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Abstract

In hadron colliders, like the Large Hadron Collider (LHC) located at CERN, near
Geneva, Switzerland, jets are produced at a high rate, i.e. many of the observed
events contain two, three, four, five, or even six or more jets. Events with such
a signature are called multi-jet events and provide fundamental and direct tests of
the theory of the strong interaction, the quantum chromodynamics (QCD). Multi-jet
events usually represent an important background to searches for other processes and
it is therefore important to study them intensively. This is done with the help of
the ATLAS detector located at the LHC. In such an analysis, it is essential to understand the so-called multiple-parton-interactions (MPI) and pile-up events in order
to be able to make as precise measurements as possible. Multiple-parton-interactions
are “spectator-parton” interactions additional to the hard interaction between two
partons coming from either of two colliding protons. Pile-up events are proton-proton
collisions additional to the hard collision between two protons in one bunch-crossing.
Within the ATLAS Multi-jets cross-section analysis, these two effects, as well as effects caused by hadronization, have been studied with the help of the general-purpose
Monte Carlo generators PYTHIA 6 and HERWIG. The goal of this thesis is to show
the caused effects on several cross section measurements and to compare them qualitatively and quantitatively. Furthermore, one possibility to handle pile-up events,
namely by making use of a discriminant called the Jet-Vertex-Fraction (JVF), is described more in detail and evaluated for data measurements. Additionally, detector
effects (due to trigger inefficiencies, detector resolutions, etc.) have to be taken into
account and one must correct for them. This procedure is called Unfolding and is also
described and discussed in detail in the context of the multi-jets cross-section analysis.

Kurzfassung

In Hadron-Beschleunigern, wie dem Large Hadron Collider (LHC), welcher sich
am CERN (bei Genf, Schweiz) befindet, werden Jets in hoher Zahl produziert, d.h.
viele der beobachteten Ereignisse enthalten zwei, drei, vier, fünf, oder sogar sechs
oder mehr Jets. Ereignisse mit solch einer Signatur werden Multijet-Events genannt
und stellen fundamentale und direkte Tests der Theorie der starken Wechselwirkung,
der Quantenchromodynamik (QCD), dar. Multijet-Events repräsentieren gewöhnlich
einen wichtigen Untergrund für die Suche nach anderen Prozessen und es ist demnach
wichtig, sie intensiv zu studieren. Dies wird getan mit Hilfe des ATLAS-Detektors,
welcher sich am LHC befindet. In solch einer Analyse ist es erforderlich die sogenannten Multiple-Parton-Interactions (MPI) sowie Pile-Up-Events zu verstehen, um
in der Lage zu sein möglichst genaue Messungen tätigen zu können. Multiple-PartonInteractions sind Wechselwirkungen zwischen „Zuschauer-Partonen“, die zusätzlich
zur harten Kollision zwischen zwei Partonen, die von den jeweiligen beiden kollidierenden Protonen herstammen, stattfinden. Bei Pile-Up-Events handelt es sich um ProtonProton-Kollisionen, welche zusätzlich zur harten Wechselwirkung zwischen zwei Protonen während eines bunch-crossings stattfinden. Im Rahmen der ATLAS MultijetAnalyse wurden diese beiden Effekte, ebenso wie Effekte, die durch Hadronisierung
verursacht werden, mit Hilfe der Monte-Carlo-Generatoren PYTHIA 6 und HERWIG
untersucht. Das Ziel dieser Diplomarbeit ist es, diese Effekte und ihren Einfluss auf die
Messungen von Wirkungsquerschnitten aufzuzeigen, sowie qualitativ und quantitativ
zu untersuchen. Weiterhin wird eine Möglichkeit beschrieben, Pile-Up-Events handzuhaben. Die zugehörige Methode beinhaltet das Verwenden einer Diskriminante, der
Jet-Vertex-Fraction (JVF), und wurde auf die Datenanalyse angewandt. Zusätzlich
müssen Detektoreffekte (verursacht durch Ineffizienz der Trigger, begrenzte Auflösung
des Detektors, usw.) berücksichtigt werden, was einen Korrekturprozess bedingt. Dieser Vorgang wird Unfolding genannt und ist im Rahmen der Multijet-Analyse im
Detail beschrieben.
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1 Introduction
Since ancient times, philosophers, like Empedocles of Acragas (ca. 490-430 BC) thought
about two questions that are as old as humankind itself: “Of what is the world composed?”
and “What holds the world together in its inmost folds?”. The theory that gives the most
accurate answer today, i.e. as of 2011, is the Standard Model of Elementary Particle
Physics. Ever since Glashow, Salam and Weinberg established the basis of the Standard
Model by unifying the electromagnetic and weak forces [1, 2, 3], the model has been tested
in various experiments and precise measurements of several of its elementary particles,
as well as their quantities, have been taken and verified throughout the decades. This
includes, among others, the discovery of the J/ψ particle (a meson consisting of a charm
quark and a charm anti-quark) at SLAC [4] and BNL [5] in November 1974, the discovery
of the Z [6, 7] and W ± [8, 9] bosons at CERN in 1983, as well as the observation of the
bottom quark in 1977 [10] and the discovery of the top quark in 1995 [11, 12], both at the
Fermilab.
The ATLAS (A Toroidal LHC ApparatuS) [13] experiment at the Large Hadron Collider (LHC) [14], situated at CERN (European Organization for Nuclear Research), was
built as a general-purpose detector in order to investigate previously observed features
of the Standard Model as well as not yet observed phenomena like the Higgs Boson and
speculative quantities from other theories beyond the Standard Model, e.g. supersymmetry
√
(SUSY). This is possible due to the high center-of-mass energy s of the colliding protons
in the LHC as well as the high instantaneous luminosity L, a measure that characterizes
√
the performance of an accelerator. The respective design values are given by s = 14 TeV1
and L = 1034 cm−2 s−1 and are expected to be achieved around 2014 [15].
When searching for phenomena beyond the Standard Model, it is essential to be able
to experimentally distinguish background from signals. One important background that
often populates searches for new particles are multi-jet events, i.e. events containing two
or more jets. Naturally, one needs to study their behavior and properties, but especially
corresponding cross sections, which are measures that express the probability of a particular event to happen. This has been done by the ATLAS Collaboration and the results
have been published in a paper [16], using a data sample collected in 2010 that represents
2.43 pb−1 [17] of integrated luminosity.
Within the context of this analysis, certain aspects have been studied in order to be able
to make as precise measurements as possible. Beside others, the effects of hadronization,
multiple-parton-interactions (MPI) and pile-up events have been investigated. Multipleparton-interactions are “spectator-parton” interactions additional to the hard interaction
between two partons coming from either of two colliding protons. Pile-up events are
proton-proton collisions additional to the hard collision between two protons in one bunchcrossing. The study has been done with the help of the general-purpose Monte Carlo
generators PYTHIA 6 and HERWIG. The goal of this thesis is to show the caused effects
on several cross section measurements and to compare them qualitatively and quantitatively. Additionally, one possibility to handle pile-up events, namely by making use of a
discriminant called the Jet-Vertex-Fraction (JVF), is described in detail and evaluated for
data measurements. Furthermore, when analyzing data, detector effects (due to trigger
1

Throughout this thesis natural units will be used, where both Planck’s constant ~ as well as the speed
of light c are set to unity (~ = c = 1). This means that energies, masses and momenta are expressed in
1
units of [ eV] while lengths and times are expressed in units of [ eV
].
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inefficiencies, detector resolutions, etc.) have to be taken into account and one must correct for them. This procedure is called Unfolding and is also described and discussed in
detail in the context of the multi-jets cross-section analysis.
After giving an overview on the theoretical background of the topic in Chapters 2 and 3,
i.e. on the Standard Model and the basic principles of strong interaction, a description of
the experimental set-up, i.e. the LHC as well as the ATLAS detector, is given in Chapter
4. The physical description of the hadronization procedure as well as multiple-partoninteractions and pile-up events is given within the description of the event structure of a
hard proton-proton interaction in Chapter 5, along with other basic principles of hadronhadron collision processes. The Monte Carlo (MC) event generators, that have been used
within the analysis, are treated in Chapter 6 and the corresponding underlying physical
models are explained in detail. The analysis based on MC simulations is given in Chapter
7 where the effects of hadronization, multiple-parton-interactions and pile-up events are
estimated quantitatively. Additionally, the influences of the individual hard subprocess
types in PYTHIA 6 are discussed. In Chapter 8, certain aspects within the multi-jets data
analysis are presented and discussed. After a short presentation of the obtained multi-jets
cross section results, the unfolding procedure is explained in detail and the corresponding
correction factors are given and discussed. After presenting the quantitative influences of
the separate jet cleaning cuts on the cross section measurements, the pile-up reduction
method, based on the JVF, is described, evaluated and discussed. Finally, conclusions
along with a brief discussion and an outlook on the near future concerning the applied
methods and obtained results, are presented in Chapter 9.

