not require the studied trigger element.
Usually, more then one monitor trigger is used in a logical ’or’ combination. Then the trig-
ger efficiency is given by the ratio of events that were triggered by, both, the investigated
trigger element (TE) and the monitor trigger (moni) to the events that were triggered by
the monitor trigger alone

NTE & moni
Ctrig = 7T]€m:" (6.2)

In the data, both, actual L1 subtriggers and verified L4 subtriggers are required for monitor
triggers. In the Monte Carlo only actual L1 subtriggers are required, since the relevant L4
trigger bits are not simulated.

In the following we discuss the efficiencies of the trigger elements Mu Bar, DCRPh CNH
and zVtx_sig included in the definitions of subtriggers s19 and s22 (see table 5.1), which
are used to trigger the charm enriched sample. The trigger elements of the luminosity
system, used for the triggering of the flavour inclusive dijet sample, are contained in the
electron tagger acceptance, which will be discussed later in this section.

As monitor triggers, subtriggers including the SpaCal trigger elements, the LAr trigger
elements, the electron tagger trigger elements and the time-of-flight trigger elements are
chosen (see table 6.1). To be able to use the trigger elements designed for the deep inelastic
scattering events, the photoproduction cuts on Q2 and ¥y are dropped for this check.

Since a major fraction of the selected charm enriched sample is due to the charm events
(about 70 %), we compare the trigger element efficiencies determined from the data to the
efficiencies determined from the charm PYTHIA MC. It is checked that the efficiencies ob-
tained using the beauty Monte Carlo are the same within the statistical errors. Binomial
statistical errors are quoted

. €trig (1 - 6trig)
O-et'rig - \/ Nmonl . (63)

The efficiencies of the three trigger elements determined from the data, are compared to
those from the charm PYTHIA MC simulation in figure 6.1.
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Figure 6.1: The efficiency of the trigger elements Mu_ Bar, zVtx_sig and DCRPh_ CNH,
for the charm sample as functions of the variables 17¢t, pI**, E7¢ of the other jet’ and the
variale xgbs. The description by the charm PYTHIA MC is also shown.
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6.1. QUALITY OF THE RECONSTRUCTION OF THE KINEMATIC VARIABLES

In case of the element Mu_ Bar a good agreement between the data and Monte Carlo
is observed. In case of zVtx_sig a small disagreement is observed at low p]° " and EJet.
However, for this analysis the absolute magnitude of the trigger efficiency is not impor-
tant. Relevant is a similar trigger efficiency for direct and resolved events rather than the
absolute value. It ensures that the mixture of direct and resolved events in the data is not
biased by the trigger selection, as it is also in the case of the efficiency of zVtx_sig, as
shown in the lowest row of figure 6.1. The efficiency of the trigger element DCRPh CNH
is independent of all the variables in both data and the Monte Carlo, however in the data
the efficiency is higher than in the Monte Carlo.

The overall efficiencies of the three investigated trigger elements are listed in table 6.1
for the data, the charm and the beauty Monte Carlo simulation PYTHIA.

Trigger Element H Monitor Triggers ‘ ;%‘ [% | ‘ €irig M%) ] ‘ 6?%70 [% | ‘
Mu_ Bar s0,s1,s2,83,84,89,535,836,837,839,

s42,544.,571,82,583,s100,s101 86.5+1.0 | 86.5+0.3 | 87.3+0.6
zVtx _sig s0,s1,s3,54,85,56,87,58 929+£241982+£03 | 98.3+0.5
DCRPh_CNH s0,s1,s3,s4,85,86,87,88 99.1+£0.9 | 96.0+0.4 | 95.9+0.8

Table 6.1: Average efficiencies of the trigger elements in subtrigger s19 are listed as well
as the monitor triggers used, which do not contain the studied trigger elements. The ef-
ficiencies are calculated using the charm enriched data, charm and the beauty PYTHIA
simulation. The subtriggers are defined in [79].

The reconstruction efficiency includes the efficiency of all selection cuts (except of
the trigger requirements) and the event reconstruction itself. It is determined by Monte
Carlo and it is given by the fraction of the events reconstructed in the visible region after
applying the selection cuts with respect to all generated events in the visible region:

Nrec‘m's

€rec = .
Ngen ‘m's

(6.4)

The visible region is defined by the cuts in tables 5.3 and 6.3 for detector level and hadron
level, respectively. Here ’detector level’ denotes the level of measured particles and ’hadron
level’” the level of the decayed hadrons (see also figure 4.5). The reconstruction efficiency
for the charm sample determined from the charm PYTHIA MC is shown in figure 6.2 as a
function of the variables 7€, p/*| EJ¢ of the ’other jet’ and the variable 2%, The overall
reconstruction efficiency is 1ndependent of the variables in good approximation and only
slightly higher for resolved events. It amounts to about 30 %.
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Charm Sample

g 0.7¢ g 07¢
U 06f ¢ PYTHIA -direct U 0.6f
osfk © PYTHIA -resolved 05E
0.4F 0.4F
0.3f AR S Sl S e O s s S Qi
0.2F 0.2F
0.1 0.1
O:..I...I 1 PRI B 1 | IR :...I...I...I...I...I...I...I...I...
15 -1 -05 0 05 1 15 % 8 10 12 14 16 18 20 22 24
: -
n Py [GeV]
o 0.7p o 0.7
2 E 2
v 0.6F v 0.6f
0.5F 0.5f
0.4F 0.4f .
0] gy S S O — | S Ooeneeanea S ekt
0.2F 0.2f
0.1 0.1
Oi 1 1 1 1 1 1 1 1 1 1 1 1
10 15 20 25 30 35 83704 05 06 07 08 098 1
E® [GeV] xgPs

Figure 6.2: The reconstruction efficiency for direct and resolved events as function of the
variables 77, p!® and EJ¢ of the ’other jet’ and the Q/bs. The efficiencies are

calculated using the charm PYTHIA MC.

variable x

The electron tagger acceptance enters only for the flavour inclusive sample. Since
the electron tagger is not simulated in the Monte Carlo, the generated events are weighted
by the ET33 acceptance. In this analysis we adopt the method explained in [77]. The
mean electron tagger acceptance is calculated by averaging the acceptance function over
the visible region using the Monte Carlo simulation

SNl ags (i, 1)

AMC
Nree

ET33 —

(6.5)

Here N, is the number of the Monte Carlo events reconstructed in the visible region, ass
is the measured acceptance parametrised as a function of the inelasticity y; and the run pe-
riod r; of the reconstructed event. This acceptance also includes inefficiencies of the trigger
elements LU ET and LU_PD_low. The acceptance of the tagger ET33 for different run
periods as a function of the inelasticity y is shown in figure 5.2. The total electron tagger
acceptance in the visible region is about 40 % and it does not differ for direct and resolved
events. The total electron tagger acceptance is independent of all the studied variables as
expected.
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6.1. QUALITY OF THE RECONSTRUCTION OF THE KINEMATIC VARIABLES

6.1.2 Correlations Between Reconstructed and Generated Variables

The relationship between reconstructed and generated variables for the charm sample is
studied separately for direct and resolved events in figures 6.3 and 6.4. The correlations for
the variables p/®, 77| EJ¢t of the ’other jet’ and the variable :cgbs are shown. The plots are
produced using the charm PYTHIA Monte Carlo, since the charm enriched data sample
is dominated by charm events. The correlations are best in the variable ¢, but the other
variables are also well correlated. Similar correlations are observed for direct and resolved
events.

The correlations for the flavour inclusive events are shown in figures 6.5 and 6.6. They
are calculated for the two highest p; jets. The figure contains one entry per jet. The corre-
lations are comparable with the charm case, except of n/¢!. In the flavour inclusive events
the correlation for this variable is worse than in the charm events. The high p; muon, which
helps to distinguish the jets, is missing in the flavour inclusive sample.

More quantitatively, the difference between a generated and a reconstructed variable
can be characterised by the relative deviation of the reconstructed variable from the gen-
erated variable. For 77¢ it can be expresses as

TMhee — Mhen

7752% . (6.6)
The distributions for all the variables used in this analysis are shown in figure 6.7 for the
charm sample. The distributions for direct and resolved photon events are shown sepa-
rately. The plots are obtained using the charm PYTHIA MC and considering only the
‘other jet’. One can see that the resolution is comparable for direct and resolved events
for pI, ni¢t, and E’¢. The resolution in the variable mgbs is worse for the resolved events.
This may be expected from the different and more complex shape of the resolved events.

The resolutions are similar for the flavour inclusive events, as can be seen from the
plots in figure 6.8. Only the resolution in 7/ is slightly worse than in the charm case,
as already observed in the correlation plots. The inclusive PYTHIA MC is used for the
resolution plots and only the highest p; jet is chosen. The resolutions for the second highest
p¢ jet were also studied and found to be very similar to the resolutions for the highest p; jet.

All the analysis bins used for the results in chapter 7 are broader than the full width at
half maximum of the shown distributions. Resolution of the jet axis measurement is taken
into account in the determination of the systematic uncertainties, as described in section
6.6.
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6.1. QUALITY OF THE RECONSTRUCTION OF THE KINEMATIC VARIABLES

6.1.3 Purity and Stability

The migrations between the bins are characterised by the purity (stability) which is de-
fined as the number of the simulated events which originate from a bin and which are
reconstructed in it, divided by the number of reconstructed (generated) events in that bin.
Thus purity (FP;) and the stability (S;) are calculated for each bin i as

Nirecs
p. = tireckgen ’ 6.7
’ Ni,rec . ( )
vis
Sz‘ _ Ni,rec&gen ’ (68)
Ni,gen .
vis

where NV; gep is the number of events with a variable generated in the bin 7, NVj ;¢ is the
number of events with the same variable reconstructed in the bin ¢ and NN; yccg gen is the
number of events with the value of the variable generated and reconstructed in the same
analysis bin. Both, purity and stability are calculated using events reconstructed in the
visible region of the measurement, which in this analysis is defined by the cuts in table
5.3. Both of them should be as large as possible. Ideally, in case of infinite resolution, they
are equal to one. It has become customary to require purity and stability to be larger than
0.3.

The purities and stabilities for the variables 77¢, p!* and E7¢! of the "other jet’ and the
variable x%bs are shown in figures 6.9 and 6.10 respectively. Results of the charm Monte
Carlo simulation PYTHIA are shown separately for direct and resolved events. The purities
for the resolved events are lower than those of the direct events, except for the low x%bs bin
where the purity for the resolved events is higher. Purities in all bins are higher than 0.3 for
both direct and resolved events. The lowest purity is obtained for the lowest piet bin. Sta-

bilities are very similar for direct and resolved events and in all analysis bins well above 0.5.

Purities and stabilities for the highest p; jet of the flavour inclusive sample are shown
in figures 6.11 and 6.12 respectively. Only the highest p; jet is considered. Results of the
inclusive Monte Carlo simulation PYTHIA are shown separately for direct and resolved
events. Purities are, like for the charm events, higher for direct events in most bins. Both
purity and stability for 177" are lower than in the charm case. This is caused by the worse
resolution in the 7/¢ measurement in the flavour inclusive events (see section 6.1.2). The
stabilities of the other variables do not differ much from the charm case.

Purities and stabilities for the second highest p; jet of the flavour inclusive sample were
also studied. In most bins the purity for the second highest p; jet is slightly lower than for
the highest p, jet, however everywhere above 0.35. The stability is also slightly lower but
still above 0.5 in all bins.

The high purities and stabilities together with the flat reconstruction efficiency, high
trigger efficiency and well described control plots enable us to use the bin-by-bin correc-
tions to correct the measured data for the detector effects, as will be explained in detail in
section 6.5.
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Figure 6.9: The purities of the reconstructed events shown separately for direct and resolved
processes as function of the variables 77, p!® and E7¢ of the ‘other jet’ and the variable
wgbs. The purities are calculated using the charm PYTHIA MC simulation.
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6.1. QUALITY OF THE RECONSTRUCTION OF THE KINEMATIC VARIABLES
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Figure 6.11: The purities of the reconstructed events shown separately for direct and re-
solved processes as a function of /¢, pl, E7 for the jet with the highest p, and x?f’s.
The purities are calculated using the charm PYTHIA MC simulation.
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The stabilities are calculated using the charm PYTHIA MC simulation.
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CHAPTER 6. MEASUREMENT OF THE JET STRUCTURE

6.2 Background Subtraction for the Charm Enriched Sample

The charm enriched data sample, selected using the cuts listed in table 5.3, contains back-
ground events coming from beauty and light quark events, as already discussed in chapter
5. The background subtraction method explained in the present section is applied only on
the charm data sample, the flavour inclusive events are not corrected for background since
it does not contain any by definition.

In chapter 5 we showed that an overall two dimensional fit to the p{* and 6, variables

confirms the predictions of the inclusive PYTHIA Monte Carlo for the fractions of beauty
and light quark events. These fractions are shown in figure 6.13 in all bins, as expected
from the inclusive Monte Carlo PYTHIA. They are used for the background correction, as
described below.

c 0'45 c 0.4f
2 -« b fraction 2 =
Q E Q E
& 03F o uds fraction & 03
0.2f 5 0.2F %
3 53— —3—
3 * 3 3
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Figure 6.13: Fractions of beauty and light quark events in the charm sample as function of
the variables 17¢, piet and E’¢ of the ’other jet’ and the variable xgbs. The prediction of
the inclusive Monte Carlo PYTHIA with the statistical errors is shown.