2

2 The Standard Model of Elementary
Particle Physics
The Standard Model of Elementary Particle Physics is a quantum field theory based on
the gauge group U (1) × SU (2) × SU (3). Numerous experimental verifications obtained
until now have consistently supported the Standard Model with very high precision. This
makes it one of the most accurate theoretical models in physics.
The fundamental particles of the Standard Model are fermions with spin 12 , called leptons
and quarks, as well as the fundamental bosons described below. Until now, i.e. as of
2011, six types of leptons and six types of quarks, often referred to as flavors, have been
experimentally observed. These particles were named up- (u), down- (d), charm- (c),
strange- (s), bottom- (b) and top-quark (t), as well as electron (e− ), electron-neutrino
(νe ), muon (µ− ), muon-neutrino (νµ ), tau (τ − ) and tau-neutrino (ντ ). These fermions
as well as their respective electric charge and mass have been summarized in Table 2.1
[18, 19].

electron e−
electron-neutrino νe
muon µ−
muon-neutrino νµ
tau τ −
tau-neutrino ντ
up-quark u
down-quark d
strange-quark s
charm-quark c
bottom-quark b
top-quark t

mass
0.511 MeV
< 2 eV
105.658 MeV
< 2 eV
1777 MeV
< 2 eV
1.7 . . . 3.3 MeV
4.1 . . . 5.8 MeV
101+29
−21 MeV
+0.07
1.27−0.09
GeV
+0.18
4.19−0.06 GeV
172.0 ± 0.9 ± 1.3 GeV

electric charge
−e
0
−e
0
−e
0
2
3e
− 13 e
− 13 e
2
3e
− 13 e
2
3e

Table 2.1: Leptons and quarks of the Standard Model. Here e denotes the elementary
charge, i.e. the absolute value of the electric charge carried by an electron. For
a detailed description of the definition of the quark masses see [19].
For every particle, there exists one “partner”-particle, a so-called anti-particle. Such
an anti-particle has the same mass and spin as its partner but is of opposite charge1 . As
an example, the electron is of electric charge Q = −e, where e denotes the elementary
charge, while its anti-particle, the positron, is of electric charge Q = e. In this context it
should be pointed out that charge is not only referred to as electric charge but also as any
generalized conserved charge which, according to Noether’s theorem2 [20], corresponds to
a continuous symmetry. In the Standard Model, examples of these charges are the already
mentioned electric charge Q and the color charge C which is carried by quarks. The single
1

More precisely, all additive quantum numbers from particles and anti-particles have opposite signs
whereas all non-additive quantum numbers are exactly the same.
2
Noether’s theorem states as follows: for a system described by a Lagrangian, every generator ta of a
continuous symmetry group of the Lagrangian corresponds to a conserved charge Qa .
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color charges are called red (r), green (g) and blue (b) with its corresponding anti-colors
anti-red (r̄), anti-green (ḡ) and anti-blue (b̄).
In addition to the quarks and leptons, there exists another “set” of particles whose
exchange mediates the interactions, i.e. the fundamental forces, between elementary particles. These particles are called gauge bosons and are of integer spin. The known fundamental forces are divided into four different groups: gravitational, electromagnetic, weak
and strong interaction.
Gravitation is the force that acts between all particles that carry mass. To this date
efforts to construct a quantum theory of gravity and to unify it with other forces have
been unsuccessful. Although gravitation plays an important role on a macroscopic scale,
it is totally negligible on a subatomic scale because its relative strength is much smaller
than that of other forces. It is therefore not part of the Standard Model.
Electromagnetism is the force that acts between all particles that carry an electric
charge. Like the gravitational force, it acts on a long ranges and is therefore experienced
in everyday life. Its gauge boson, the photon γ, is a spin 1 particle and massless. The
formulation of the corresponding quantum theory, called quantum electrodynamics (QED),
was driven by Tomonaga’s [21], Schwinger’s [22, 23] and Feynman’s [24, 25, 26] work on
the topic for which they were awarded the Nobel Prize in 1965 [27].
The three gauge bosons corresponding to the weak interaction are vector bosons, i.e.
they are spin 1 particles, called W + , W − and Z 0 . While the gauge bosons corresponding to the three other fundamental interactions are massless, the W + , W − and Z 0 are
massive. The corresponding masses are approximately 80 GeV for the W ± and 91 GeV
for the Z 0 [19]. As a conclusion to these high masses, the weak forces act on very short
ranges, typically of the order of 10−18 m. At such distances, the field strength of the weak
interaction is comparable with that of the electromagnetic interaction. However, due to
the massive gauge bosons, the typical field strength of the weak interaction is already of
several orders of magnitude smaller than that of the electromagnetic interaction at larger
distances of around 10−17 m, hence the naming “weak”.
Glashow’s, Salam’s and Weinberg’s work on unifying electromagnetic and weak interaction into one electroweak force [1, 2, 3] was certainly a milestone in elementary particle
physics and the foundations for the Standard Model were laid. For their achievements
they were awarded the Nobel Prize in 1979 [27].
The fourth fundamental force of nature is called strong force and is felt by quarks.
Compared with the other fundamental forces its relative strength is much larger, hence the
naming “strong”. The generalized charge to which the strong force couples is the already
mentioned color charge C. The gauge boson that mediates the strong force is called gluon
g. The corresponding quantum theory is called quantum chromodynamics. This theory
is able to describe the two most outstanding properties of strong interaction, confinement
and asymptotic freedom. Confinement means that quarks and gluons can only exist in
“color neutral” states. As a consequence, no free quarks or gluons exist. They can only
exist inside composite particles, called hadrons, where they are held together by the strong
force. Asymptotic freedom means that quarks and gluons interact only weakly at high
energy scales. It is a direct consequence of the fact that the gauge bosons of the strong
interaction, the gluons, can interact with each other. This again is a consequence of the
fact that not only quarks, but also gluons, carry color charge. The strong force, along with
its corresponding quantum field theory, the quantum chromodynamics, will be discussed
with more detail in Chapter 3.
Table 2.2 summarizes the several fundamental interactions along with their individual
properties. Table 2.3 gives an overview of the known gauge bosons with some of their
respective features [28, 29].
All the elementary particles, i.e. the quarks and the leptons, as well as the gauge bosons
(γ, W ± , Z 0 and g) that are the carriers of their corresponding fundamental force, plus

4
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the yet undiscovered famous Higgs boson [30] form the Standard Model of Elementary
Particle Physics, as schematically summarized in Fig. 2.1.
interaction
strong
electromagnetic
weak
gravitation

gauge boson(s)
gluon g
photon γ
W ±, Z 0
graviton (hypothetical)

relative strength
1
10−2
10−5
10−38

range of force
short (10−15 m)
long (∞)
very short (10−18 m)
long (∞)

Table 2.2: The fundamental interactions and properties.

gauge boson
gluon g
photon γ
W−
W+
Z0
graviton (hypothetical)

electric charge
0
0
−e
+e
0
0

mass
0
0
80 GeV
80 GeV
91 GeV
0

spin
1
1
1
1
1
2

Table 2.3: The gauge bosons and properties.

Quarks

Gauge Bosons

γ

u c t
d s b

g

W ± Z0

Leptons
Higgs Boson

νe νµ ντ
e µ τ

H

Figure 2.1: The fundamental particles of the Standard Model.
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3.1 Hadrons, Quark Model and Spin-Statistics-Problem
Because of the strong interaction, quarks are bound into composite particles named
hadrons. Hadrons can be categorized into two main groups, mesons and baryons. In a
simple quark model proposed independently by Gell-Mann and Zweig in 1964 [31, 32, 33],
mesons are described as a composite quantum state of a quark and an anti-quark,
|mesoni = |q q̄i,

(3.1)

where |qi denotes a quantum state of a single quark and |q̄i a quantum state of an antiquark. Similarly, baryons are described as a composite quantum state of three quarks,
|baryoni = |qqqi.

(3.2)

Today hundreds of hadrons are known and their properties have been investigated in
numerous experiments. The great number of known particles led to the colloquial term
particle zoo in the late 1960s. In order to organize the known particles1 , in 1964 GellMann and Ne’eman [35] proposed a group-theoretical ansatz to classify the hadrons into
multiplets of the special unitary Lie group SU (3), using isospin2 I and hypercharge3 Y .
Examples of these multiplets are shown in Fig. 3.1.
Considering, for example, the quantum state of the ∆++ (1232) resonance (cf. the
rightmost corner in Fig. 3.1(b)) which, with the third components of the spin Jz = 23 and
the isospin Iz = 32 , is given by
|∆++ i = |u ↑i|u ↑i|u ↑i,

(3.3)

as well as the fact that the spatial wave function is an s-wave, the total wave function
would be symmetric. This is of course an obvious violation of the Pauli-principle which
states that the total wave function of a fermion is always anti-symmetric. Furthermore,
two fermions with identical quantum numbers (here, the quarks) cannot occupy the same
quantum state. This problem is known as the spin-statistics problem which motivated
the introduction of an additional quantum number, the color charge, that was already
mentioned in Chapter 2. Assuming three possible values for the color charge, red (r),

1

Not all particles from these multiplets were known in 1964. In the following years the empty positions
were filled by newly discovered particles. The most famous discovery was that of the Ω− baryon at
BNL [34] in the same year because the model by Gell-Mann and Ne’eman already predicted the Ω−
and its properties.
2
Isospin is a “conceptual” quantum mechanical quantity carried by up- and down-quarks. It mathematically behaves like a quantum mechanical spin, though both quantities are totally unrelated to each
other.
3
The concept of hypercharge Y relates isospin I and electric charge Q. This relationship can be expressed
by the Gell-Mann-Nishijima formula [36, 37],
Q
1
= I3 + Y,
e
2
where I3 denotes the third component of the isospin I.
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(a) The baryon octet with spin J = 12 .
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∗0
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rΣ
,r Σ
T

T
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T
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Ξ
T
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Q=0
TT  −
rΩ
Q = −e

(b) The baryon decuplet with spin J = 23 .

Figure 3.1: Two particular multiplets of the SU (3) group. Particles in a horizontal line
carry the same hypercharge Y while particles on the same diagonals share the
same electric charge Q.
green (g) and blue (b), (3.3) can be anti-symmetrized:
X
1
|∆++ i = √
εijk |ui ↑i|uj ↑i|uk ↑i
6 i,j,k={r,g,b}

(3.4)

with εijk being the Levi-Civita symbol4 . Note that this state implies an equal amount of
the three colors red, green and blue, which holds in fact for every hadron. The baryons
and mesons are composed of quarks (and anti-quarks) in such a way that all colors (and
anti-colors) are super-positioned in equal amounts, thus leaving the hadron “white”, i.e.
in a “color-neutral” state.

4

The Levi-Civita symbol, or sometimes called the total anti-symmetric tensor, is defined as follows:

εijk =


+1 if (i, j, k) is (1, 2, 3), (3, 1, 2) or (2, 3, 1)


−1
0

if (i, j, k) is (1, 3, 2), (3, 2, 1) or (2, 1, 3)
otherwise.
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3.2 Field-theoretical Formulation
The quantum field theory of the strong interaction is called quantum chromodynamics
(QCD). It is a non-abelian5 gauge theory with the corresponding gauge group SU (3)color .
It is natural to choose this symmetry group because the three single color charges, red (r),
green (g) and blue (b), are of equal rank. A quantum state can therefore be described by
three independent quark fields qi (i = r, g, b) which are Dirac spinors, i.e. four component
Dirac fields. Such a state


qr


q =  qg 
(3.5)
qb
is often referred to as color triplet. The interactions are mediated by eight massless gauge
fields, namely the gluon fields Gaµ (a = 1, . . . , 8). The gluons carry spin 1 and color charge.
The Lagrange density of QCD is given by6 [29]
LQCD =

X
i

1
q̄i (iγ µ Dµ − m)qi − Gaµν Gµν,a
4

(3.6)

where
Gaµν = ∂µ Gaν − ∂ν Gaµ − gs f abc Gbµ Gcν

(3.7)

denotes the field strength tensors of the eight gluon fields and
Dµ = ∂µ + igs

λa a
G
2 µ

(3.8)

is the generalized covariant derivative which induces the gauge invariant interaction between quarks and gluons. Here m is related to the quark mass and gs is the strong coupling
constant, which is the same for all quarks. The objects γ µ are a set of four 4 × 4 constant
a
matrices, called Dirac matrices (cf. e.g. [38]), and the λ2 are the generators of the group
SU (3) and are 3 × 3-matrices. These obey the commutation relations
"

#

λa λb
λc
,
= if abc
2 2
2

(3.9)

where the f abc are the characteristic structure constants of the group SU (3). They are
complete anti-symmetric. When using one particular choice of representation of the λa ,
namely the Gell-Mann matrices7 , one finds that the non-vanishing values of f abc are given
√
by the permutations of f 147 = f 246 = f 257 = f 345 = f 516 = f 637 = 12 , f 458 = f 678 = 23
and f 123 = 1 [18].
Inserting Eqns. (3.7) and (3.8) into Eqn. (3.6) yields
LQCD = Lquarks,kin + Lgluons,kin + Lqqg + Lggg + Lgggg

5

(3.10)

Non-abelian means that the multiplication of two elements of the gauge group is in general not commutative.
6
Einstein summation convention is used throughout this thesis, i.e. when an index variable appears twice
in a single term one needs to sum over all its possible values.
7
The Gell-Mann matrices are given by
!
!
!
!
!
0 1 0
0 −i 0
1
0
0
0 0 1
0 0 −i
1
2
3
4
5
0 0 , λ = 0 −1 0 , λ = 0 0 0 , λ = 0 0 0 ,
λ = 1 0 0 , λ = i
0 0 0
0 0 0
0
0
0
1 0 0
i 0 0
!
!
!
0 0 0
0 0 0
1 0
0
0 .
λ6 = 0 0 1 , λ7 = 0 0 −i and λ8 = √13 0 1
0 1 0
0 i
0
0 0 −2
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where
Lquarks,kin =

X

q̄i (iγ µ ∂µ − mi )qi

(3.11)

i

describes the free propagation of quarks,
1
Lgluons,kin = − G̃aµν G̃µν,a , G̃aµν = ∂µ Gaν − ∂ν Gaµ
4

(3.12)

describes the free propagation of gluons,
Lggq = −gs

X

q̄i (γ µ

i

λa
)qi
2

(3.13)

describes the quark-gluon interaction,
Lggg = gs f abc (∂µ Gaν )Gb,µ Gc,ν

(3.14)

describes the interaction of three gluons, and
Lgggg = −

gs2 abe cde a b c,µ d,ν
f f Gµ Gν G G
4

(3.15)

describes the interaction of four gluons. The Feynman graphs of the quark-gluon interaction vertex, the interaction vertex of three gluons and the interaction vertex of four gluons
are presented in Fig. 3.2.

gs
(a) quark-gluon vertex

gs2

gs
(b) triple-gluon vertex

(c) quadruple-gluon vertex

Figure 3.2: The interaction vertices of the non-abelian gauge group SU (3) with their respective interaction strengths in terms of the strong coupling constant gs .
Straight lines represent quarks, curly lines represent gluons. All Feynman
graphs in this thesis have been created with JaxoDraw [39].

3.3 Running Coupling and Asymptotic Freedom
In Section 3.2, the strong coupling constant gs was introduced, which determines the
strength of the strong force. Examples of interaction vertices between quarks and gluons
along with their respective strengths were given in Fig. 3.2. Using the term “constant”
is technically not precise since gs is in fact not a constant, but rather dependent on
the momentum transfer in a scattering or, in other words, on the distance scale of an
interaction. The reason for this behavior is the existence of virtual particle-antiparticle
pairs that can be created from the vacuum. Such particle-antiparticle pairs can be created
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due to Heisenberg’s uncertainty relation [40]
∆E · ∆t ≥

~
2

(3.16)

which allows “classical” energy violations for short times. When calculating perturbative
contributions to the transition amplitude of a scattering process using Feynman diagrams,
one can understand this astonishing effect if higher-order corrections are taken into account. As an example, in Fig. 3.3 Feynman diagrams of the lowest-order contributions
for a gluon exchange are presented, namely the leading order (LO) contribution in Fig.
3.3(a) and the two lowest next-to-leading order (NLO) loop corrections in Figs. 3.3(b)
and 3.3(c).

(a) LO contribution

(b) first-order quark loop
correction

(c) first-order gluon loop
correction

Figure 3.3: Feynman diagrams of several low-order contributions for a gluon exchange.
The higher-order corrections in Figs. 3.3(b) and 3.3(c) show a virtual particle-antiparticle pair (q q̄ in Fig. 3.3(b) and gluon-gluon in Fig. 3.3(c)) form and disappear. The
gluon-gluon pair production is of course only possible due to the gluon self-coupling.
Since the momenta of these virtual particles are not fixed but can take any possible value,
one needs to integrate over all these values when calculating the contribution. When
doing so, one will notice that these contributions are not finite. Handling those infinite
contributions is called renormalization and proved to be a great challenge for theoretical
physicists over the decades. Doing this complicated procedure and defining the strong fine
structure constant
g2
αs = s
(3.17)
4π
leads to the following result [41]:
αs (|q 2 |) =

αs (µ2 )
1+

(µ2 )

αs
12π

2

(33 − 2nf ) ln( |qµ2| )

(3.18)

where q denotes the momentum of the intermediate gluon and nf is the number of quarkflavors participating in
qthe virtual quark loop correction (cf. Fig. 3.3(b)), i.e. those with
2

masses smaller than q4 . One remarkable conclusion of Eqn. (3.18) is that αs is not
constant but depends on q 2 . Thus αs is often referred to as a running coupling constant.
Furthermore, µ2 denotes a particular choice of |q 2 |, i.e. |q 2 | = µ2 , at which αs (µ2 ) must
be determined experimentally. If that is the case Eqn. (3.18) provides the value of αs at
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any q 2 .
Now considering the case of large |q 2 |, αs (|q 2 |) decreases and satisfies8
lim αs (|q 2 |) = 0.