In figure 6.14 the data distributions for the variables p{et, nJet. EI¢ of the ’other jet’ and
the variable :c?/bs are shown together with the description by the inclusive PYTHIA Monte

Carlo. The description of p{et, E7¢ and xgbs is reasonable. Small differences appear only in
the /¢ distribution. These are however related to the mixture of various direct and resolved
processes, mainly in the charm sample, rather than to the fractions of charm, beauty and
light quark events in the data sample. The slightly decreasing number of events versus
n’¢t cannot be well described by any combination of the shown charm and background
distributions.
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Figure 6.14: Description of the charm enriched data sample before the background sub-
traction by the inclusive PYTHIA MC as function of the variables n/¢, p{et and E7¢ of
the ’other jet’ and the variable xff’s. The shaded area represents the background due to
jets from beauty events, the cross hatched area due to jets from light quark events. The
total MC prediction is normalised to the number of the events in the data.

The correction for the background is made using the method from [80]. Since the
observable mean integrated jet shape (¢(r)) is defined as an average of the measured
integrated jet shapes over the events (see equation 2.5), the mean integrated jet shape
measured in the data without background correction can be written as

W(r) 2 = Fo(p(r)) + foltb () + Fuas(W(r)) ", (6.9)

where f., fp and f,4s denote the fractions of charm, beauty and light quark events, respec-
tively and their sum is equal to unity. The jet shapes for both background components,
(p(r))? and (¥(r))"¥ are determined from the PYTHIA MC in each analysis bin. Then
(1(r))¢ can be expressed as

(W)™ — fo(e(r)® — fuas(w(r))"®
1- fb - fuds '

(B(r)© = (6.10)

The uncertainty on the background determination is included in the calculation of the
systematic uncertainty, as described in the section 6.6.
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CHAPTER 6. MEASUREMENT OF THE JET STRUCTURE

The control distribution of ¥ (r = 0.5) for the data before background subtraction
is shown in figure 6.15 together with the inclusive PYTHIA MC description in both bins of
x@bs. For the high xgbs values (direct enriched events) the data are described well, but for
the low xi’ybs values (resolved enriched events) the description is not good. The discrepancy
in the low acgbs bin does not originate from the background composition, rather than the
composition of the various resolved processes in the PYTHIA MC.

The control distribution of ¢(r = 0.5) for the data after background subtraction is
shown in figure 6.16 together with the prediction of the charm PYTHIA MC for both bins
of :cgbs. For the low :cgbs values the MC description is good. For the low :cgbs values the data
rise sharper versus ¢ than both the direct and resolved PYTHIA predictions, thus having
a higher mean value than the MC distributions. The difference between the distributions

for direct and resolved events is very small at low xgbs.
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Figure 6.15: The distribution of the integrated jet shape 1(r) for a cone radius r of 0.5
in the charm enriched data before the subtraction of background. A comparison with the
inclusive PYTHIA simulation is shown. The background contributions by the beauty and
light quark events are shown separately. The total MC prediction is normalised to the
number of the events in the data.
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Figure 6.16: The distribution of the integrated jet shape 1(r) for a cone radius r of 0.5 in
the data after the subtraction of background. The description by the total charm PYTHIA
MC is shown. The expected jet shapes for direct and resolved events are shown separately
using an arbitrary normalisation for better visibility. The total MC prediction is normalised
to the number of data events.
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6.3 Determination of the Statistical Errors

For the flavour inclusive sample the statistical error of the mean integrated jet shape
(1(r)) measured in the data is determined as a standard deviation:

N data __ data )2
O ydata = \/ZZ:M(T)ZN - 1<¢(r)> = (6.11)

where N is the number of events in the studied ¢ (r)9 distribution.

For the charm enriched sample the background subtraction is performed. In this
case the statistical error contribution coming from the statistical uncertainty of the data is
one magnitude higher than the statistical uncertainties of the MC background. Therefore
the statistical error of the Monte Carlo can be neglected. The statistical error takes then
the following form

1

stat _ stat
J(I/J(T‘)) = 41 — fb — fuds 0—<w(,r,)>data7 (612)

?;“(’;»dm is determined using equation 6.11 according to the gaussian error propa-

gation from the data distribution before the background is subtracted.

where o

6.4 Measured Mean Integrated Jet Shape at Detector Level

We measure the mean integrated jet shape for both charm and flavour inclusive data sam-
ples. The data selection is described in chapter 5. The integrated jet shapes are calculated
using equation 2.3 and the means are built according to equation 2.5. The charm data are
corrected for background at each value of r using equation 6.10. No background corrections
are applied to the flavour inclusive data. The measurements are compared to the PYTHIA
MC simulation after detector simulation and reconstruction like the data.

In figure 6.17 the mean integrated jet shape (¢)(r)) measured in the charm sample as
a function of the cone radius r are shown separately for :cgbs < 0.75 (resolved enriched
events) and xgbs > 0.75 (direct enriched events). The measured jet shapes are com-
pared with the total prediction of the charm PYTHIA MC simulation. Additionally, the
curves for direct and resolved photon MC events are shown separately. For the events at
high x,‘;bs the description of the data by the PYTHIA prediction is good. At the low xgbs
values the jets in the data are more narrow than the jets from the PYTHIA simulation.
The PYTHIA MC predicts a slower rise of (¢(r)). However, the data suggest less gluon

jets at low :cgbs and they are described reasonably by the pure direct PYTHIA prediction.

In order to find the source of the discrepancies in the low xgbs bin, the mean differential
jet shape p(r) (see equation 2.4 for definition) as a function of the cone radius r is plotted
in figure 6.18 in both xgbs bins. However, the statistics is not large, therefore we do not
consider the p(r) distributions further in this analysis.
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Charm Sample
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Figure 6.17: The mean integrated jet shape (¢(r)) of the ’other jet’ in the charm event
sample measured at detector level as a function of r for two different regions of x?f’s .
The total prediction of the charm PYTHIA MC simulation is compared to the data. The
expected curves for direct (dashed) and resolved (dotted) events from PYTHIA MC are
shown separately. The statistical errors of the Monte Carlo predictions are negligible. Only

statistical errors of the data are shown.
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Figure 6.18: The mean differential jet shape (p) of the ’other jet’ in the charm event
sample measured at detector level as a function of r for two different regions of x?f’s .
The total prediction of the charm PYTHIA MC simulation is compared to the data. The
expected curves for direct (dashed) and resolved (dotted) events from PYTHIA MC are
shown separately. The statistical errors of the Monte Carlo predictions are negligible. Only

statistical errors of the data are shown.
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6.4. MEASURED MEAN INTEGRATED JET SHAPE AT DETECTOR LEVEL

Similarly, for the flavour inclusive sample we study the mean integrated jet shape
(1(r)) as a function of the cone radius r (see figure 6.19). We observe a very good agreement
of the measured mean integrated jet shape with the total inclusive PYTHIA MC prediction
for both high and low values of xzbs. According to the PYTHIA expectation, the low xgbs
flavour inclusive events are dominated by resolved processes, while at high xgbs both kinds
of events, direct and resolved, contribute.

Flavour Inclusive Sample
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Figure 6.19: The mean integrated jet shape (1(r)) of the two highest p, jets in the flavour
inclusive event sample measured at detector level as a function of r for two different regions
of :cgbs. The total prediction of the charm PYTHIA MC simulation is compared to the data.
The expected curves for direct (dashed) and resolved (dotted) events from PYTHIA MC
are shown separately. The statistical errors of the Monte Carlo predictions are negligible.
Only statistical errors of the data are shown.

For a comparison of the mean integrated jet shape as a function of different physical
variables a cone radius of 0.5 is chosen. The measurements of the mean integrated jet
shape for the charm sample, (¢)(r = 0.5)), as a function of the variables 7/, piet, Eiet
of the 'other jet’ and the variable :cgbs are shown in figure 6.20. The data points, as well as
the points for the Monte Carlo predictions are plotted in the center of gravity of each bin
(see tables B.2 and B.4 for the bin boundaries). The centers of gravity of the bins are not
corrected for background, since the corrections are lower than 2 % of the bin width for each
bin. In 77¢, p{et and E7¢ similar trends are observed in the data and in the total PYTHIA
MC. Although all the data points are slightly above the total PYTHIA prediction, most
of the differences are within the statistical errors. One can see that the large discrepancies
observed at low xgbs are accompanied by smaller discrepancies at high n/¢, low p{et and
high jet energies.

The same kind of measurements for the flavour inclusive sample is shown in figure
6.21. The two highest p, jets are considered. For the flavour inclusive sample a good de-

scription of the data by the inclusive PYTHIA MC simulation is observed.
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Charm Sample
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Figure 6.20: Distributions of the mean integrated jet shape at fixed value of r = 0.5,
measured at detector level for the charm sample as a function of the variables n/¢, p{et
and E7¢ of the ’other jet’ and the variable :cgbs. The predictions of the total charm PYTHIA
MC simulation are compared to the data. The expectations for direct and resolved events
from PYTHIA are shown separately. Smooth curves connecting the MC points are shown
to guide the eye. The statistical errors of the MC predictions are negligible. Only statistical
errors of the data are shown.

In a similar jet shape analysis performed in the ZEUS experiment [80], the mean in-
tegrated jet shape for the ’other jet’ was studied for the D*-tagged charm dijet events as
a function of EY “ and n/¢. In that analysis a fixed value of the cone radius, 7—0.3, was
chosen. In the present analysis we have chosen value of r=0.5, since the discrimination
power for direct and resolved contributions of the data is higher at values of r larger than
r—0.3. A maximum is reached at r—0.6, as can be seen from table 6.2. Additionally, the
detector corrections are slightly lower for »=0.5 than for r=0.3, especially for the flavour
inclusive events (see the following section). We also performed the analysis for r=0.3 (see
figure 7.14) and observed similar trends as for 7=0.5. The conclusions are unchanged, also

concerning the :cgbs variable.
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Flavour Inclusive Sample
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Figure 6.21: Distributions of the mean integrated jet shape at fixed value of r = 0.5
measured at detector level for the flavour inclusive sample as a function of the variables
niet, piet and E’¢ of the two highest p; jets and the variable xff’s. The predictions of the
total charm PYTHIA MC simulation are compared to the data. The expectations for direct
and resolved events from PYTHIA are shown separately. Smooth curves connecting the
MC points are shown to guide the eye. The statistical errors of the MC predictions are
negligible. Only statistical errors of the data are shown.

r @)™ — () ) /0 (r)) P
2% < 0.75 x> 0.75
0.1 1.65 4.69
0.2 2.55 8.04
0.3 2.63 10.14
0.4 2.91 11.12
0.5 2.81 11.35
0.6 3.67 11.88
0.7 3.39 11.51
0.8 3.42 9.16
0.9 3.35 7.22

Table 6.2: Estimation of the discrimination power of the data at various values of the cone
radius r. The difference between the prediction of the mean integrated jet shape for direct
and resolved events from the charm PYTHIA MC, divided by the statistical error of the
data at the particular r is listed. The calculation is performed at hadron level, that is
without detector simulation. The data show the highest discrimination power at r = 0.6.
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6.5 Detector Corrections

In this section the detector corrections are calculated, which are used to correct the
measured data to the hadron level. The ’hadron level’ is defined as the hadronic final state
consisting of all stable! particles except of the scattered electron (neutrino in CC events)
and photons radiated by the electron. Note that neutrinos coming from decays are included.
Simulated particles at detector level are obtained after applying the detector simulation
to particles at hadron level. The detector corrections make the results independent of the
detector which it was performed with. Afterwards, it is possible to compare the data to
the results of other experiments as well as theoretical predictions as implemented in MC
generators. In this analysis the detector corrections compensate for geometrical acceptance,
detector and trigger inefficiencies, limited resolutions, for the escaping neutrinos, particle
interactions with the inactive material of the detector, efficiency and purity of the jet re-
construction and event selection. They also include corrections for the events lost due to

the cuts on p}"el and J, and thus make the measurement independent of those cuts.

To be able to correct the data using a Monte Carlo simulation, the Monte Carlo has
to describe the data distributions reasonably well. As shown in chapter 5 and also in this
chapter, this is the case for both data samples analysed here.

The corrected mean integrated jet shape in each bin ¢ (of p{et, niet, Eiet, xgbs ) and at
each r is calculated as

(W) = CMC x (p(r)ees, (6.13)

(2

where (1(r))"¢* is the measured mean integrated jet shape discussed in the previous sec-
tion. The correction factor CM¢ is calculated using the Monte Carlo simulation:

onme _ () o Chad, 6.14
BRI o

where (1(r))MChad and (1)(r))MCaet are the mean integrated jet shapes simulated at hadron
and detector level, respectively. The variable (1(r))MCrad considers jets built of the final
decay products of hadrons, whereas (1(r))M et considers the reconstructed detector re-
sponse in form of the jets of hadronic final state objects. In order to determine the correction
factors, two largely overlapping Monte Carlo samples are selected. At the detector level all
cuts listed in table 5.3 are applied. At the hadron level the phase-space cuts listed in table
6.3 are applied, but omitting the pj® cut. Such extrapolation to the whole pi® range can
be made, since the data are well described by the PYTHIA MC, as show the control plots

in figure 5.6 and especially the pi® distribution in figure 5.5.

'Particles with lifetime 7 > 0.33 - 10 '°s are not decayed by the generators in the standard H1 MC
event generation. Those particles are considered here as stable.
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‘ Cut H Charm Sample ‘ Flavour Inclusive Sample ‘
cen [GeV* | <1 < 0.01
Ygen 0.2..0.8 0.3 ... 0.65

Jets

4 > 2 > 2
Pl [GeV] > 7(6) > 7(6)
|pIetgen| 20°...160° 20°...160°
Muon in one of the jets -

P v [GeV| > 2.5 -
graen 35°...130° -
i [GeV] 1.0 -

Table 6.3: ’Phase space selection cuts’ determining the visible region for the charm MC
sample and the flavour inclusive MC sample at hadron level and the p}"d cut, which is used

only for charm sample control plots. Values are measured in the laboratory frame.