(3.19)

|q 2 |→∞

This behavior is called asymptotic freedom. If one considers, for example, quark-quarkscattering, the quarks would behave like quasi-free particles at high momentum transfers.
Following Heisenberg’s uncertainty principle [40], high momentum transfers mean small
effective distances at which the scattering takes place. This means that quarks are asymptotically free at small length scales, typically smaller than ∼ 10−15 m which roughly corresponds to the size of a hadron. Therefore, the interactions of quarks with quarks (and
other elementary constituents) inside hadrons at these small length scales can be evaluated
perturbatively using Feynman rules evaluated from the Lagrange density of QCD (Eqn.
(3.6)). The theory in that limit is often p
denoted as perturbative QCD (pQCD).
It is common to denote the value of |q 2 |, for which the denominator in Eqn. (3.18)
vanishes, as ΛQCD . From this definition it yields immediately
!

ΛQCD

−6π
= µ exp
.
(33 − 2nf )αs (µ2 )

(3.20)

This mass scale ΛQCD marks an approximate “dividing line” between bound and quasi-free
quarks. Experimental measurements have found ΛQCD ≈ 200 MeV [38] which is roughly
p
|q 2 |
the inverse of the radius of a nucleon. pQCD
is
therefore
only
valid
in
regions
where
p
1
2
is somewhat larger than this value, i.e. |q | & 1 GeV. At larger distances than ∼ ΛQCD ,
p

i.e. for sufficiently small values of |q 2 |, αs grows larger and pQCD is not applicable
anymore. This situation is schematically presented in Fig. 3.4.

αs
1

αs < 1
pQCD applicable

ΛQCD

r

|q 2|

Figure 3.4: Schematic sketch of αs in dependence of |q 2 |. pQCD is only applicable for
small αs . Experimental measurements have found ΛQCD ≈ 200 MeV [38].
8

This conclusion holds true if the term (33 − 2nf ) is positive, i.e. if nf < 16. That seems to be the case
because only six quark-flavors have been discovered until now.
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3.4 Confinement
Confinement has already been mentioned in Chapter 2. It denotes the phenomenon that
quarks and gluons are bound in color neutral states. As a consequence, no free quarks
or gluons exist. They can only exist inside hadrons where they are held together by
the strong force (except the top quark which decays before it can form a bound state).
Qualitatively this behavior can be described by a string model9 . It is commonly believed
that the potential energy between a quark q and an anti-quark q̄ can be written in the
form [42]
4 αs
Vqq̄ = −
+ σr
(3.21)
3 r
where r denotes the distance between the quark and the anti-quark and αs is the running
coupling constant given in Eqn. (3.18). The value of the string tension σ can be experimentally estimated to σ ≈ 0.9 GeV
fm [42]. The first term in Eqn. (3.21) is Coulomb-like
and can be evaluated using pQCD. In analogy to electrodynamics where an analogous
term describes the attractive force between an electron and a positron, here it describes
the attractive force between the quark and the anti-quark. This term is dominant at
small distances, typically smaller than ∼ 10−15 m (cf. Section 3.3). The second term
σr, called confinement term, is dominant at larger distances and grows linearly to infinity with growing distances. As a consequence, an infinite supply of energy would be
needed to separate the quark from the anti-quark, thus “confining” them into hadrons.
Fig. 3.5(a) schematically shows lines of force in the electrodynamic (Coulomb-like) case
between two elementary opposite charged particles. In comparison to that, Fig. 3.5(b)
schematically shows lines of forces in the chromoelectric case between a quark and an
anti-quark. Because of gluon self-coupling, the chromoelectric lines of force are “closer” to
each other causing a constant force between the quark and the anti-quark, thus reflecting
the confinement term σr in Eqn. (3.21).

−

+

q

q

(a)

(b)

Figure 3.5: Lines of force of an (a) electrodynamic field of an e− e+ pair and a (b) chromoelectric field of a q q̄ pair.
As a second important consequence of the confinement term in Eqn. (3.21), energy
supplied in collisions is used to produce hadrons. An example of that situation is illustrated
in Fig. 3.6 where, as a result of a collision, a lot of energy has been transferred to either
the quark or the anti-quark, thus separating both. While the distance between the q q̄
pair increases, so does the energy of the chromoelectric field between them. When enough
energy is present, it is energetically favorable for the color string to “tear” into hadrons
(here: mesons). The process repeats until no energy is left to produce new hadrons.
This procedure, which has been explained for the case of a q q̄ pair, can be equivalently
applied to any pair of color-carrying particles, i.e. quarks, anti-quarks and gluons. When
such a pair of color-carrying particles is separated with a huge amount of energy, the
procedure implies that they appear as collimated bunches of color-neutral particles in detectors. Such a collimated bunch of particles is called a jet. Since quarks and gluons carry
9

The term “string” was chosen to emphasize the analogy of the chromoelectric field lines with strings of
musical instruments.
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q

q

q

q

+q

q

Figure 3.6: “Tearing” of a color string between a q q̄ pair causing the production of another
q q̄ pair.
color charge and hadrons are color-neutral particles the color must be compensated by soft
hadrons. A treatment of this procedure, which is commonly denoted as hadronization, is
a non-perturbative problem and highly complex. An attempt to study non-perturbative
QCD and confinement is, for example, done by applying lattice gauge theory (cf. e.g. [43]).
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ATLAS experiment
4.1 Large Hadron Collider (LHC)
The Large Hadron Collider (LHC) is a circular hadron accelerator situated at the European
Organization for Nuclear Research (CERN) near Geneva, Switzerland. It is located inside
a 26.7 km tunnel that lies between 45 m and 170 m beneath the surface and has been
build as a two-ring accelerator, meaning that two beams of hadrons, e.g. protons, can be
individually accelerated in opposite directions and can be brought to collision at certain
√
collision points. Such proton beams, at the design center-of-mass energy of s = 14 TeV,
will consist of 2808 “packets”, so-called bunches, each containing about 1011 protons.
The acceleration and controlling of the beams is made possible through the use of 1232
dipoles and approximately 8000 other magnets, which have to be cooled down to 1.9 K
with the help of superfluid helium by using a cryogenic system in order to achieve the
superconducting behavior of the magnets and reach necessary magnetic field strengths of
8.33 Tesla. The design value of the energy of the protons inside the beam is 7 TeV which
√
results in a center-of-mass energy s of 14 TeV in collision events. Thus, the LHC is the
proton-proton collider with the highest center-of-mass energy in the world. On March 30,
√
2010, proton beams collided with s = 7 TeV [44], an energy never before achieved in a
particle collider. With those high energies, the LHC is suited for its main goals, namely
the search for the only yet undiscovered fundamental particle of the Standard Model, the
Higgs boson, and other theories beyond the Standard Model.
In order to accelerate the protons to such high energies, they need to be injected into
the LHC with an energy of ∼ 450 GeV. This is achieved with the help of a chain of preaccelerators. After being produced by the ionization of hydrogen, the protons run through
the pre-accelerators Linac2, Proton Synchrotron Booster (PSB), Proton Synchrotron (PS)
and Super Proton Synchrotron (SPS) and are finally “filled” into the LHC. The situation
is shown in Fig. 4.1.
Around the four collision points, at which the beams cross and bunches of protons
are brought to collision every 25 ns1 , four main experiments are located, cf. Fig. 4.2.
Those are ATLAS (A Toroidal LHC ApparatuS) [13], CMS (Compact Muon Solenoid)
[45], ALICE (A Large Ion Collider Experiment) [46] and LHCb (Large Hadron Collider
beauty) [47]. ATLAS is a general-purpose detector which has been built to exploit the
full discovery potential of proton-proton collision processes taking place at the LHC. The
second general-purpose detector CMS is located on the opposite side of the LHC ring.
ATLAS and CMS are designed in such a way that they can crosscheck the measurements
of each other. The main purpose of the ALICE detector is to study strongly interacting
matter at extreme energy densities, especially the so-called quark-gluon plasma. The
LHCb experiment specifically has been built to investigate the physics of interactions of
b-hadrons, i.e. hadrons containing a bottom quark.
One general goal of a detector is the measurement of the cross section2 σ of a particular
process (or several particular processes) that happens during an interaction of two protons
in a bunch crossing, i.e. the crossing of the two proton bunches at a particular collision
1
2

The design value is given.
σ is expressed in terms of area. The common unit for it is 1 barn = 10−24 cm2 .
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Figure 4.1: The LHC injector complex. Apart from protons, the LHC can also be run
with lead ions, for which the injector complex is shown here additional to the
one used for protons. The various energies given correspond to the energies of
the protons (or lead ions) after having passed the particular pre-accelerator.
Figure from [14].

Figure 4.2: The four main LHC experiments ATLAS, CMS, ALICE and LHCb. The SPS
with its connection tunnels to the LHC are also shown. Figure from [48].

15

4 The Large Hadron Collider and the ATLAS experiment

point, for which the event rate Ṅ , i.e. the number of events per second, can be measured
by the detector, e.g. ATLAS. The cross section σ is then given by
σ=

Ṅ
.
L

(4.1)

where L denotes the instantaneous luminosity which depends only on the beam parameters
and, assuming a Gaussian beam distribution, can be written as
L=

Na Nb f
,
4πσx σy

(4.2)

with Na and Nb denoting the number of protons in the corresponding bunches, f denoting
the revolution frequency and σx/y denoting the lateral RMS3 sizes of the beams (which are
assumed to have a Gaussian transverse profile) at the interaction point. ATLAS is a high
luminosity experiment with an LHC-delivered aimed design value of L = 1034 cm−2 s−1 ,
which is expected to be achieved around the year 2014 [15]. When integrating over a
certain period of time, one obtains the integrated luminosity
Z

Lint =

L dt

(4.3)

which is then proportional to the number of events N of a particular process measured by
the detector during that period of time, i.e.
N = Lint σ.

(4.4)

The cross section of a particular process is therefore a measure of the probability of it to
happen. After being measured, the obtained cross section can be compared with a value
calculated from theory, thus allowing comparison between the experiment and a particular
theoretical model in order to judge the quality of that model.

4.2 ATLAS
ATLAS is a general-purpose detector and has been designed to exploit the full discovery
potential of the LHC. It is sometimes called a 4π-detector because of its almost full solid
angle coverage. This also reflects the philosophy of this detector to identify and measure
the momentum and energy of all potential particles, if possible, that are produced in an
interaction during a bunch crossing at the collision point located in the middle of the
detector. The apparatus, which is illustrated in Fig. 4.3, is 44 m in length, 25 m in
height and weighs approximately 7000 tonnes. It has a cylindrical symmetry and consists
of three major components, which are the inner detector (measuring the momentum of
charged particles and reconstructing their tracks, i.e. their paths when moving through
the detector), the calorimeter (measuring the energies of the particles) and the muon
spectrometer (measuring the momentum and energy of muons).
After presenting the coordinate system used in ATLAS, the three major components
will be described briefly with a bit more emphasis on the calorimeter since it is of great
importance for the analysis described in this thesis. A more detailed description of the
separate components can be found in [13] and [49]. Finally, the ATLAS trigger system
will be presented in a short manner.

3

RMS = root mean square
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Figure 4.3: Interior view of the ATLAS detector. Figure from [13].

4.2.1 Coordinate System and Kinematic Variables
The coordinate system used in ATLAS is a right-handed system with the x-axis pointing
to the center of the LHC ring, the z-axis following the beam direction and the y-axis
going upwards. The origin of the system coincides with the collision point located in the
middle of the detector. However, it is often convenient to use a non-cartesian coordinate
system instead, that is given in terms of the radial distance r which is the distance from
the collision point, the azimuthal angle φ and the pseudo-rapidity η. The azimuthal angle
φ is measured in the range [−π, +π] with φ = 0 corresponding to the positive x-axis; φ
increases clock-wise in the positive z direction; and the pseudo-rapidity η is defined as


η = − ln tan

θ
,
2


(4.5)

where θ denotes the polar angle with respect to the positive z-direction.
The rapidity y of a particle that has been produced in a proton-proton collision is defined
as


1
E + pz
y = ln
,
(4.6)
2
E − pz
where E denotes the energy and pz the third component of the momentum of the particle
along the beam axis. In the limit of a massless particle, which is usually the case in proton√
proton collisions with s = 7 TeV because of the high energy of the produced particle,
the rapidity y coincides with the pseudo-rapidity η.
The distance ∆R between two particles in the η × φ -space is given by
∆R =

q

(∆η)2 + (∆φ)2

(4.7)

and the transverse momentum pT of a particle is defined as the magnitude of its momentum
perpendicular to the z-axis, i.e.
pT =

q

p2x + p2y .
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Similarly, the transverse energy of a particle is given by
ET = E · sin θ,

(4.9)

where E is the energy of the particle and θ denotes the polar angle with respect to the
positive z-direction.

4.2.2 Inner Detector
The main goal of the inner detector (ID), which is illustrated in Fig. 4.4, is the reconstruction of tracks from the charged particles that pass through the detector as well as
the determination of their momentum and charge. This can be achieved with the help of
a 2 T magnetic field generated by a central solenoid that surrounds the ID and is 5.3 m in
length and 2.5 m in diameter. Momentum and charge can then be determined from the
trajectory bend.

Figure 4.4: Interior view of the ATLAS inner detector. Figure from [13].
The ID consists of three subdetectors which are, going from the inside to the outside,
the pixel detector, the semiconductor tracker (SCT) and the transition radiation tracker
(TRT). Both the pixel detector, which consists of identical silicon pixel sensors with a
minimum pixel size in (R − φ) × z of 50 × 400 µm2 , and the SCT, which consists of silicon
microstrip sensors, cover the region in |η| < 2.5. In the barrel region (|η| < 1.4) they
have the form of concentric cylinders around the beam axis whereas in the end-cap region
(1.4 < |η| < 2.5) they are located on disks perpendicular to the beam axis. The spatial
resolution is highest in the innermost part of the detector, i.e. in the pixel detector, and
grows larger from inside to outside. For example, the intrinsic accuracies for the pixel
detector are approximately 10 µm in (R − φ) and 115 µm in z, while for the SCT they
are approximately 17 µm in (R − φ) and 580 µm in z. The number of readout channels
is ∼ 80.4 million for the pixel detector and ∼ 6.3 million for the SCT. With a relatively
large number of hits, typically 36 per track, using 4 mm straw tubes, the TRT can provide
tracking information in R − φ up to |η| < 2.0. This is done with an intrinsic accuracy of
130 µm per straw. The number of readout channels is approximately 351,000.
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4.2.3 Calorimeter
The calorimeter system in ATLAS, which is illustrated in Fig. 4.5, provides near hermetic
coverage in the region |η| < 4.9. Two major parts can be distinguished, namely the electromagnetic (EM) and the hadronic calorimeter, thus reflecting the need of using different
techniques for electromagnetically and hadronically interacting particles passing the detector. Both the EM and the hadronic calorimeter are so-called sampling calorimeters,
which means that active signal readout layers alternate with passive material layers that
absorb particles.

Figure 4.5: Interior view of the ATLAS calorimeter system. Figure from [13].
When the electromagnetic interacting particles (electrons, positrons and photons) pass
the EM calorimeter, they interact with the detector material, i.e. liquid argon (active
material) and lead (passive material), thus causing electromagnetic showers. These showers are driven by bremsstrahlung processes for electrons/positrons and pair-production
processes for photons, cf. Fig. 4.6. As the shower evolves, the number of particles increases until their energy reaches a critical value at which point their energy loss is caused
by ionization. The amount of ionization energy, which needs to be measured in the liquid
argon (LAr) sample layers, is then proportional to the amount of energy deposited in the
calorimeter. One crucial goal is therefore to contain as much energy as possible inside
the EM calorimeter during such an electromagnetic shower. For example, the thickness
of the EM calorimeter is chosen to be greater than 22 radiation lengths X0 in the barrel part and greater than 24X0 in the end-cap part in order to achieve this requirement
with high probability. The radiation length X0 , which is a material quantity, is thereby
defined as the mean distance over which a high-energy electron loses all but 1e (here e
being Euler’s number) of its energy by bremsstrahlung in the material. High granularity
of the EM calorimeters provides excellent energy and position resolution measurements.
The pseudo-rapidity range covered is |η| < 1.475 for the barrel part and 1.375 < |η| < 3.2
for the two end-cap components of the EM calorimeter. The sampling geometry of the
EM calorimeter ensures complete φ symmetry and coverage without azimuthal gaps.
The majority of the energy of the strongly interacting hadrons is deposited inside the
hadronic calorimeter. When an incoming hadron interacts strongly with the absorbing
material, further hadrons are produced, thus initiating a hadronic shower. Because strong
interaction can only happen with the atomic nuclei, much more constructing material
is needed in order to deposit as much particle energy as possible inside the detector.
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Figure 4.6: Simple model of an electromagnetic shower. In this case the shower evolves
from an incident photon via pair-production processes for photons and
bremsstrahlung processes for electrons/positrons. The appropriate scale length
for this description is the radiation length X0 which is a material quantity. It
is defined as the mean distance over which a high-energy electron loses all but
1
1
e (≈ 2 ; here e being Euler’s number) of its energy by bremsstrahlung in the
material. It is furthermore 79 (≈ 1) of the mean free path for pair production
by a high-energy photon.
The approximate thickness of the hadronic calorimeter is therefore chosen to be ≈ 10
interaction lengths4 λ (9.7λ in the barrel part and 10λ in the end-cap part). A hadronic
shower partially consists of electromagnetic cascades due to, for example, charged particles
that produce bremsstrahlung and neutral pions that decay with a 99% probability into two
photons that in turn serve as a starting point for electromagnetic showers. Additionally,
one needs to correct for non-hadronic shower components that cannot be detected. The
granularity of the hadronic calorimeter is overall coarser than in the EM calorimeter, but
is sufficient for satisfying the requirements for jet reconstruction (see Section 5.4). The
hadronic calorimeter consists of three sub-calorimeters which are the tile calorimeter, the
LAr hadronic end-cap calorimeter (HEC) and the LAr forward calorimeter (FCal), cf.
Fig. 4.5. The tile calorimeter is situated just outside the EM calorimeter. It consists of
a barrel part that covers the region |η| < 1 and two extended barrel parts that cover the
range 0.8 < |η| < 1.7. It is a sampling calorimeter, just like the other ones, and uses steel
as the absorbing and scintillating tiles as the active material. For the readout, wavelength
shifting fibers are used that are connected with two photomultiplier tubes. The HEC is
situated behind the EM end-cap calorimeter and consists of two independent wheels. The
passive material used is copper, where 25 mm copper plates alternate with 8.5 mm LAr
gaps as the active material. The FCal covers a region of 1.5 < |η| < 3.2 overlapping with
the tile barrel and the FCal in order to avoid inefficiencies due to empty gaps between the
calorimeters. The FCal, which covers a range 3.1 < |η| < 4.9, consists of three modules per
end-cap. The first one uses copper as absorbing material and is used for electromagnetic
measurements, while the other two use tungsten and are used for hadronic measurements.
The passive material is arranged in concentric tubes and rods parallel to the beam axis
4