For the charm sample, the charm PYTHIA MC is used to calculate the correction fac-
tors, since the data are already corrected for background and represent only charm events.
For the flavour inclusive sample the inclusive PYTHIA MC is used.

The values of the detector correction factors for the integrated jet shape (¢(r)) as
functions of 7 in the two :cgbs bins are shown in figure 6.22 (charm sample) and 6.23
(flavour inclusive sample). They are also plotted separately for direct and resolved events
for comparison. Deviations from 1.0 are observed especially at low values of r. Except of
the first » bin, the correction factors deviate from 1.0 less than 5% for both samples and
converge to 1.0 as r increases.
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Charm Sample
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Figure 6.22: Detector corrections for the mean integrated jet shape ((r)) of the charm
sample for the ’other jet’ as a function of r for two different regions of xgbs. The val-
ues were obtained using the charm PYTHIA MC. The factors are shown for the total
charm PYTHIA MC simulation and separately for the direct and resolved components.
The shaded band and the error bars represent the statistical uncertainty of the MC.
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Figure 6.23: Detector corrections for the mean integrated jet shape (i(r)) of the flavour
inclusive sample for the two highest p; jets as a function of r for two different regions of
:c?/bs . The values were obtained using the inclusive PYTHIA MC. The factors are shown
for the total inclusive PYTHIA MC simulation and separately for the direct and resolved
components. The shaded band and the error bars represent the statistical uncertainty of
the MC.
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We also study the integrated jet shape (1(r = 0.5)) as a function of the variables

et pl®, E7€t and x?f’s. The detector corrections used to correct those measurements are
shown in figure 6.24 for the charm sample and in figure 6.25 for the flavour inclusive sample.
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Figure 6.24: Detector corrections for the mean integrated jet shape (1(r = 0.5)) for the
charm sample as a function of the variables n/¢, piet and E7° of the ‘other jet’ and
the variable :c?/bs . The corrections are calculated using the total charm PYTHIA MC. In
addition to the correction derived from the total sample, the values for the direct and
resolved component are shown separately. The shaded band and the error bars represent
the statistical uncertainty of the MC.
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Flavour Inclusive Sample
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Figure 6.25: Detector corrections for the mean integrated jet shape ((r = 0.5)) for the
charm sample as a function of the variables n/¢, p{et and E’¢ of the two highest p; jets and
the variable :c?/bs . The corrections are calculated using the total inclusive PYTHIA MC.
In addition to the correction derived from the total sample, the values for the direct and
resolved component are shown separately. The shaded band and the error bars represent

the statistical uncertainty of the MC.

The corrections are found to be small and the differences between the corrections for the
direct and resolved events are not large. Therefore it is reasonable to use the f correction
factors to correct the data. The overall correction is smaller than 1% in all bins of piet,
niet, Eit and xi’ybs for the charm data sample and smaller than 2.5% for the flavour in-
clusive data sample. Systematic errors due to the uncertainty of the detector corrections
are included in the calculation of the systematic uncertainties. They are estimated by the
difference between the detector correction calculated using the CASCADE simulation and
the detector correction calculated using the PYTHIA simulation as described in section 6.6.
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6.6 Systematic Uncertainties

The following systematic studies have been carried out in order to estimate the systematic
error of the measurements:

» The jet axis is smeared by 2.5° in both, polar angle § and azimuthal angle ¢. The
choice of the value is motivated by the resolution in the jet axis measurement which
is shown in figure 6.26.

» The variation of the energy scale of the hadronic final state objects by +4 % for
pure clusters [81], £2% for pure tracks and £3 % for combined objects (tracks and
clusters). Pure cluster objects are found to contribute 40 % to the total jet transverse
momenta, pure track objects 20 % and combined objects 40 %.

» The variation of the background due to beauty and light quark events is per-
formed only for the charm sample. Both, the beauty event fraction and the light
quark event fraction are varied by +20 %, except of the bin xgbs < 0.75, where is the
light quark event fraction varied by £30 %. Background fractions and their statistical
uncertainties are shown in figure 6.13.

» The uncertainty of the detector corrections is estimated by using two different
Monte Carlo generators, PYTHIA and CASCADE for calculating the corrections.
The difference is taken as the systematic error on the detector correction. The detec-
tor corrections for the charm sample, as calculated using PYTHIA and CASCADE
are shown in figures 6.27 and 6.28. For the flavour inclusive sample there is presently
no inclusive CASCADE Monte Carlo sample available.
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Figure 6.26: Resolution of the variables #7¢* and ¢/¢*. The distributions are shown separately
for the ’other jet’ of the charm sample simulated by the charm PYTHIA MC and for the
two highest p; jets of the flavour inclusive sample simulated by the inclusive PYTHIA
MC. They are normalised to the total number of events. The resolutions are in good
approximation independent of the variables n/¢, pft, EJ¢ and xgbs.
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Figure 6.27: Comparison of the detector corrections calculated using the PYTHIA MC
and the CASCADE MC for the mean integrated jet shape (1(r)) for the ’other jet’ of the
charm sample as a function of the cone radius r for two different regions of :cgbs. The error
bars represent the statistical uncertainty of the MC.
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Figure 6.28: Comparison of the detector corrections calculated using the PYTHIA MC and
the CASCADE MC for the mean integrated jet shape (1)(r = 0.5)) for the charm sample
as a function of the variables 1€, piet and E7¢ of the ’other jet’ and the variable xff’s.

The error bars represent the statistical uncertainty of the MC.
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The relative systematic uncertainty is defined as the deviation &%/ " from the central

value ()™l Tt is calculated for jet axis smearing, variation of the energy scale and for
background variation as

5syst - <¢>varied o <¢>cent7“al

rel <¢>central ’ (615)

where ()" is the value of the mean integrated jet shape measured in the data which
was changed due to the variation of one of the studied uncertainties. Variations are per-
formed on the detector level that is before detector correction is applied. The uncertainty
on the detector correction is determined as relative deviation of the correction calculated
using the CASCADE MC from the correction calculated using the PYTHIA MC.

Additionally, the influence of the uncertainty of the flavour fractions was studied for the
flavour inclusive sample. Since the beauty fraction is small (about 2%), only the charm
fraction was varied in the inclusive Monte Carlo by 10 % [82]. That variation was found to
have negligible influence on the average jet shape in the flavour inclusive sample.

The values of the systematic errors of (1)(r = 0.5)) are listed separately for xfybs <0.75
and :cgbs > (.75 in table 6.4 for the charm sample and in table 6.5 for the flavour inclusive
sample.

For the final estimation of the systematic error of each measurement point, the positive
and negative contributions are added separately in quadrature, since the uncertainties are
assumed to be independent. The larger absolute systematic error is taken as a final estimate
of the systematic error. The largest relative systematic uncertainties for both samples are
found at small cone radius r, about 15 %, and they decrease towards larger r. At r = 0.5
the systematic uncertainties are at the level of 1%. In order to determine the total error of
the measurement, the statistical and systematic error are added in quadrature.

Source 50} s <075 l%8] | 38 v 751 %]
Jet axis smearing ¢ +25% 0 +25° —0.15 —0.84
Energy scale variation +4%, £2%,£3 % F0.01 < 0.01
b fraction variation +20% +0.29 +0.17
uds fraction variation | +20% (430 % for low x%bs) +0.50 < 0.01
Detector correction PYTHIA /CASCADE diff. -0.06 +0.55
Total systematic error +0.60 +0.86
Statistical error +2.10 +1.10
Total error +2.18 +1.40

Table 6.4: Results of systematic studies for the charm sample for ()(r = 0.5)).

Source 5<¢>x3bsgo.75[%] 5<¢>x3b3>0.75[%]
Jet axis smearing ¢ +2.5° 042.5° -0.81 —-0.91
Energy scale variation | +4 %, +2 %,+3 % < 0.01 < 0.01
Total systematic error +0.81 +0.91
Statistical error +0.28 +0.22
Total error +0.86 +0.94

Table 6.5: Results of systematic studies for the flavour inclusive sample for (¢(r = 0.5)).
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Chapter 7
Results

In the following the distributions discussed already in section 6.4 are now presented with
the detector corrections described in section 6.5. Different Monte Carlo models are com-
pared to the data including systematic errors.

7.1 Jet Shape as Function of the Cone Radius r in Two Re-

: obs
gions of z7

7.1.1 Charm Sample

The mean integrated jet shape measured for the charm sample is shown in figure 7.1 for
resolved enriched events (29" < 0.75) and for direct enriched events (29" > 0.75). The
PYTHIA MC predictions are shown with the data. In addition to the total prediction, the
curves for the direct and resolved photon events are shown separately. The data are well
described by the total PYTHIA prediction at high xzbs. A disagreement is observed at low
:cgbs, as already seen without the detector corrections (see section 6.5). The PYTHIA simu-
lation predicts a slower rise of (¢)(r)) at low xgbs due to the presence of broad gluon jets in
the resolved photon sample which originate predominantly from the excitation processes.
However, the data suggest less gluon jets at low x%bs and they are described reasonably by
the pure direct PYTHIA prediction which does contain very little gluon jets. Numerical

values for the data and Monte Carlo predictions are listed in table B.1.

In figure 7.2 the same results as in figure 7.1 are shown, here as a ratio of the data over
the total charm PYTHIA prediction. The PYTHIA predictions for direct and resolved
events are also shown as a ratio over the total charm PYTHIA MC. Here the difference
between the description in the two xgbs bins can be clearly seen. At high x%bs starting from
r = 0.3 the data agree very well with the total PYTHIA prediction. At low :cgbs the data
disagree with the total PYTHIA prediction over the whole range of r and are compatible
with the pure direct sample.

To investigate this disagreement, comparisons of the same charmed data with various
models follow in figures 7.3 - 7.6.
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Figure 7.1: The mean integrated jet shape (i(r)) for the ’other jet’ in the charm event

sample measured as a function of r in two different regions of z7

obs

. The data, corrected

for detector effects, are compared to the total prediction from the charm PYTHIA MC
simulation (full line). The expected curves for direct photon events (dashed) and resolved
photon events (dotted) from PYTHIA are shown separately. The statistical errors of the
Monte Carlo predictions are negligible. The inner error bars of the data points represent
the statistical uncertainty and the outer error bars the statistical and systematic errors

added in qua

drature.
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Figure 7.2: Ratio of the data points relative to the total charm PYTHIA MC prediction.
The same corrected data as in figure 7.1 are shown. The expected curves for direct photon
and resolved photon events from PYTHIA are shown separately, also relative to the total

PYTHIA pre

diction.
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CHAPTER 7. RESULTS

PYTHIA Simulation Without Multiple Interactions

Interactions between the photon and proton remnants, in addition to the hard interaction,
are called multiple interactions (MI). They may be important for resolved events. As de-
fault the MI are included in the PYTHIA MC simulation used here.

The two main parameters controlling the MI modelation are the minimum relative
transverse momentum between the two outgoing partons (parameter 'PARP 81’) and the
impact parameter [83]. In the PYTHIA Monte Carlo predictions used for this analysis the
value of the minimum relative transverse momentum 1.4 GeV/c (default value) was used.
The simulation of the probability of the MI is made independent of the impact parameter
by setting the parameter '"MISTP 82’ to 1. The regularisation scale (parameter "'PARP 82’)
was set to 1.2 GeV/c. Those are default parameters in H1.

In figure 7.3 we compare the measured charm data with the PYTHIA simulation with
and without MI. The ratio of the data over the standard PYTHIA simulation including
MI is plotted. The ratio of the prediction of the PYTHIA MC with MI switched off to
the standard PYTHIA simulation is shown as well. We observe that the description of
the data in the low xi’ybs bin improves significantly by switching off the MI, although it is
still too low. In this case the jets get narrower, since there are fewer particles from the
underlying event which can be falsely assigned to the jet. The description of the high xgbs
events gets slightly worse when excluding the MI. However, other analyses showed [84] that
MI are important to be able to describe distributions of other variables. Therefore we do

not regard the PYTHIA MC without MI as the correct model for the measured charm data.
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Figure 7.3: The same data as in figure 7.2. The total PYTHIA MC includes multiple
interactions (full line). The prediction of the PYTHIA MC without MI (dashed line) is
also shown relative to the total PYTHIA prediction.
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~

PYTHIA Simulation with Different Peterson Fragmentation Parameters

The default value of the Peterson fragmentation parameter ¢, in this analysis is set to
0.058, as recommended in [18]. The Peterson fragmentation parameter is varied between
0.03 and 0.08 in figure 7.4. The data are divided by the PYTHIA prediction with ¢, = 0.03.
The PYTHIA prediction with e, = 0.08 is also divided by the PYTHIA prediction with
€. = 0.03. Changes caused by the variation of the Peterson fragmentation parameter €. are
found to be very small and cannot explain the big discrepancies between the data and the
Monte Carlo simulation.
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Figure 7.4: . Ratio of the charm data points corrected for detector effects for the mean
integrated jet shape ((r)) for the ‘other jet’ in two different regions of x5’ measured as
a function of r relative to the total prediction of the PYTHIA MC with charm Peterson
fragmentation parameter €. = 0.03 (full line). The prediction of the PYTHIA MC with
€. = 0.08 (dashed line) is also shown relative to the full line. The inner error bars of the
data points represent the statistical uncertainty and the outer error bars the statistical and

systematic errors added in quadrature.
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PYTHIA with a Different Photon Structure Function

The photon structure function GRV-LO is used in the PYTHIA simulation as a standard
for this analysis. In figure 7.5 we compare the data over the standard PYTHIA simulation
with the ratio of the PYTHIA prediction using the SaS 1D photon structure function over
the standard PYTHIA simulation. At low acgbs we observe only a very slight improvement
of the data description as a result of the use of the SaS 1D structure function. At high xi’/bs
the changes in the description are negligible. Using the SaS 1D photon structure function
in the PYTHIA simulation shows that the observed discrepancy is not specially due to the
choice of the GRV-LO photon structure function.
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Figure 7.5: The same data as in figure 7.2. The total prediction of the charm PYTHIA
MC using GRV-LO photon structure function (default, used also in the previous plots)
is shown as full line. The prediction of the charm PYTHIA MC using SAS 1D photon
structure function is shown as dashed line, also relative to the full line.
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CASCADE simulation

The charm data over the standard PYTHIA prediction are shown again in figure 7.6
together with the ratio of the prediction of the CASCADE model over the standard
PYTHIA prediction. In the CASCADE MC no explicit resolved component is generated.
k-factorisation includes already a hadronic photon component. The CASCADE prediction
describes the data equally good as the PYTHIA prediction in the high xi’/bs region. In the
low xgbs region the CASCADE prediction is closer to the data than the PYTHIA predic-
tion. However, CASCADE is still lower than the data at low xgbs.
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Figure 7.6: The same data as in figure 7.2. Prediction of the CASCADE MC (dashed line)
relative to the PYTHIA prediction (full line) is shown.

7.1.2 Flavour Inclusive Sample

In figure 7.7 the measurement of the mean integrated jet shape as a function of the cone
radius r for the light quark dominated flavour inclusive sample is shown. Good agreement
between data and PYTHIA prediction can be observed at both low and high xi’/bs values.
A more precise look at the situation is taken in figure 7.8, where the ratio of the data over
the total inclusive PYTHIA MC confirms a perfect description in the high xff’s bin. In the
obs

’° bin the data are slightly lower than the inclusive PYTHIA prediction. Numerical
values for the data and Monte Carlo predictions are listed in table B.3.

low =
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Flavour Inclusive Sample
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Figure 7.7: The mean integrated jet shape (¢ (r)) for the two highest p; jets in the flavour
inclusive event sample measured as a function of r for two different regions of wgbs . The
data corrected for detector effects are compared to the total prediction of the inclusive
PYTHIA MC simulation (full line). The expected curves for the direct photon (dashed)
and the resolved photon (dotted) events from PYTHIA are shown separately. The statistical
errors of the Monte Carlo predictions are negligible. The inner error bars of the data points
represent the statistical uncertainty and the outer error bars the statistical and systematic
errors added in quadrature.
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Figure 7.8: The same measurement as in figure 7.7. Here the ratio of the data points is plot-
ted relative to the total inclusive PYTHIA MC prediction (full line). The expected curves
for direct photon (dashed line) and resolved photon (dotted line) events from PYTHIA are
shown, also relative to the total PYTHIA prediction.
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7.2 Jet Shape at Fixed Value of the Cone Radius r

7.2.1 Charm Sample

In figure 7.9 the mean integrated jet shape at » = 0.5 is shown for the charm sample
as a function of the variables 7€, p!®  EJ¢ of the ’other jet’ and the variable xgbs . The
distributions as functions of 77¢* and p{et are well described. However, deviations are seen
at high jet energy and low xgbs. Numerical values for the data and Monte Carlo predictions

are listed in table B.2.
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Figure 7.9: Distributions of the mean integrated jet shape at a fixed value of r = 0.5
after detector corrections measured for the charm sample as a function of the variables
et pl® and E7€ of the “other jet’ and the variable xi’ybs. The predictions of the total
charm PYTHIA MC simulation (full line) are compared to the data. The expectations for
the direct photon events (dashed line) and the resolved photon events (dotted line) from
PYTHIA are shown separately. Smooth curves connecting the MC points are shown to
guide the eye. The statistical errors of the MC predictions are negligible. The inner error
bars of the data points represent the statistical uncertainty and the outer error bars the
statistical and systematic errors added in quadrature.
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In figure 7.10 the charm data are shown again with the predictions of the PYTHIA and
CASCADE models. CASCADE is closer to the data at low xgbs, however at high jet en-
ergy CASCADE predicts the same value as PYTHIA. Omitting the simulation of multiple
interactions has a significant effect on the jet shapes. The PYTHIA simulation without
multiple interactions is somewhat closer to the data at low :cgbs , while the description at

high xgbs, forward 77¢* and high jet energy remains good.
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Figure 7.10: The same data points as in figure 7.9 are compared with the predictions of the
PYTHIA MC simulation with (full line) and without (dashed line) multiple interactions
and with the CASCADE model (grey line). Smooth curves connecting the MC points are
shown to guide the eye. The statistical errors of the MC' predictions are negligible.
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7.2.2 Flavour Inclusive Sample

In figure 7.11 the mean integrated jet shape at r = 0.5 is shown for the flavour inclusive
sample as a function of the variables 77¢!, p/, EJ€t of the two highest p; jets and the
variable xff’s. PYTHIA simulation describes the flavour inclusive data well everywhere and
confirms the growing contribution of the resolved events towards the forward region and
lower xgbs values. Numerical values for the data and Monte Carlo predictions are listed in
table B.4.
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Figure 7.11: Distributions of the mean integrated jet shape at a fixed value of r = 0.5
after detector corrections measured for the flavour inclusive sample as function of the
variables 17¢t, p/°*, Ei¢t of the two highest p; jets and the variable :cgbs . The predictions
from the charm PYTHIA MC simulation are compared to the data. The expectations for
direct photon and resolved photon events from PYTHIA are shown separately. Smooth
curves connecting the MC points are shown to guide the eye. The statistical errors of
the MC predictions are negligible. The inner error bars of the data points represent the
statistical uncertainty and the outer error bars the statistical and systematic errors added

in quadrature.
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7.3 Comparison of the Charm Sample and the Flavour In-
clusive Sample

Finally a direct comparison of the jet shapes measured in charm data and flavour inclusive
data is shown in figures 7.12 and 7.13.

In figure 7.12, where the mean integrated jet shape as a function of the cone radius r
is shown, a clear difference between both data samples is seen at low values of xi’/bs . The
jets from charm events are significantly narrower than the jets from the flavour inclusive
events. That indicates a lower fraction of gluon jets in the charm sample than in the flavour
inclusive sample at low xgbs. At high xgbs no significant differences are found.

Comparison of Charm and Flavour Inclusive Samples
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Figure 7.12: Comparison of the mean integrated jet shape (i)(r)) corrected for detector
effects for the charm data sample (‘other jet’ is analysed) and flavour inclusive data sample
(both highest p; jets are analysed) in two different regions of xi’/bs. The inner error bars of
the data points represent the statistical uncertainty and the outer error bars the statistical
and systematic errors added in quadrature.
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7.3. COMPARISON OF THE CHARM SAMPLE AND THE FLAVOUR INCLUSIVE
SAMPLE

As can be seen in figure 7.13, the differences between the flavour inclusive and the charm
sample at a cone radius r = 0.5 are increasing towards the forward region, towards higher
jet energies and at low :cgbs . The PYTHIA predictions for the mean integrated jet shape

as a function of xgbs are very similar for both samples. However, while the flavour inclusive

data are well described by the PYTHIA MC, the charm data show a significant deviation

s as already discussed.

at low 237%,

Comparison of Charm and Flavour Inclusive Samples
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Figure 7.13: Comparison of distributions of the mean integrated jet shapes at a fixed value
of r = 0.5 as a function of 7’¢, piet and E7¢ and xff’s for the charm sample (‘other jet’
are analysed) and for the flavour inclusive sample (two highest p; jets are analysed). The
measurements are corrected for detector effects. The PYTHIA predictions for the charm
(full line) and the flavour inclusive dijets (dashed line) are shown with the data. Smooth
curves connecting the Monte Carlo points are shown to guide the eye. The statistical errors
of the MC predictions are negligible. The inner error bars of the data points represent the
statistical uncertainty and the outer error bars the statistical and systematic errors added
in quadrature.
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CHAPTER 7. RESULTS

7.4 Summary of the Results

We measured the mean integrated jet shape (¢(r)) in the charm sample and in the flavour
inclusive sample. These measurements are sensitive to the ratio of the gluon initiated jets
to the quark initiated jets and thus to the composition of different processes.

The measured values for the charm sample and the corresponding PYTHIA predictions in
obs

the two regions of z7* are:
(Y(r = 0.5))mas - =0.812£0.017 £0.005  (¢(r =0.5))FTHIA — 0761
yo=" yoo=""
(W(r =0.5))mees 0 =0.833£0.009 £ 0.007  ((r=0.5))0 AL = 0.834
Y : Y :

The statistical errors for the Monte Carlo predictions are negligible. We observe a disagree-
ment for the charm sample with the total charm PYTHIA prediction for the data at low
:cgbs . The data are about three standard deviations over the PYTHIA prediction at the
cone radius r = 0.5. The data at high x,‘;bs are well described. For the flavour inclusive
data sample we observe a good agreement of the data with the total inclusive PYTHIA

MC prediction over the whole range of xzbs.

The probabilities of various processes as simulated by PYTHIA for the charm MC and
for the inclusive MC are listed in table 1.1, page 24. The distributions studied for the flavour
inclusive data sample are well described with the present composition of the processes in
the PYTHIA MC. However, this is not the case for the charm sample Also none of the per-
formed variations of the PYTHIA parameters succeeded in describing the data satisfactory.
We found the CASCADE simulation to describe the data better at low x%bs (discrepancy
of two standard deviations), while the description of other measured points is as good as
the PYTHIA one.

The summary tables of all the measured data points, together with their uncertainties
and PYTHIA Monte Carlo predictions are listed in the tables in appendix B for the charm
and flavour inclusive sample.

In appendix C the additional measurements of the mean integrated jet shape as a func-
tion of the cone radius  in bins of 77¢, p!* and EJ¢" are shown for the charm sample and
for the flavour inclusive sample. The data are compared with predictions of the PYTHIA
Monte Carlo simulation.
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7.5. COMPARISON WITH OTHER MEASUREMENTS

7.5 Comparison with other Measurements

It is interesting to consider the results presented in this thesis in context of the recent
measurements of the charm photoproduction at HERA. A similar measurement of jet
shapes was performed by the ZEUS experiment [80] for the ’other jet’ of D*-tagged charm
photoproduction events. There it was observed (see Fig. 7.14 b), that the data sample
is consistent with a pure sample of quark jets along the whole /¢ range, except of the
most forward 77¢ bin, where a deviation from the pure quark sample was observed. It was
concluded that the deviation is caused by the presence of gluon initiated jets coming from
excitation processes. Moreover, the effect could be localised not to come from the region
of high :cgbs events.

The mean integrated jet shape as a function of 77¢! for the cone radius 7 = 0.3 (as in the
ZEUS analysis) determined from this analysis is shown in figure 7.14 a). Only statistical
errors of the measurement are shown. The results are in agreement with the results of the
discussed ZEUS analysis, as can be seen in figure 7.14. However, we do not access the very
forward region of the ZEUS results. Unfortunately, the jet shapes for low xgbs events were

not extracted separately in the ZEUS analysis.
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Figure 7.14: Comparison of the results of the present analysis (a) with the results of a
similar ZEUS analysis [80] (b). Distributions of the mean integrated jet shape at a fixed
value of r = 0.3 corrected for detector effects are shown for the charm samples as a function
of the 7/ for the non charm tagged jet. In figure a) only statistical errors of the data are
shown. For more details see text.
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CHAPTER 7. RESULTS

A different analysis was performed at H1, concerning the measurement of differential
cross sections of photoproduction events containing a D* meson and a jet [39]. It was found
that the cross section as a function of n”” falls in the forward direction whereas the cross
section as a function of 17¢ is almost constant. They conclude on a significant contribution
form a further parton, most likely a gluon in the forward direction which initiates the jet,
but does not contribute to the D* cross section. Combining that result with the results
of this analysis, only a majority of light quark initiated jets going into forward direction
would agree with the results of both analyses.
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Figure 7.15: D*+jet cross sections in bins of the pseudorapidity of the D* (a) and of
the jet (b), together with the predictions of the PYTHIA and CASCADE Monte Carlo
simulations. The figures are taken from [39]. For more details see text.
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Chapter 8

Summary

In this analysis production mechanisms involved in charm photoproduction are studied. In
previous analyses a good description of charm production cross section by the theoretical
models was found. The topic of this thesis is the investigation of various processes con-
tributing to the production cross section.

Charm production in ep collisions at HERA is dominated by boson-gluon fusion pro-
cesses. In addition to direct photon processes (vg — ¢¢), resolved photon processes can
contribute significantly in photoproduction. Here the photon can act as a source of quarks
and gluons which participate in the hard interaction. In the normal resolved’ processes
(99 — c¢) a charm quark pair is produced in the hard interaction. In contrast to that,
in the excitation processes (cg — cg and cq — c¢q), which are supposed to represent the
largest fraction of the resolved photon processes, one charm quark and another parton are
produced. The different contributions to the cross section are investigated experimentally
by a study of the jet shapes of the high p; jets emerging from photoproduction reactions.
Since the jet shape depends mainly on the nature of the parton that initiated the jet,
the average jet shape is sensitive to the relative composition of the production processes,
particularly to various resolved processes.