The appropriate physical material quantity to describe hadronic showers is the interaction length λ. It is
defined as the mean free path of a particle before undergoing a hadronic interaction in a given material.
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while the gaps between them are filled with the active material, LAr.

4.2.4 Muon Spectrometer
The goal of the muon spectrometer, which surrounds the calorimeter, is the identification
of muons and the measurement of their momenta and tracks to high precision. This is
achieved with the help of high precision tracking chambers, namely monitored drift tubes
(MDT’s) and cathode strip chambers (CSC’s) at larger pseudo-rapidities (2<|η|<2.7). The
air-core toroid magnet system, consisting of a barrel and two end-cap magnets, generates a
strong magnetic field that bends the muon tracks and therefore allows momentum determination. Triggering information (cf. Section 4.2.5) is provided by resistive plate chambers
(RPC’s) in the barrel and thin gap chambers (TGC’s) in the end-cap regions.

4.2.5 Trigger System
At the design instantaneous luminosity of 1034 cm−2 s−1 , the proton-proton interaction rate
in the LHC will be approximately 1 GHz. However, the ATLAS recording system is only
able to process and store event data with a rate of ∼ 200 Hz. Because of that, an overall
rejection factor of 5·106 needs to be applied against “uninteresting” events while maximum
efficiency for events containing “interesting” characteristics and signatures needs to be
maintained. This task must be performed by the ATLAS trigger system which consists of
three levels: level 1 (L1), level 2 (L2) and the event filter (EF). The L1 trigger system
reduces the data rate to ∼ 75 kHz and uses detector information about certain identified
particles (e.g. electrons, muons, photons, hadrons, etc.) and their kinematic properties in
order to make a decision. The information input is provided by a calorimeter trigger and
a muon trigger. Calorimeter trigger information is in turn provided by all calorimeters
with a reduced granularity in order to allow fast processing. Muon trigger information is
provided by the RPC’s and the TGC’s. The central trigger processor (CTP) then collects
and processes the information coming from the calorimeter and muon trigger and makes
a decision based on logical rules (that are collected in a “trigger menu”) as to whether
the event is passed to the next trigger level or not. The mean processing time for such
a decision is ∼ 2.5 µs. It is possible to pre-scale a particular L1 trigger in order to allow
optimal use of the bandwidth as experimental conditions, especially the instantaneous
luminosity, change. As an example, if a trigger is given a pre-scale value P S of 10, only
every 10th event is kept. Furthermore, L1 triggers define so-called regions of interest
(RoI’s) in terms of η and φ which mark regions in the detector with “interesting” event
characteristics according to the particular trigger in use. If the decision made by the L1
trigger is positive, the event is passed to the L2 trigger system where the data rate is
reduced to 3.5 kHz. The L2 trigger decisions are made using all available detector data at
full precision and granularity, but considering only the RoI’s defined by the L1 trigger. The
mean processing time for a L2 decision is ∼ 40 ms. If the L2 trigger decision is positive,
the event is passed to the event filter which provides final event selection. This analysis
procedure is done offline and is purely software-based. In this last step, the data rate is
reduced to ∼ 200 Hz. The mean processing time for an event filter decision is of the order
of 4 s.
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Collision Processes
High-energy hadron-hadron collisions can be described using Feynman’s parton model [50].
Following this model, a hadron consists of point-like constituents called partons. These
partons are quasi-free at high energy collisions due to the phenomenon of asymptotic
freedom (cf. Section 3.3). Today it is known that that these partons can be identified
as quarks and gluons. A hadron consists therefore of valence quarks that determine the
spectroscopic properties of the composed particle and of virtual q q̄ pairs (“sea quarks”)
that can be produced due to quantum fluctuation. Additional components of the hadrons
are the gluons that are constantly exchanged by the quarks and anti-quarks.
The LHC, at which the ATLAS detector runs, provides proton-proton collisions at high
√
center-of-mass energies, e.g.
s = 7 TeV in 2010 [44]. Protons are hadrons consisting
of two valence up-quarks and one valence down-quark. Because of reasons described in
Chapter 3, most importantly confinement and renormalization, the description of hard
proton-proton collision processes requires special concepts which will be presented in the
following sections.

5.1 Factorization and Parton Distribution Functions
The factorization theorem postulates the ability of separating the description of the cross
section of a hard hadron-hadron collision process into perturbative and non-perturbative
contributions. This approach has purely practical reasons, due to the ability of rigorously
calculating cross sections up to a certain order using pQCD on one side and the inability of
calculating results with non-perturbative approaches on the other side. The perturbative
contributions are often denoted as the hard subprocess.
The term “hard” refers to collision
p
processes with large momentum transfer, i.e.
|q 2 |  ΛQCD (cf. Section 3.3), thus
ensuring the strong coupling αs being small due to asymptotic freedom and therefore
justifying the use of pQCD. The corresponding short-distance scales suggest working with
the partons instead of the colliding hadrons themselves.
Considering, for example, the collision of two protons p1 and p2 with the corresponding
production of two final state partons c and d, as illustrated in Fig. 5.1, and applying the
factorization theorem yields the basic formula for evaluating the differential cross section
of the event [51]:

dσ(p1 p2 → cd) =

Z 1

dx1 dx2
0

X

fa/p1 (x1 , µ2F )fb/p2 (x2 , µ2F )dσ̂ (ab→cd) (Q2 , µ2F ).

(5.1)

a,b

The term dσ̂ (ab→cd) denotes the differential cross section of the hard subprocess, i.e.
ab → cd, which can be evaluated up to a certain order using pQCD, i.e. by calculating fixed-order Feynman matrix elements that are evaluated from the Lagrange density of QCD (Eqn. (3.6)). This implies the perturbative expansion of σ̂ in αs , i.e.
σ̂ = CLO αsn + CNLO αsn+1 + CNNLO αsn+2 + . . ., with n = 2 in this case since two-totwo scatterings of the form ab → cd give LO contributions of O(αs2 ). Naturally, there
can be many partonic subprocesses contributing to dσ̂ which all need to be summed up.
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Figure 5.1: Schematic diagram for the collision of two protons p1 and p2 with the corresponding production of two final state partons c and d.
Note that dσ̂ does not depend on the identity of the protons because of the short-distance
behavior of the hard scattering of the partons a, b ∈ {q, q̄, g}. The momentum transfer
of the hard scattering is denoted by Q2 , and x1 and x2 are the momentum fractions of
the partons a and b, respectively. In the hard subprocess, the parton momenta are thus
given by pµa = x1 pµp1 and pµb = x2 pµp2 where pµi denotes the corresponding four-momentum
of the respective particle. The fa/p1 and fb/p2 are parton distribution functions (PDF’s)
which are probability densities that describe the probability of finding a parton with a
certain momentum fraction x at momentum transfer Q2 , i.e. f (x)dx gives the probability
of an observation falling into the infinitesimal range [x, x + dx]. Note that the PDF’s
are universal, i.e. they do not depend on the hard subprocesses, which means that they
can be applied to any subprocess that produces the outgoing partons c and d. Another
important aspect is the use of the same PDF’s in Eqn. (5.1). This is possible because the
incoming protons do not change their internal structures as they move towards each other.
The PDF’s are not calculable and must therefore be determined experimentally. Such a
determination requires the use of a large set of data which should cover a large range in
Q2 and x. These analyses have been and are being performed by several research groups,
e.g. CTEQ [52] and MRST [53], and are constantly improved with new experimental data
becoming available. As an example, plots of PDF’s are shown in Fig. 5.2.
When evaluating the cross section of the hard subprocess beyond the LO contribution
using pQCD, higher order corrections may contain singularities which have to be “factorized,” order by order, into the PDF’s. This approach requires the introduction of a
renormalization scale µR which is arbitrary and acts as a cut-off on the virtuality of intermediate partons. Similar to that, another arbitrary parameter, the factorization scale µF ,
must be introduced in order to separate the perturbative, i.e. the hard subprocess, and
the non-perturbative effects described by the PDF’s. Whilst dσ̂ and the PDF’s separately
depend on µR and µF , the overall cross section does not. Keeping this in mind along with
the fact that µ2R and µ2F are typically of the order of Q2 , it is very common to choose
µ2R = µ2F = Q2 which has already been applied in Eqn. (5.1). The actual factorization
of the higher order singularities into the PDF’s, order by order, gives the PDF’s their µ2F
dependencies which can then be calculated numerically.
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Figure 5.2: Examples of non-perturbative PDF’s in the proton. The shown PDF’s are part
of the parton distribution set CTEQ6M and are evaluated at Q = 2 GeV. The
PDF’s are denoted by f (x) with x being the momentum fraction of the parton
in question. Figure from [52].