The data analysed here were collected with the H1 detector at HERA in the years
1999-2000 and correspond to an integrated luminosity of 48 pb~!. Charm dijet events were
tagged in the semileptonic decay channel using a high p; muon in one of the jets. Jets were
built from hadronic final state objects using the inclusive &k, clustering algorithm and the
pr-weighted recombination scheme. Two jets in the central rapidity range with piet > 7
and 6 GeV were required. The kinematical region of the analysis is defined as Q2 < 1 GeV?
and 0.2 < y < 0.8. A cut on the relative momentum of the muon with respect to the jet
axis (pi® < 1GeV) was used to increase the fraction of charm events in the studied data
sample. The final results were corrected for the event losses due to the p{el cut as well as
for the remaining background originating from beauty and light quark events and detector
effects. The distributions for a pure charm event sample were extracted. For comparison

a flavour inclusive dijet sample, which is dominated by light quark production, was studied.

In case of the charm sample, the high p; muon associated to a jet is used to tag a jet
initiated by a charm quark. The shape of the second jet, not containing the muon, was
investigated and compared with predictions of a leading order PYTHIA Monte Carlo sim-
ulation including parton showers, which contains both direct and resolved photon events
as well as with the CASCADE Monte Carlo. CASCADE does not contain resolved events
explicitly.
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For the purpose of the jet shape studies the mean integrated jet shape (¢ (r)) was used.
The dependence of (¥(r)) on the variables 7/¢, p{et and E7¢ was compared to both Monte
Carlo models mentioned above. The data are described well by both of them, similar trends
are observed except for the deviation from the MC prediction at high E7¢.

The variable (¢ (7)) was also investigated in two regions of :cgbs. For events with :cgbs > 0.75,
which are dominated by the direct photon component, the description of the data by the
MC simulations is good. In the region :cgbs < 0.75, dominated by resolved events, a dis-
crepancy of three standard deviations with respect to the PYTHIA simulation is found.
The resolved component in PYTHIA is dominated by charm excitation processes, where
in addition to the charm quark jet (tagged by the muon) a gluon initiated jet is expected,
which is on average broader than a charm jet. However, the measured data do not agree
with the PYTHIA prediction of a significantly lower mean integrated jet shape for the
resolved enriched sample, due to significantly more gluon initiated jets in the region of
low :cgbs values present in PYTHIA. The disagreement may be explained by a different
mixture of the various contributing resolved photon processes. Another possibility is that
the observed discrepancy occurs due to missing higher orders in the massless simulation.

The proper simulation of the final state parton showers for the charm quark initiated
jets is indicated by agreement of the data and the MC at high values of xgbs . The good
description of the x,‘;bs distribution indicates agreement between the data and the MC con-
cerning the ratio of direct to resolved processes. Since the other control data distributions
are also described well by the Monte Carlo, the simulated topologies seem to be the same
as seen in the data. However, the description is worse for the events with mgbs < 0.75.

In the framework of this thesis we made several attempts to understand the discrepan-
cies found for (¢/(r)) in the low :cgbs region between the data and the PYTHIA simulation.
They included variations of the Peterson fragmentation parameter, usage of the SaS 1D
photon structure function instead of the default GRV-LO and switching off the multiple
interactions (MI) which can occur between the photon and proton remnants. None of the
models succeeded in describing the data satisfactory. The only significant changes in the
direction of the data are seen in switching off the MI and when using the CASCADE
simulation. The biggest change in the PYTHIA simulation for the low mgbs was observed
when switching off the MI, which are otherwise included. Thus fewer particles coming from
the underlying events are present in the final state and jets get somewhat narrower. How-
ever, other analyses showed the necessity of including the MI in the simulation in order
to describe other measured quantities. The most plausible explanation of the data by the
tested models was found in the CASCADE model. The CASCADE prediction is about
two standard deviations below the data at low xgbs, the description of the high xgbs data
is about as good as the PYTHIA one.

For comparison, flavour inclusive dijet events were analysed in tagged photoproduction.
Here the high p; muon requirement was omitted and the two highest p; jets were analysed.
The jet shapes measured in the flavour inclusive sample are in agreement with the inclusive
PYTHIA prediction containing a large fraction of gluon jets in the resolved photon sample

and thus predicting broader jets for events at low xzbs.
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Chapter 9
Outlook

Starting from the measurements presented in this thesis, we discuss here possible improve-
ments which could contribute to the explanation of the observed discrepancies from both
experimental and theoretical points of view.

Since the statistics of the charm data sample represents the dominant error of the mean
integrated jet shape measurement, a larger data sample would help to constrain the mod-
els further. An improvement in this direction is expected from the HERA II data, where
already now the collected luminosity exceeds the data sample studied here. However, a
high data quality is necessary for such a complex analysis.

A further experimental test could be an independent study of jet shapes in charm events
which can be performed selecting charm photoproduction in the D*-tagged events. Signifi-
cant progress in this direction is expected due to the new Fast Track Trigger, which is still
under development. It allows triggering on particular track topologies and invariant masses
and thus collecting a large D*-event photoproduction sample in the coming HERA IT data.

Concerning the theoretical explanation of the results presently measured for the charm
sample, none of the studied models succeeds in describing the data well. The next step
would be to try to adjust the fractions of the various resolved PYTHIA MC processes
such that the description of the mean integrated jet shape at low xgbs improves. However,
the problem has many free parameters. One has to keep in mind that the fraction of the
direct processes has to stay unchanged, since this is well constrained not only by the jet
shape measurement, but even more by the description of the :cgbs variable by PYTHIA.
The variable cos ©, being the dijet scattering angle in the dijet rest frame, which is sensi-
tive to gluon propagator effects of the partonic subprocess, has to be also described well.
Other variables, which have not been considered in this analysis, have to be also described
well. Among them the number of central jets, the distribution of the distance of the event
particles from the jet axis and the distribution of the fraction of the transverse momentum
of the non muon jet contained in a cone with a radius » > 1. In case of those variables,
distributions for different processes differ considerably, as is shown in the following ap-
pendix. While the distributions are described well for the whole charm enriched sample
this is not the case anymore for the resolved enriched events, as shown earlier in this thesis.

Some other theoretical approaches might also bring interesting insights to the problem.
It is known that the massive next-to-leading order (NLO) calculation implemented in the
FMNR program (see appendix D) contains a much smaller fraction of the processes called
'resolved’ than the PYTHIA simulation, whereas in the NLO calculation jets initiated by
a hard gluon can appear also in the direct processes. The good description of the absolute
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magnitude of the charm photoproduction cross section by the FMNR, program as well as
the good description of various differential angular distributions in the charm photoproduc-
tion data, are in favor of such a model. However, presently only the outgoing partons from
the hard subprocess are available for a user of this program. Therefore the jet structure of
the data cannot be compared to the predictions of the FMNR program. It could, however,
still be interesting to derive the fraction of gluon initiated jets in such a calculation.

Another challenging approach is represented by the MCQNLO program, which is presently
under development for HERA physics. This may bring a new insight into the problem of
resolved events in charm production.
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Appendix A

Previous Studies

The goal of the study, which preceeded the work presented of this thesis was to bring possi-
bly most information on the abundance of various processes contributing to the production
of heavy quarks at HERA. It was a natural further step after the heavy flavour production
cross sections at HERA were measured in recent years [39, 70, 85, 86, 87]. Those measure-
ments showed that the fraction of direct and resolved processes is described reasonably
well by various models. Additionally one might ask, whether also the composition of the
resolved processes in the models correspond to the reality. In particular, the distinction of
the normal resolved processes (where gluon is picked up from the photon) and excitation
processes (where charm quark is picked up from the photon) is presently of a big interest.

A large number of processes contribute to heavy quark production at HERA. An
overview of the leading order processes is given in table A.l. Distributions in different
variables for the three most important processes according to the PYTHIA MC are shown
in figure A.1. One can see that the situation is complicated, since the differences between
the processes are not large.

In addition to the large number of contributing processes, a further difficulty is repre-
sented by the complicated background composition. The starting point of the study
was the selection of heavy quark enriched events using a muon and two jets, as estab-
lished in [70]. The selection was kept fixed during the whole study. The photoproduction
event sample obtained after that selection consists of approximately 50 % charm events,
30 % beauty events and 20 % light quark events |70]. Each of these flavour contributions
comprises of a number of processes, as already mentioned in case of charm production.
This gives many degrees of freedom for any analysis investigating particular processes.
Therefore fitting the distributions in figure A.1 did not seem to be a good approach, but
some other technique had to be chosen.

‘ Process ‘ Name ‘ Generator number ‘ Type ‘
79 — QQ direct 135 direct
g9 — QQ normal resolved 53 resolved
Qg — Qg + conjugate excitation 28 resolved
Qq — Qq + conjugate | light quark component 11 resolved
97 — QQ - 12 resolved
v7Q — g@Q + conjugate - 131 direct

Table A.1: Processes contributing to the production of heavy quarks at HERA. Here @)
denotes heavy quark, q light quark, ~ stands for photon and g for gluon. In some cases
also conjugate processes occur. For this processes both quark and antiquark can take part
in the process. Generator numbers listed here label the process in the PYTHIA MC.
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Figure A.1: Distributions in different variables for direct, excitation and normal resolved
processes (see table A.1) simulated by the charm PYTHIA MC. The variables are described
on page 68. The used cuts are listed in table 5.3. The distributions are normalised to the
total number of events. Most of the distributions of the light quark component is similar
to the distributions of the normal resolved events.

An investigation of the jet structure was found to be a very promising method to dis-
tinguish various processes. The studies in this thesis are based on the fact, that gluon jets
are in general broader than the quark jets, as already described earlier. This is the case for
light and charm quark initiated jets. In case of beauty quark initiated jets the differences
to gluon jets are already negligible due to the high mass of the beauty quark. Therefore
charm quark production is best suited for the jet structure method.

However, in the field of the jet structure study one has a whole variety of possible ap-
proaches to follow. We investigated some of them and the results are summarised in this
appendix.
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APPENDIX A. PREVIOUS STUDIES

A.1 Discriminating Variables

Selection of the Variables

We investigated a number of candidate variables sensitive to differences between charm
and gluon jets. Some of them were not used later: jet charge, number of HFS objects/jet,
electromagnetic and LAr fraction of the jet, fragmentation function, relative magnitude of
p{et of the muon jet to the non-muon jet, p; of the muon jet. These studies also included
tuning of parameters which occur in definitions of some of the variables.

Soon it was clear that the high p; muon causes a bias in the structure of the jet. There-
fore we have chosen only the non-muon jet, called the 'other jet’, to be investigated. With
respect to the identification of the contributing processes this choice is favorable, since the
‘other jet’ has a high chance not to be initiated by the charm quark.

Studying the shape of the ’other jet’ in the charm Monte Carlo, we chose in the end
four variables, which seemed to be most promising:

» Jet spread (J;) representing the pi-weighted jet radius

N
_ ZZ PZ T
- N
> DL
where the sum runs over all N jet particles. Performing a variation of the parameter

k between 0.1 and 1.0 it was found that the value of 0.3 provides the best separation
between charm and gluon initiated jets.

Js : (A1)

» Number of subjets (Ny,;;) is obtained by running the jet finder on the particles

of the studied jet. The matching is stopped when all E;ubj > /ycutE%et. Here yeur,
which controls the number of resolved subjets (see figure A.2), was chosen to be
51074,

Energy
deposits

1JET

VAN TN

v gl ol

Many subjets 4 subjets 2 subjets 1 subjet
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Increasing Y,

Figure A.2: The internal jet structure can be studied by resolving jet-like structures (’sub-
jets’) in a single jet. As the resolution scale yq,; decreases an increasing number of subjets
is resolved. Figure taken from [88].
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DISCRIMINATING VARIABLES

» Longitudinal energy fraction (Lg) was motivated by fragmentation. It is defined

as:

_ sz'vpli
Ly = N Eiet’ (A.2)

where p;, is the longitudinal momentum of the particle 7 with respect to the jet axis.

The usage of the jet mass (M7¢') is based on the assumption, that the gluon jets,
which are wider, will have a higher mass than the quark jets. The jet mass is calcu-
lated from the sum of the four vectors of the jet particles: p;:

assuming the proper mass for identified electrons and muons, a pion mass for the
rest tracks and a zero mass for single cell clusters.

In case of the two last mentioned variables, the logarithm of the variable was considered.
Figure A.3 shows distributions of the discriminating variables for the charm PYTHIA MC
separately for charm quark and gluon jets. Gluon jets have a higher jet spread, a larger
number of subjets, softer fragmentation and higher mass than charm quark jets. For the
definition of charm quark and gluon jets see section A.4, here the scheme JC1 is used.
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Figure A.3: Distributions of the discriminating variables Js, Ngupjets, —log(Lg) and
log(M7¢') for charm and gluon jets as simulated by the charm PYTHIA MC, normalised
to the total number of events. The jet classification in charm quark and gluon jets JC1
(see section A.4) is used.
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APPENDIX A. PREVIOUS STUDIES

Figure A.4 shows the distribution of gluon and quark jets as functions of the variables
et pl, EJ¢t of the other jet’ and the variable xff’s, as simulated by the charm PYTHIA
MC. We chose to study the jet shape as a function of :c?/bs , because this variable is con-
structed to be sensitive to direct and resolved processes. Jets from resolved processes are
expected to occur in the forward region, therefore we chose also n/¢t. Additional variables
E7¢ and p/® are kinematical variables, which might help to understand the sample and

possible discrepancies.
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Figure A.4: Distributions of gluon and charm jets as a function of the variables n/¢, p{et ,
EJ¢t of the ’other jet’ and the variable :c?/bs as simulated by charm PYTHIA MC. They are
normalised to the total number of events. Jet classification to charm quark and gluon jets

JC1 (see section A.4) is used.

An ideal variable for a direct study of the excitation processes is the dijet scattering angle
in the dijet rest frame

jet1 _ . jeta
cos O = tanh (%),

(A.4)
which is sensitive to the type of the propagator in the hard subprocess (gluon or quark)
[38]. Unfortunately, to ensure that this variable is not biased by the phase-space selection,
one needs to apply additional cuts, which reduce the statistics of the sample considerably.
Since the number of events of our selected sample is already quite limited, we decided not
to use this, otherwise very interesting, variable.
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A.1. DISCRIMINATING VARIABLES

Combination of the Variables - Fisher Discriminant

Since the variables are highly correlated, one needs to combine them taking the correlations
into account. There is a number of approaches to combine multiple discriminating variables,
for example neural networks and multivariate analyses. We decided to use a simple and
efficient method based on a Fisher discriminant [89] to exploit the available discrimina-
tive power. In this method the discriminative variables are combined, taking into account
the correlations between them. The correlations are obtained from the Monte Carlo models.

The Fisher discriminant Dy is defined as a linear combination of the discriminating
variables x;. For an arbitrary number of variables Ny,

NUO/T'
Dp = Z a; T, (A.5)
i=1

where a; are coefficients chosen such that the separation between gluon and charm jets is
maximal. The procedure of determination of the coefficients a; will be described briefly:
We label the hypothesis that a jet is a gluon jet by Hg and the hypothesis that a jet is
a charm jet by Hj. In the first step the mean values ,uf of discriminating variables are
calculated for each hypothesis Hj, k=0,1 and for each variable x;, ¢ = 1,..., Nys. The
charm PYTHIA MC was used to carry out this step.

Each hypothesis Hj has the expectation value for Dp:
do= > aspi (A5)

Our aim is to maximize the differences between the expectation values for both hypotheses,
|dop — dy]. It can be shown (see [90]) that this is the case for

a; = Wi () — i), (A7)

where

Wey = V3 + V. (a9

Vk represents the covariance matrix for the hypothesis Hj,. The components of the V*
matrix are calculated as

Vil = ((f — @) (1 — ) (A.9)

The Fisher discriminant method works best for variables which have Gaussian distribu-
tions. For such variables the results are comparable to neural networks. Therefore, some
of our variables were modified using simple functions to resemble as close as possible to a
Gaussian form. Thus we used —log(Lg) and log(M’¢!) instead of Ly and M7
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Problems can occur, when the matrix W to be inverted is singular. However, this was
not the case in our analysis. For more details about the method see [90].

Using this combined discriminating variable D, the charm enriched sample can be di-
vided into charm-quark-enriched and gluon-enriched subsamples by cutting on Dp
(see Fig. A.5). Gluon enriched jets were defined by Dp < —1.9 and charm enriched jets by
Dp > —1.9.

160
e Data + bckgr.

— PYT. c all
--- PYT. c charm
------ PYT. c gluon

120

N events

80

40

Figure A.5: Distribution of the data as a function of the Fisher discriminant Dp. The
data, which are not corrected for the background, are compared to the charm PYTHIA
MC simulation including all processes. The data and the Monte Carlo are normalised to
the same number of events. Curves for charm jets and gluon jets are also shown. They
are normalised arbitrary. The line at Dy = —1.9 indicates the cut used to divide jets into
charm enriched and gluon enriched samples.

The aim was to measure cross sections of charm and gluon enriched jets as functions
of the variables 77¢t, p/', EJ¢ and :cgbs. Differences were observed between the gluon-
enriched and charm-enriched data, as shown in figure A.6. They are very similar to the
clean gluon/charm jets distributions shown in figure A.4. Gluon enriched jets were found

to be predominantly in forward region and at lower values of xgbs than charm enriched jets.

Although the results seemed to be nice and clear, the following problem was discovered:
Applying the Dp-cut on pure charm Monte Carlo jets were divided into ’charm-enriched’
and "gluon-enriched’ jets. Such selected ’gluon-enriched’ jets were distributed in 77, p/*,
E7¢ and xi’ybs as expected for real gluon jets, although the sample was supposed to contain
only charm induced jets (see figure A.7). This effect is probably due to 77, p{et and E7¢
dependence of two of the four variables: —log(Lg) and log(M7¢'), as it can be seen in
figure A.8. Therefore, we decided to change the analysis strategy to the one described in
the next section.
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Figure A.6: Distributions of gluon enriched and charm enriched jets as functions of the
variables 17, pl®, E7¢t of the ’other jet’ and the variable xgbs. Data (not background
corrected) are compared to the charm PYTHIA MC.
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according to JCI (see figure A.4).

, normalised to the total number of events, show similar trends as gluon jets selected
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Figure A.8: Correlations of the discriminating variables entering the Fisher discriminant
(Js, Nsupj, —log(Le) and log(M7¢")) with n’t, pget, Eiet and xgbs as simulated by direct
charm PYTHIA MC. 129



A.2. CHARM AND GLUON JET TOTAL AND DIFFERENTIAL CROSS SECTIONS

A.2 Charm and Gluon Jet Total and Differential Cross Sec-
tions

Instead of cutting on the Fisher discriminant Dy, another approach was followed. It was
assumed that the jet shapes as well as the correlations between the discriminating variables,
mentioned in the previous section, are correctly simulated in the Monte Carlo. Fitting of
the MC templates of Dg for charm and gluon jets to the data would enable us to determine
the fraction of gluon and charm jets. In this way one could obtain distributions of clean
gluon and charm jets, in contrast to gluon-enriched and charm-enriched jets in case of a
cut as in section A.1.

As a first step it was necessary to correct the data for the background. This was
performed by subtraction of the simulated background templates from the Dp distribu-
tions. The fractions of beauty and light quark events were obtained from the inclusive MC.
The beauty and light quark MC templates, scaled according to those fractions, were kept
fixed during the fit. The distribution of Dr in the data was then fitted by charm and
gluon templates using a standard likelihood fit with Poisson statistics [78] (see also sec-
tion 5.2, page 67). Two parameters, the contributions of the charm and gluon component,
were free during the fit and two parameters, the beauty and the light quark component,
were fixed. The templates from the charm MC together with the templates for the back-
ground are shown in figure A.9. In such a fit it is possible to determine the overall gluon
fraction, as well as the gluon fractions in bins of certain kinematic variables. The total
visible cross section for gluon and charm jets is determined by:

; Nevents f
Jcl])quark jets — % (AlO)
q
: Nevents [,
O-;};ion jets — elz: =g (A]_l)
g

where Neyents is the number of events in the selected data sample, f, and f, are the frac-
tions of charm and gluon jets, respectively. £ denotes the luminosity of the data and ¢,
and ¢, are the total efficiencies for the charm and gluon jets, respectively.

Results of the fit to the Dp-distribution for the total data sample are shown in figure
A.10. They can be compared with the PYTHIA prediction of the D p-distribution, shown
in figure A.11. The plots suggest that gluon jets are overestimated in PYTHIA and the fit
describes the data better. Quantitative results on the charm and gluon jet fraction in the
total selected data sample are given in table A.2. They are compared with the numbers
from PYTHIA and CASCADE Monte Carlo models.
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Figure A.9: Four templates used to de-
scribe the data: charm and gluon jets
(JC1) simulated by the charm PYTHIA
MC, jets from light quark events sim-
ulated by the inclusive PYTHIA MC
(mixture of light quark and gluon jets)
and jets from beauty events (mixture of
b-quark and gluon jets) simulated by the
beauty PYTHIA MC. All histograms are
normalised to the total number of events.
Note that beauty and gluon jets are very
similar.
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Figure A.10: Description of the data as
a function of the Fisher discriminant
Dp by the fit to Dp. Background (not
shown) is taken into account. The distri-
butions of charm and gluon jets, which
were used as templates for the fit, are
shown additionally.
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Figure A.11: The data as a function of
the Fisher discriminant Dp and descrip-
tion by the PYTHIA MC. Background
from beauty and light quark events is
taken into account.
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Charm jets | Gluon jets
Pythia 63 % 37 %
Cascade 73% 27 %
Fit 7% 23 %

Table A.2: Fractions of charm and gluon jets in the total selected charm data sample as
predicted by Monte Carlo models PYTHIA and CASCADE and results from the fit.

Analogous fits were performed in bins of 77¢, p{et, EJ¢ of the other jet’ and the variable
:c?/bs. The differential cross sections using results of this fit, together with the PYTHIA
MC predictions, are shown in figure A.12. Although the PYTHIA MC is about a factor
of 1.5 lower than the data, similar trends in the data and PYTHIA simulation are obvi-
ous. The contribution of gluon jets is observed to rise towards the forward region. Lower
fraction of gluon jets in the data than in the PYTHIA MC is obvious. Description of the
high :cgbs bin is reasonable. Most of the fits were good, however the most interesting low
wgbs bin was found to be problematic. At low wgbs the difference between the templates is
very small and there is no linear combination that would be able to describe the data, as
shown in figure A.13.
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Figure A.12: Differential cross sections as functions of the variables 1n/¢, p{et, Eiet of the
‘other jet’ and the variable acgbs are shown. They are obtained from the data by fitting of
Fisher discriminant in the bins. Only the statistical errors of the fit are shown. In case of
the Monte Carlo prediction explicit JC1 jet classification is used.
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Figure A.13: Distribution of the data (background corrected) for xfybs < 0.75 as a function
of the Fisher discriminant Dp. They are compared to the charm PYTHIA MC simula-
tion. Data and the total MC prediction are normalised to the same number of events.
Distributions for charm and gluon jets are also shown, with arbitrary normalisation. No
combination of these templates is able to describe the data.

Using this analysis method the light quark component, additionally to the charm
and gluon component was found to be important. This topic will be discussed in detail in
section A.3. But fitting of three components would make the situation much more compli-
cated.

Although having high statistics charm MC (1850 pb~1), the fit results were not stable
(up to 50 % when using different subsamples of the MC) and had large errors. Additionally,
it is not obvious that the jet shapes in the MC correspond to the reality. Therefore, the fit
would not be reliable.

There was still a remaining problem with the energy and pseudorapitidy depen-
dence of the two of four discriminating variables, as discussed earlier. The charm PYTHIA
simulation predicts that the energy spectrum of charm and gluon jets is different. However,
it is difficult to check, whether the simulated spectra of charm and gluon jets correspond
to the reality.

Due to these reasons we looked for a less energy dependent variable with similar discrim-
ination power. It was decided to change the discriminant and use the well established
integrated jet shape variable instead of the Fisher discriminant. This variable is inde-
pendent of /¢, piet, EJ¢ and xfybs and it provides a similar discriminative power as Dp.
Using only one variable reduces also possible sources of uncertainties.

Because of the suspicion of the incorrect jet classification (see section A.4) it was de-
cided to change the method and compare the data and the MC instead of fitting
them by the MC templates. The final results of this thesis are presented in such way.
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A.3 Light Quark Jets in Charm Events

We realised and also saw in the Monte Carlo that a third component is present in the charm
event sample, additional to gluon and charm jets. Light quark initiated jets originate from
processes, as shown in figure 1.9 e), where a light quark from the proton interacts via a
gluon with a charm quark coming from the photon. The contribution of such processes to
charm production depends on the light quark density in the proton and the charm quark
density in the photon. A comparison of light quark and gluon densities, as they are in
CTEQ5L, is shown in figure 1.7. According to the charm PYTHIA MC, these processes
contribute about 10 % to the charm production cross section in the visible region. In the
final plots those processes are included in the resolved curves, since they belong to the
excitation component and thus to the resolved photon events.

A.4 Jet Classification

A jet classification is a prescription for the MC events which enables us to say, whether
the selected jet was initiated by a charm quark, a gluon, a light quark or by a beauty
quark. The jet classification was one of the major challenges during the development of
this analysis. The reason is that the association of a detector level jet to a parton level jet
can be ambiguous. Already the number of jets at the parton level and detector level can
differ. Therefore, kinematical differences are expected as well. We tried three approaches,
which are briefly described in the following:

» In the JC1 approach a parton level! jet is found first, which is closest to the jet, from
which we would like to determine its flavour. If the associated parton jet contains a
charm quark, then the detector level jet is classified as a charm jet. Otherwise the
jet is classified as a gluon jet.

The obvious problem of this classification is that it does not take into account
light quark jets. In this approach they are classified as gluon jets. In an attempt to
improve this situation the second method was developed.

» In JC2, as in the previous method, the corresponding parton level jet is found first.

However, in this method a closer and more detailed look is taken at the parton jet:

1) If it contains a ¢ or ¢ quark the jet is classified as a charm jet and is excluded
from the further classification.

2) If it contains a b or b quark the jet is classified as a beauty jet and is excluded
from the further classification.

3) If it contains an odd number of light quarks (and an arbitrary number of gluons)
the jet is classified as a light quark jet.

4) If it contains an even number of light quarks (or 0) the jet is classified as a gluon
jet.

!Parton level = all hadronic final state particles after the parton shower and before the hadronisation
step.
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This method has some positive features. All jets can be classified in this way as ex-
actly one of the four possibilities: gluon, charm, beauty and light quark jet. It was
checked that the fractions of those jets correspond to the fractions of the processes
as generated by PYTHIA. Jets containing both charm and beauty quarks were not
found.

Unfortunately, also this method has negative features. It does not care of cases
which can occur when a few more/less partons are matched to the investigated parton
level jet by the jet algorithm. It still relies on perfect one-to-one matching of detector
level jets to parton level jets, which can be quite far away in R in reality.

» Approach JC3 was motivated by [91]. This algorithm considers both highest p; jets
at the detector level (jet 1 and jet 2), which are then matched with the partons from
the hard interaction (parton A and parton B) in the following way:

1) The distances ARy4, AR1p, ARo4, ARop are calculated where is AR =
VANZ + Ag2.
2) The minimum of ARj4 + ARop and ARsy + AR, p is found.
If the minimum is
- AR14 4+ ARsp, then jet 1 is associated to the parton A and jet 2 is associ-
ated to the parton B.