5.2 The Structure of a Hard Proton-Proton Collision Event
Section 5.1 described how to evaluate the cross section of a hard scattering process of two
protons applying the factorization theorem. As was explaned, it is possible to separate
the description of the cross section into perturbative and non-perturbative contributions.
The following exposition is intended to provide a more detailed description of those contributions and thus the overall collision process. The descriptions of the different models of
those contributions will then be given in Chapter 6 in the context of Monte Carlo generators. It should be pointed out that the event structure presented is not derived from first
principles but provides a “manageable” description of such a complex situation, especially
the subdivision into “steps” that can be handled numerically as well as individually for
the most part.
A schematic illustration of the basic structure of a hard proton-proton collision process
is presented in Figs. 5.4, 5.5 and 5.6. First, two protons are moving towards each other
√
√
with a certain center-of-mass energy s, e.g. s = 7 TeV. Two partons of each proton can
interact with each other producing primary partons in a hard subprocess characterized by
a large momentum transfer between the interacting partons. It is assumed that this hard
subprocess defines the main characteristics of the event. Due to the short timescales, the
principle of asymptotic freedom can be applied, thus allowing a description using pQCD.
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The hard subprocess implies both accelerated electromagnetic and color charges which
can cause bremsstrahlung effects, such as q → qγ, or other emissions, such as q → qg,
associated with the incoming and outgoing partons. Further emissions and branchings
can cause parton cascades, or sometimes called parton showers, for which a schematic
example is presented in Fig. 5.3. Emissions associated with incoming hadrons are called
initial state radiation (ISR). If the emission takes place after the hard subprocess, they
are referred to as final state radiation (FSR).

Figure 5.3: Schematic example of a parton shower.
In addition to the hard subprocess in which the participating partons are “kicked out”
of the proton, there exists another possibility that a second (semi-)hard scattering of two
partons left in the beam remnants can take place. This is usually denoted as multipleparton-interaction (MPI) or sometimes underlying event 1 . Each of this additional collisions might be associated with its corresponding ISR and FSR. Furthermore, there exists
an interplay between the partons participating in the hard scattering and the partons
inside the beam remnants due to “color-connection”, i.e. since the partons carry color
charge they are still connected with each other via confinement effects.
As the partons depart from each other, confinement effects become more and more
important which leads the quarks and gluons present after the parton shower to hadronize
into color-neutral hadrons. A description of this hadronization process would therefore
require a non-perturbative model. Finally, any unstable hadrons might decay sequentially
into other hadrons, leptons, and photons that can then be measured in a detector.
Additionally, in colliders with high luminosity, but especially in hadron-hadron colliders
like the LHC, it is likely that there are several collisions between beam particles, i.e. beam
protons, within one bunch crossing. Such collisions, in addition to the hard proton-proton
collision, are called pile-up events and are, unlike in the case of MPI, independent of each
other.
1

The term “underlying event” is not well-defined. Sometimes the treatment of the beam remnants including multiple-parton-interactions is meant. Some people include pile-up, others not. Many use this
term by referring to “anything except the hard subprocess.” For clarity, the term “underlying event”
is not further used in this thesis.
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Figure 5.4: Schematic illustration of the structure of a hard proton-proton collision process. The description consists of different “steps” in which the
process is divided. First, (a) two protons, that consist of partons, move towards each other which results in a (b) hard interaction between
two of these partons. Before the hard subprocess, (c) ISR associated with the incoming partons may occur. After the hard subprocess,
(d) the produced partons may undergo FSR. (Continuation in Fig. 5.5.)
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Figure 5.5: (Continuation of the schematic illustration of the structure of a hard proton-proton collision process from Fig. 5.4.) In addition to that,
(a) more scatterings of two partons left in the beam remnants can take place (MPI) which are associated with their (b) corresponding
ISR and FSR. (Continuation in Fig. 5.6.)
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Figure 5.6: (Continuation of the schematic illustration of the structure of a hard proton-proton collision process from Fig. 5.5.) The partons present
after the parton cascades (a) hadronize into color-neutral hadrons. Finally, (b) many hadrons are unstable and decay further.
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5.3 Jets and Jet Algorithms
The process of a hard proton-proton collision event described in Section 5.2 implies that
quarks and gluons appear as collimated bunches of particles in detectors. Such a collimated
bunch of particles is called a jet. At sufficiently high energy scales (O(30 GeV)), the
theoretical model of an event should therefore imply a rather similar jet picture on the
parton level, i.e. after the parton shower but before hadronization, as well as on the particle
level, i.e. after hadronization and the decay of instable hadrons. At such high energy
scales, the transverse momenta that are produced in the hard scattering subprocess and
are transferred to the hadrons during the hadronization process cannot be much larger than
the overall hadronization scale which is typically of the order of ΛQCD ∼ 200 – 300 MeV.
It is therefore necessary to define an algorithmic prescription of a jet that is valid on
the parton as well as on the hadron level. Furthermore, such a jet algorithm should be
relatively easy to implement in theoretical calculations as well as computer programs that
analyze experimental data. Additional requirements on a jet algorithm are infrared and
collinear safety. Infrared safety means that the reconstruction of a jet should not be
affected by the presence or absence of soft particles, e.g. a soft gluon radiated off a hard
scattered parton (at parton level). Collinear safety means that the reconstruction of a
jet should be independent of the amount of transverse momentum that is carried by one
certain particle. This independency should also hold wether or not a particle is split into
two collinear particles.
As a general note, a jet algorithm serves as a mapping of the input four-momenta pµi of
the particles in question, e.g. all final state particles on the particle level or all final state
partons on the parton level, to the four-momenta pµj of a certain number of jets,
{pµi }i∈{particles} 7−→ {pµj }j∈{jets} .

(5.2)

Most algorithms contain some sort of resolution parameter, usually denoted as R, which
controls the extension of the jet. In order to “group” particles together, i.e. to recombine
two four-momenta, there exist different recombination schemes, e.g. the pt -, p2 -, Et - and
Et2 -scheme [54]. However, the default scheme in ATLAS is the simple E-scheme [55] which
consists of just adding the four-momenta.
There exists a large variety of different jet algorithms. Generally, they can be summarized into two main classes, cone algorithms and sequential recombination algorithms.
Many cone algorithms suffer from problems concerning infrared safety or collinear safety,
or both. Therefore, a huge number of cone algorithms with sophisticated approaches exist,
trying to deal with these safety problems. Examples are the CDF JetClu algorithm [56] (infrared unsafe), the CDF MidPoint cone algorithm [55] (infrared unsafe), the ATLAS Cone
algorithm [57] (infrared unsafe) and the CMS Iterative Cone algorithm [58, 59] (collinear
unsafe), to name only a few. One example of an infrared and collinear safe cone algorithm
is the SISCone algorithm, which is unfortunately an algorithm of high complexity, making
it practically impossible to be used for events with a realistic number of particles, though
a solution based on geometry was found to reduce complexity [60].
Sequential recombination algorithms work as follows. For each pair of input particles
i and j, one defines a distance measure dij between them based on their four-momenta.
Furthermore, a distance measure diB between particle i and the beam (B) is introduced
as well. One then searches for the minimum of all dij and diB . If this minimum is a
dij , one recombines the particular particles i and j, e.g. by adding their four-momenta
(E-scheme). If the minimum is a diB the particle i is declared a final jet and removed from
the input list. The distance measures are then recalculated and the procedure is repeated
until no particles are left.
An important subclass of such sequential recombination algorithms are the generalized
kT jet algorithms which are all infrared safe and collinear safe. They are characterized by
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the form of their distance measures, namely
diB = kT2pi ,

(5.3)

where kT i denotes the transverse momentum of particle i, and
dij = min(kT2pi , kT2pj )

2
∆Rij
.
R2

(5.4)

with
2
∆Rij
= (yi − yj )2 + (φi − φj )2 ,

(5.5)

where yi denotes the rapidity and φi the azimuth of particle i. Here R is a jet-radius
parameter with default values in ATLAS given by R = 0.4 and R = 0.6. The integer value
p parametrizes the type of algorithm. For p = 1, one finds the inclusive kT algorithm
[61, 62]; for p = 0, one obtains the inclusive Cambridge/Aachen jet algorithm [63, 64]; and
for p = −1, one gets the anti-kT [65] algorithm which has the property that soft radiation
does not affect the boundary of a jet, thus giving perfectly conical hard jets with actual
radius R. As an example, this can be seen in Fig. 5.7 where different jet algorithms have
been compared in a Monte Carlo (MC) study [65]. The anti-kT algorithm is commonly
used as the default jet algorithm in ATLAS.