- AR1p + ARo4, then jet 1 is associated to the parton B, jet 2 is associated
to the parton A.

Such association is considered to be reliable when the sum of the distances is small
enough. An event is accepted for a template only when the sum of the distances is
less than 0.5. This cut was optimised in order not to accept too many falsely classified
events and not to exclude a high number of events.

This method has the best performance from the three investigated, but it is still
not perfect. It ignores the possibility that one of the two highest p; jets in the central
region can come from initial/final state gluon radiation or from the photon remnant.
Unclassified jets are not evenly distributed in the phase-space. There are more un-
classified events at low p!*, in forward region, and at lower :cgbs.

The approaches of JC2 and JC3 methods are displayed in figure A.14.

JC2 JC3
reco-level parton-level reco-level 2 hard
other jet jet 2 jets S
closestin AR
(no cut!) % closestin AR

| | (AR#AR,)<0.5

c-jet <——— containsc T l

g-jet  <«——— even #of uds ST davour
Hasaet odd #of uds of the jet of the parton

Figure A.14: Graphical explanation of methods JC2 and JC3 for the jet classification.
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The three different classifications are compared in figureA.15. Various differences between
the templates for gluon and charm jets appear in different phase space regions. Also the
most sofisticated one, the JC3, we do not consider as reliable. therefore, to avoid am-
biguities, we dropped the jet classification to charm and gluon jets and in the final
plots are the Monte Carlo events divided only to direct and resolved events, which is an
unambiguous association based on the generator information.
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Figure A.15: Comparison of the three jet classification methods JC1, JC2 and JC3. The
mean integrated jet shape for the ’other jet’ classified as charm (gluon, light quark) jet by
the various methods is shown as a function of the process number (see table A.1). For an
ideal classification, all charm jets would show up at one high constant value of ({)(r = 0.5)).
Similarly, all gluon jets would group at one low value of (1)(r = 0.5)). Since the jet shape
is independent of energy. This is not the case for any of the studied approaches, although
the JC3 classification is clearly the best one.

Remark on the Flavour Inclusive Sample

There was a suspicion that the observed discrepancies can be caused by the method itself.
Therefore, a need to check the method on an independent sample led to a separate analysis.
For this purpose the flavour inclusive dijet sample was chosen, which is dominated by light
quark events. Results of the integrated jet shape studies of the flavour inclusive events are
included in the result chapter of this thesis.
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Appendix B
Tables of Results

This appendix contains tables with values of the measured data points with their uncer-
tainties, which are presented in chapter 7. Results for the charm sample are given in tables
B.1 and B.2, results for the flavour inclusive sample in tables B.3 and B.4. Values for the
total, direct and resolved PYTHIA Monte Carlo predictions are listed, together with the
ratios of the data over theory.
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Charm Sample

xS < 0.75

Data

r ((r)) Pate @M | NN | )Me |
0.1 | 0.154£0.022+£0.021 0.120 0.145 0.115 1.29
0.2 | 0.403+0.028 4+0.065 0.324 0.373 0.314 1.24
0.3 | 0.571£0.027£0.018 0.506 0.554 0.497 1.13
0.4 | 0.714+0.02240.024 0.650 0.693 0.642 1.20
0.5 | 0.812+0.017+£0.005 0.761 0.792 0.756 1.07
0.6 | 0.899+0.0114+0.014 0.843 0.868 0.839 1.07
0.7 | 0.931+0.008 £0.005 0.903 0.920 0.900 1.03
0.8 | 0.967 £ 0.005=+ 0.006 0.948 0.957 0.946 1.02
0.9 | 0.989+0.00340.001 0.979 0.983 0.978 1.01
1.0 | 1.000 = 0.000 % 0.000 1.000 1.000 1.000 1.00

22 > 0.75

Data

L r [ weppee WM [ @ENME | Mg | Lo
0.1 | 0.1424+0.013+£0.023 0.171 0.182 0.128 0.83
0.2 | 0.398+0.0174+0.019 0.428 0.452 0.336 0.93
0.3 | 0.616 £0.015+0.027 0.620 0.647 0.516 0.99
0.4 | 0.745+0.012+£0.004 0.749 0.772 0.659 0.99
0.5 | 0.833+0.00940.007 0.834 0.853 0.764 1.00
0.6 | 0.901+0.006+0.003 0.894 0.906 0.845 1.01
0.7 | 0.942+0.004 +0.003 0.935 0.943 0.903 1.02
0.8 | 0.968 £0.003 £0.001 0.965 0.970 0.947 1.00
0.9 | 0.988+0.00240.002 0.986 0.988 0.977 1.00
1.0 | 1.000 =+ 0.000 % 0.000 1.000 1.000 1.000 1.00

Table B.1: The mean integrated jet shape (1) (r)) for the different values of the cone radius r
at hadron level in two bins of the variable xgbs as measured for the charm sample, inclusive
the statistical and the systematical errors. The predictions of the charm PYTHIA MC
simulation for all events, for direct events and for resolved events are also listed. In the
last column the ratio of the mean jet shape in the data over the MC value is given. The
errors for the Monte Carlo predictions are negligible. The values correspond to the points
in figures 7.1 and 7.2.

Bin Center | (w5)P | @)V | wOa)YC | wospie | Lo
—1.74 < 77]6t <0.1 -0.44 | 0.8424+0.0134+0.004 0.832 0.850 0.754 1.01
0.1 < njEt <0.9 0.52 | 0.82540.014 £ 0.009 0.816 0.852 0.757 1.01
0.9 < njEt <1.74 1.29 | 0.811+£0.014+0.010 0.794 0.842 0.761 1.02
6.0 < pI°" < 8.5GeV 7.22 | 0.8134+0.014+£0.011 0.787 0.819 0.736 1.03
8.5 < pl" <12.0GeV 10.13 | 0.82040.01440.013 0.813 0.848 0.754 1.01
12.0 < p{Et < 24.0GeV 15.35 | 0.858 +0.013 £0.009 0.848 0.885 0.790 1.01
6.0 <p§et < 11.0 GeV 8.80 | 0.818+0.014 £0.010 0.803 0.831 0.739 1.02
11.0 < ngt < 17.0 GeV 13.45 | 0.8244+0.014 £0.013 0.820 0.853 0.755 1.00
17.0 < pl® < 35.0GeV | 22.68 | 0.853+0.014 =+ 0.006 0.817 0.867 0.768 1.04
0.30 < zi’/bs <0.75 0.57 | 0.81240.017 £0.006 0.761 0.792 0.756 1.07
0.75 < x2b% < 1.00 0.89 | 0.8334+0.009 £ 0.005 0.834 0.853 0.764 1.00

Table B.2: The mean integrated jet shape (1)(r = 0.5)) for the different values of the
variables 77, pl°*, E7¢ of the ‘other jet’ and the variable xgbs at hadron level as measured
for the charm sample, inclusive the statistical and the systematical errors. The predictions
of the charm PYTHIA MC simulation for all events, for direct events and for resolved
events are also listed. In the last column the ratio of the mean jet shape in the data over
the MC value is given. The errors for the Monte Carlo predictions are negligible. The values

correspond to the points in figure 7.9.
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Flavour Inclusive Sample

xS < 0.75

Data
r (w(r)) Pate @M | GENYC | pr)Me | L
0.1 | 0.1154+0.002£0.018 0.124 0.161 0.121 0.93
0.2 | 0.314+£0.003+0.017 0.328 0.402 0.324 0.96
0.3 | 0.49240.003 £0.015 0.511 0.587 0.506 0.96
0.4 | 0.641+£0.003+0.011 0.654 0.718 0.650 0.98
0.5 | 0.75240.002 £ 0.006 0.761 0.811 0.758 0.99
0.6 | 0.837+£0.001 +0.007 0.843 0.875 0.841 0.99
0.7 | 0.90140.001 £0.004 0.904 0.923 0.903 1.00
0.8 | 0.94740.001 £0.002 0.948 0.961 0.947 1.00
0.9 | 0.979+£0.000 4+ 0.001 0.979 0.984 0.978 1.00
1.0 | 1.000 = 0.000 =+ 0.000 1.000 1.000 1.000 1.00

22 > 0.75

Data
r ((r)) Pata WENMC | )M | M | L
0.1 | 0.170£0.003 +0.028 0.169 0.194 0.136 1.00
0.2 | 0.41440.003 £0.020 0.413 0.457 0.353 1.00
0.3 | 0.604+0.003+0.013 0.598 0.643 0.537 1.01
0.4 | 0.7374+0.002 £0.008 0.728 0.766 0.677 1.01
0.5 | 0.828 £0.002 +0.008 0.819 0.848 0.781 1.01
0.6 | 0.890+0.001 +0.003 0.883 0.903 0.856 1.01
0.7 | 0.93440.001 £0.002 0.928 0.941 0.911 1.01
0.8 | 0.965+0.001+0.001 0.961 0.968 0.951 1.00
0.9 | 0.986 +0.000£0.001 0.984 0.987 0.980 1.00
0.1 | 1.000=+0.000 % 0.000 1.000 1.000 1.000 1.00

Table B.3: The mean integrated jet shape (1(r)) for the two jets with the highest p; per
event for the different values of the cone radius r at hadron level in two bins of the
variable xgbs as measured for the flavour inclusive sample, inclusive the statistical and
the systematical errors. The predictions of the inclusive PYTHIA MC simulation for all
events, for direct events and for resolved events are also listed. In the last column the ratio
of the mean jet shape in the data over the MC value is given. The errors for the Monte
Carlo predictions are negligible. The values correspond to the points in figures 7.7 and 7.8.

Bin Center (1(0.5)) Pata WONMC | O5)AC | wos)Me | LA TD
—1.74 <7t < 0.1 -0.37 | 0.822+0.002 +0.003 0.817 0.852 0.790 1.01
0.1 < niet < 0.9 0.49 | 0.790 4 0.002 = 0.004 0.785 0.844 0.762 1.01
0.9 < et < 1.74 1.30 | 0.748 £0.003 £0.012 0.758 0.823 0.747 1.00
6.0 < p]* < 8.5GeV 7.23 | 0.767 4 0.002 +0.008 0.776 0.828 0.756 1.00
8.5 < plf <12.0CeV 9.90 | 0.79540.002 4 0.005 0.789 0.847 0.763 1.01
12.0 < pi < 24.0 GeV 15.00 | 0.834+0.003 +0.004 0.827 0.879 0.799 1.01
6.0 < pl“ < 11.0CeV 8.71 | 0.792+ 0.002 +0.004 0.791 0.837 0.768 1.00
11.0 < pi® < 17.0GeV 13.53 | 0.786 +0.003 +0.007 0.792 0.853 0.763 0.99
17.0 < pl < 35.0 GeV 22.12 | 0.776 4 0.003 £ 0.010 0.777 0.852 0.759 1.00
0.30 < 2%%° < 0.75 0.53 | 0.759+0.002 % 0.008 0.764 0.815 0.761 0.99
0.75 < xgb* < 1.00 0.88 | 0.828 4+0.002 4 0.006 0.820 0.849 0.782 1.01

Table B.4: The mean integrated jet shape ((r = 0.5)) for the different values of the
variables 19¢t, pl® Eit and the variable :cgbs at hadron level for the two jets with the
highest p; per event. as measured for the flavour inclusive sample, inclusive the statistical
and the systematical errors. The predictions of the inclusive PYTHIA MC simulation for
all events, for direct events and for resolved events are also listed. In the last column the
ratio of the mean jet shape in the data over the MC value is given. The statistical errors for
the Monte Carlo predictions are negligible. The values correspond to the points in figure

7.11.
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Appendix C

et . jet et
Je ,Eje

Jet Shape in Bins of 7/, p;

In chapter 7 measurements of the mean integrated jet shape (1)(r)) at hadron level are pre-
sented as a function of the cone radius r in two bins of the xgbs variable. In this appendix
the picture is completed by the measurement of the jet shape as a function of r in bins of

: o )
¢ pl and EJ°.

Detector Corrections

The method for calculating the detector corrections was discussed in section 6.5. In figure
C.1 the detector corrections are shown for the integrated jet shape (i(r)) for the charm
sample as function of the cone radius 7 in bins of 77¢, piet and E7¢. They are plotted
separately for direct and resolved events to be able to estimate the differences between
them. Corrections are obtained also using the charm PYTHIA MC. In figure C.2 the cor-
responding corrections for the flavour inclusive event sample are shown. These are obtained
using the inclusive PYTHIA MC.

Generally, for both the charm and the flavour inclusive sample the corrections are largest
at low cone radii and decrease as the cone radius increases. At cone radii 7 > 0.3 the cor-
rections in all analysis bins are found to be smaller than 2% for the total charm sample
and smaller than 6 % for the total flavour inclusive event sample. For r < 0.3 the detector
corrections deviate from unity considerably.

In the charm event sample the corrections for direct and resolved events are compat-
ible for forward and backward rapidities. For central rapidities the corrections are larger
for resolved events than for direct events. At low jet energies and momenta the corrections
for direct and resolved events show a completely different behavior. While the former are
lower than unity, the later are larger. The differences get smaller at higher jet energies.

In the flavour inclusive event sample the differences between the detector correc-
tions for direct and resolved events are not significant in any 1/ bin, although for high
1/ they differ considerably. In the p{ “ bins the detector correction for the flavour inclusive
sample show a similar behavior as those for charm events. The behavior of the detector
corrections for the flavour inclusive sample in bins of the jet energy is different from the
ones observed in the charm event case.
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Figure C.1: Detector corrections for the mean integrated jet shape (i (r)) for the ‘other jet’

02 04 06 038 1I’

02 04 06 038 1I’

02 04 06 038 1I’

in the charm sample as a function of the cone radius r in bins of /¢, p!** and E7¢. The

corrections are calculated using the charm PYTHIA MC. The factors are shown for the total
charm PYTHIA MC simulation and separately for the direct and resolved components. The

shaded band and the error bars represent the statistical uncertainty of the MC.
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Figure C.2: Detector corrections for the mean integrated jet shape (y(r)) for the two
highest p; jets in the flavour inclusive sample as a function of the cone radius r in bins
of niet, p{et and E’¢'. The corrections are calculated using the inclusive PYTHIA MC.
The factors are shown for the total inclusive PYTHIA MC simulation and separately for
the direct and resolved components. The shaded band and the error bars represent the
statistical uncertainty of the MC. 143



Results of the Mean Integrated Jet Shape Measurements

Background corrected measurements of the mean integrated jet shape (¢ (r)) as function
of the cone radius r for the charm event sample at hadron level in bins of n7¢, p!
and E7¢ are shown in figure C.3. To be able to compare the situation at different r, the
measurements are shown as a ratio of the data over the total charm PYTHIA simulation.
Additionally, the same analysis as for the data has been performed on the PYTHIA MC
events. The curves direct and resolved events are shown separately, also as a ratio to the

total charm PYTHIA MC. Only statistical errors of the data are shown.

While in the backward region the charm data are compatible with a pure direct sample,
in the central and forward bin the presence of resolved events in the data is visible. The
most significant differences between the direct and resolved MC curves with respect to
the statistical error of the data can be observed for r = 0.6 — 0.7. The largest systematic
differences between the data and the PYTHIA MC are found in the lowest p{et bin and
highest E7¢ bin, consistent with the measurement of the jet shape at the fixed value of
r = 0.5 presented in chapter 7. Especially at the lowest piet the data deviate from the
overall PYTHIA prediction in course of the direct events.

The jet shapes measured in the flavour inclusive event sample in the same bins
of nft, pl" and EJ¢ are shown in figure C.4, relative to the total PYTHIA prediction.
They are compared to the inclusive PYTHIA MC simulation. Integrated jet shapes for
direct and resolved events are also shown separately. The data points are well described by
the PYTHIA MC simulation. All the plots show that the flavour inclusive event sample is
clearly dominated by the resolved events and the resolved event enrichment grows towards
the forward region, and high energies.
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Figure C.3: The ratio of the integrated jet shape (1 (r)) for the ’other jet’ in the charm
event sample as a function of the cone radius r relative to the total charm PYTHIA MC.
Measurements are performed in bins of ni¢t, p/® and Ei® and are corrected for detector
effects. The MC predictions for direct events (dashed line) and resolved events (dotted
line) are also shown relative to the total charm PYTHIA prediction (full line). The errors
of the Monte Carlo predictions are negligible.
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Figure C.4: The ratio of the integrated jet shape (1(r)) for the two highest p; jets in the
flavour inlcusive event sample as a function of the cone radius r relative to the total inclusive
PYTHIA MC. Measurements are performed in bins of n7¢t, pi® and EJ¢* and are corrected
for detector effects. The MC predictions for direct events (dashed line) and resolved events
(dotted line) are also shown relative to the total inclusive PYTHIA prediction (full line).
The errors of the Monte Carlo predictions are negligible.
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Appendix D
The FMNR Program

The FMNR program [27] calculates total and exclusive cross sections for charm and beauty
quark production in photoproduction at leading order (LO) and next-to-leading order
(NLO) QCD.

Program Description

FMNR implements a fixed order massive calculation, which means that heavy quarks
are not active flavors in the proton and the photon but are produced perturbatively in the
hard subprocess, like e.g. boson-gluon fusion (BGF). This fixed flavour number scheme
with three flavors is believed to be valid for the cases where the transverse momentum of
the quark is of the same order of magnitude as the quark mass [37]. Here the mass of the
heavy quark determines the scale near the threshold, enabling the description of the hard
subprocess by perturbative QCD. Corrections to this scheme are expected in the domain
of large p; of the quarks, since terms of the form a”log™(pj/m?) (corresponding to n-gluon
emissions) are not resummed [92]. This resummation is performed in massless calculations
(not included in the FMNR program) where heavy quarks are considered to be massless
and are active flavors in the photon and proton (see Fig. D.1).

e LK

Figure D.1: Feynman diagrams of the massless Scheme. Only d1agram d) is implemented
in the FMNR program. Diagrams a), b) and c) are not implemented, since the proton does
not contain charm or beauty quarks in the massive scheme.

In photoproduction the incoming almost real photon may fluctuate into a hadronic state
before undergoing a hard collision. The corresponding contribution to the cross section is
referred to as resolved or hadronic, in contrast with the case where the photon interacts
directly with the proton, called direct or pointlike. Diagrams a) and b) from Fig. 1.9 are
implemented in the FMNR program. Diagrams c) - e) are not implemented, since there
the heavy quarks come from the photon. A differential photon-hadron cross section can be
written as a sum of direct and resolved photon contributions [37]:
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do"P(Py, Py) = do ! (Py, Py) + do)? (P, P,),

Tres

where P, and P, denote the momenta of the photon and proton respectively. The two
contributions can be expressed as

do—gg"(P'Y’Pp) = Z/dJ) f]p(x7MF) da—’Yj(P’Y’xva as(ﬂR)vMRaMFaMw)
i

do)t (Py, By) = Z/dw dy 7 (y, ) 17, 1) d6i5(yPy, Py, s (1), s 1 o)
7

here f] and f] are the photon and proton parton density functions. The separation of
a cross section into a direct and resolved component is ambiguous beyond leading order,
because different choices of the factorisation schemes lead to different definitions of the
two components [37|. The contribution from resolved processes to the total cross section
is about 5% in the FMNR calculation, depending on the selected phase-space.

In FMNR the following partonic subprocesses relevant for heavy quark photopro-
duction at the order aemag are implemented:

T — QQ
P — QQg
v — QQq

where Q(Q) denotes a heavy quark (antiquark) and ¢ a light quark. v stands for the pho-
ton, p for the proton and g for gluon. It is possible to calculate the cross section in LO
or NLO, where NLO refers to a sum of contributions of leading order and next-to-leading
order diagrams. The divergences of the coefficient functions calculated to the order O(a?)
due to soft gluon emissions (Fig. D.2) are compensated by contributions from virtual
gluon exchange (Fig. D.3) using the subtraction method.

Available are routines to compute total, single inclusive (considering one hard parton)
and double differential (considering both hard partons) cross sections. In leading order
partons can be generated only in one plane without influence on the important physical
distributions like p; or 6 of the parton. Here the p, — p, plane was chosen and partons are
generated in LO with p, = 0. In NLO there is a small spread around zero due to possible
light parton (mainly gluon) radiation.

nE Ty o

666
3 € S §
6 6 6 &
. § . & & . § ) oo

Figure D.2: Gluon radiation corrections considered in direct NLO.
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Figure D.3: Virtual corrections considered in direct NLO.

The FMNR program is an cross section integration program!, not an event genera-

tor like PYTHIA. As explained in [26], cross section integration programs use a prescription
for calculating a cross section of the form:

do(ep — X) = f(0,0,...), (D.1)

where f includes matrix elements and phase space factors. First the phase space has to be
sampled, which in this case is a multi-dimensional hypercube which spans over all of the
degrees of freedom (for example 2-D space —1 < cosf < 1, 0 < ¢ < 27). The procedure
of choosing cosf and ¢ is said to define candidate event. The candidate event’s differential
cross section, called event weight, do is calculated from equation D.1 and is directly
related to the probability of this event occurring. The average over many candidate event
weights (do) is an approximation of the integral [ do and converges to the calculated cross
section.

At this point the candidate events are distributed flat in phase space and there is no
physics information in the distributions. This is contained in the event weights which can
be used to fill histograms representing physical distributions. A histogram of some relevant
observable (e.g. p; of the quark) is filled using the event weights from a large number of
candidate events. In the limit of an infinite number of candidate events, the distribution
is exactly the same, as predicted by equation D.1. Since in the leading order only positive
weights occur, in NLO also negative weights are needed. The combination of events with
both positive and negative weights then gives finite results (positive or negative).

The problems arising from soft and collinear divergences are dealt with by gener-
ating an appropriate sequence of correlated events, so that the cancellation of collinear
and soft singularities takes place for any well-defined physical distribution (i.e. distribu-
tions that are insensitive to soft and collinear emission). It does not require any artificial
regularisation of the cross section [36].

!The program VEGAS [93] is used for integration.
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The renormalisation scale in FMNR for single differential cross sections is given by

PR = \/m2 +p%q and in the double differential case by ur = \/mg + (p%q1 +p?q2)/2. The
FMNR choice for the factorisation scale is up = 2upg for charm and pup = pug for beauty.

The Weizsicker-Williams formula [94] is used? to describe the photon flux from the
electron:

. em (14 (1—y)?), Q7 2y 1
fit0) = G S g T 20— ) 02

Application for the Prediction of the B — uX Cross Section

The FMNR program was used to calculate total and differential NLO predictions in the
visible range for the analysis of beauty production using events with muons and jets [70].

The quantities available for the user are the event weight, inelasticity y and zgyon-
Furthermore the transverse momentum vector (p,,p,) and rapidity of the heavy quark,
heavy antiquark and for the light parton in the e™p rest frame are provided. Any other
quantities have to be calculated from these variables.

For the B — X analysis, in the first step four momenta of the partons (two or three)
are passed to the jet finding routine JETFIND, which uses the jet finder from HZTOOL
[95]. The jet finder contains the k;-clustering algorithm with the p;-weighted recombination
scheme, used in the laboratory frame. The jet algorithm and the recombination scheme
should be the same as used in the data analysis and in the MC treatment. Then all possible
effects coming from the jet algorithm are ’absorbed’ into the hadronisation corrections. We
didn’t observe any significant differences on the NLO level when changing between the
FE-recombination scheme and p;-recombination scheme. The output of the jet finder is the
number of found jets as well as the kinematic variables of the found jets. Only if the third
parton ends up in a separate jet it does make sense to ask for its kinematics.

In the second step a semileptonic decay of the heavy hadron coming from the
heavy quark is simulated. For that purpose the four momenta of both original quarks are
modified such, that they represent the four momenta of B-hadrons®. The Peterson fragmen-
tation function with the parameters ¢, = 0.0033 and e, = 0.035 is used in a frame where
pt = —p?. Subsequently the momentum of the hadron is modified* to represent the four
momentum of the muon coming from the semimuonic decay. In the hadron rest frame,
where the decay is isotropic, ¢ and cos # are randomly chosen, as well as the absolute value
of the momentum (according to the muon momentum spectrum, which is adopted from the
JETSET simulation). Direct decays b — p, cascade decays b — ¢ — p or a combination
of both can be chosen. A Lorentz boost back into the laboratory frame is performed then.
Afterwards cuts on the p; and 1 of the muon can be imposed.

2The Weizsicker-Williams formula is implemented in the function PHDISTR.
3The fragmentation is implemented in the routine FRAGM.
“The semileptonic decay of the heavy hadrons is implemented in the routine SEMDEC.
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APPENDIX D. THE FMNR PROGRAM

In order to obtain the muon cross section, the right approach is to let both hadrons
decay with muons in the final state using the appropriate branching ratio. The processes
listed in table D.1 are considered. The value for the branching ratio used here, 0.21, is close
to the sum of branching ratios of the mentioned processes (0.2105) and also corresponds
to the value from PYTHIA (0.207).

In the FMNR program it is possible to choose a proton parton density funtion,
for example CTEQ5D. One can choose between the DIS or MS scheme according to the
used PDF. The photon PDFs are needed only in the resolved case, in the direct case the
Weizsdcker-Williams Approximation (equation D.2) is used. The photon structure func-
tions integrated over the photon flux, called electron structure functions, have to be
determined within a given visible range (@2, y). In the resolved case the variable y is not
directly accessible. So there is no possibility to cut explicitly on y of the photon since
this cut is convoluted with the Q2 cut in the photon PDF.

The unavailability of y causes an additional difficulty in the calculation of the variable
:cgbs. Partons coming from the photon are generated via the photon structure function, not
via photon generation. So it is not possible to use directly the formula 4.12 to compute the
:cgbs. Neither is it possible to use

obs _ ZQjets(E _pz)

T )
! Zalljets(E _pZ)

(D.3)

since the photon remnant is not simulated. Instead one can produce results for resolved
events by using the vp mode and sampling the y distribution in separate calculations with
the appropriate electron structure functions. In that case it is possible to use equation 4.12.

The cross section can be calculated as integral of any differential distribution (his-
togram filled with the event weight) on the appropriate level (e.g after jet cuts or after
muon cuts). The result is in ub.

To obtain the uncertainty of the calculation, the standard variations in the B — pX
analysis are performed simultaneously. For m; = 4.5 — 5.0 GeV, the scales are varied by
the factors of 0.5-2.0. For the PDF uncertainty we assign 8 % and add it in quadrature.
According to our experience, a linear addition of varied values gives in a good approxima-
tion the same value as simultaneous variations up (m;, = 4.5GeV and multiplication of
scales by factor of 0.5) and down (m; = 5.0 GeV and multiplication of scales by factor of
2.0). The separate variation of mass and scales and quadratic addition gives lower values
of uncertainties.

More details concerning the practical usage of the FMNR program can be found in [96].

Process Branching ratio
b—p 0.1095
b—c—pu 0.08
b—c—u 0.016
b—T1T—p 0.0043
b—J /Y — pX 0.0007

Table D.1: Decays of beauty flavored hadrons including a muon in the final state.
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