Figure 5.7: Comparison of different jet algorithms. Presented is a parton-level event that
has been generated with HERWIG. The results of the jet-finding procedure
using the inclusive kT algorithm, the inclusive Cambridge/Aachen algorithm,
the SISCone algorithm and the anti-kT algorithm are shown. The colored areas
denote the reconstructed jets in the φ − y -plane. Note the perfect cones when
using the anti-kT algorithm. Figure from [65].
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5.4 Jet Reconstruction in ATLAS and Unfolding
The structure of hard proton-proton collision events was presented in Section 5.2. The
task of the ATLAS detector is then to identify and measure the final state particles present
with high precision. In this thesis, the particular emphasis lies on multi-jet events, i.e.
events with two or more jets. It is therefore of great importance to be able to reconstruct
jets fulfilling the necessary conditions, a task which is briefly described in the following. It
should be pointed out that there exist more jet reconstruction sequences in ATLAS than
just the one applied and presented in this thesis.
The ATLAS calorimeter system plays the most important role in jet reconstruction. It
already has been described briefly in Section 4.2.3 and consists of approximately 200,000
individual cells of various size that are associated with different readout technologies and
electrode geometries. The cell signals, caused by the particles traversing the calorimeter,
need to be “grouped together” into larger signal objects representing the showers induced
by the particles interacting with the detector material. In order to perform this task, two
major concepts exist within ATLAS, calorimeter tower signals and topological cell clusters.
Only the latter is used in this thesis and will be described briefly in the following.
The concept of “topo-clusters” consists of different steps. First, the clustering starts
with seed cells for which a signal-to-noise ratio is above a certain threshold. Then, all
neighboring cells of these seed cells are added to the cluster. Neighbors of neighbors
are added if their signal-to-noise ratio is above a secondary threshold. Finally, so-called
guard cells are added if their signal-to-noise ratio is above a third basic threshold. The
clusters present after this initial procedure then undergo a splitting algorithm [66] which
searches for local maxima and splits between them if necessary. One interesting aspect
of topological cell clusters is the intrinsic noise suppression due to the applied threshold
cuts.
In order to define jets out of the found topo-clusters, jet finding algorithms, like the
anti-kT algorithm (cf. Section 5.3), need to be applied. In order to serve as an input
to the jet finding algorithm, the topo-clusters are defined as massless pseudo-particles
with four-momentum pµ , reconstructed from their reconstructed η, φ and energy E. The
energy E is thereby calibrated to the energy scale measured by the calorimeters, called
the electromagnetic (EM) scale. This “basic” calibration is derived from test beams and
from Z → ee data [67]. The EM energy scale is correct concerning only electrons and
photons, but is too low concerning other particles which interact hadronically. Because
of this, there exists a need to correct for the different response of electrons/photons and
hadrons and is usually done using a MC-based jet-by-jet calibration scheme. Further jet
energy scale (JES) calibrations involve corrections for detector effects such as energy losses
in inactive regions (dead material), particles falling outside the jet finding algorithm or
the clustering algorithm but originally inherited from particles belonging to the jet, or
particles that are not totally contained in the calorimeter (leakage).
After this process, the collimated bunches of hadrons, that deposited their energy in
the calorimeter, are defined and identified as jets and can, in principle, serve as an input
to software analyses, such as jet cross section measurements. However, in order to compare these detector level measurements with theoretical predictions, there exists a need
to correct them for trigger inefficiencies, detector resolutions, limited acceptance of the
detector and other detector effects that might have an impact on the nature of a multi-jet
event. This procedure, which needs to be applied on the measured distribution of interest, is usually referred to as unfolding and is derived from Monte Carlo simulations. The
description of an application of such an unfolding procedure is given in more detail in
Section 8.2. One often denotes the “unfolded” distribution to be corrected to the particle
level, which is assumed to reflect the physical nature of the event after all “steps” of the
event structure took place, cf. Fig. 5.6(b).
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If one wants to compare the observed distribution with theoretic matrix element calculations, the distribution of interest, once more, needs to be corrected for non-perturbative effects, including effects from parton shower (ISR/FSR), multiple-parton-interactions (MPI)
and hadronization (cf. Figs. 5.4(c) - 5.6(a)). Effects of hadronization and MPI within
multi-jet events are estimated in Chapter 7 using Monte Carlo simulations.
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A Monte Carlo (MC) generator is a computer program which numerically calculates predictions of cross section calculations and simulates whole high energy collision events, i.e.
sets of outgoing particles produced in the interactions between two incoming particles,
e.g. protons. The use of MC generators is essential in high energy physics for two main
reasons. First, if one likes to compare experimental data with theory, cross section formulas often have to be evaluated over complex regions of phase space, which is, if done
analytically, rather difficult, if not impossible, but can instead be done relatively easy by
implementing a numerical approach into the program. Second, physicists need to simulate
realistic events even before an experiment is constructed and set up in order to be able to
test analysis tools, estimate designs, performance, costs, et cetera.
In order to describe hadron-hadron collision events, like observed in ATLAS, it is very
common to use so-called all-orders MC generators whose goal is to simulate events in their
entirety, meaning that an event is described up to the point where a fully specified set
of final state particles has been generated. As a consequence, the description of such an
event is rather complicated because the program needs to take into account perturbative
and non-perturbative contributions. Additionally, the program has to deal with other
restrictions, such as conservation of charge, four-momentum, flavor, et cetera.
The basic structure of a hard proton-proton collision event, for which dedicated models
are implemented in MC generators, has been described in Section 5.2. The most important
theoretical aspects of the models used in MC generators describing the collision process
are presented in Sections 6.1 and 6.2. In the following sections, two general-purpose
MC generators, PYTHIA 6 [68] (Section 6.3) and HERWIG [69, 70] (Section 6.4), that
have been used in the analysis described in this thesis, will be presented in a very brief
manner, mentioning only a few additional theoretical aspects relevant for the analysis.
Furthermore, one more event generator, ALPGEN [71, 72, 73], which is dedicated to the
study of multiparton hard processes in hadron-hadron collisions, is described very briefly
in Section 6.5. The interested reader may want to refer to the respective manuals of the
generators for a more detailed description.

6.1 General Aspects of MC Generators
The basic structure of a hard proton-proton collision event has been described in Section
5.2. Most MC generators offer a large variety of types of hard subprocesses to select from.
The user selected hard subprocesses are then evaluated using pQCD. As examples, the
leading order contributions to the partonic cross section σ̂ for several hard subprocesses are
given in Appendix A. When calculating higher-order corrections in perturbative theory,
singularities may occur which need to be “factorized” into the PDF’s, as described in
Section 5.1. An example of such a singularity is the radiation of a soft gluon, i.e. a gluon
of small energy (Eg → 0). Another example is the collinear singularity which occurs when
a gluon is radiated off another parton with a small enclosing angle θ between the radiated
gluon and the emitter parton, i.e. θ → 0. However, most general-purpose event generators
offer exact computation only to lowest order, i.e. leading order (LO), in perturbation
theory. In order to be able to describe higher order contributions in good approximation
without actually doing the complicated and time-consuming calculations, it is convenient
to introduce parton cascades, i.e. initial-state radiation (ISR) and final-state radiation
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(FSR), which are treated perturbatively and are “separated” from the hard subprocess
using the factorization theorem. The primary partons evolve down to a variable number
of secondary partons at a certain cut-off scale at the order of O(1 GeV), where pQCD is
not applicable anymore. The processes included in a parton cascade are g → q q̄, q → qg,
q̄ → q̄g, q → qγ, q̄ → q̄γ and g → gg. A numerical description of a parton shower can
be provided by the DGLAP equations [74, 75, 76] which sum up the leading effects of
repeated parton branchings.
The quarks and gluons present after the parton shower then hadronize into color-neutral
hadrons. Due to the non-perturbative behavior of this process, sophisticated models need
to be applied which will be discussed briefly in Section 6.2. Finally, any unstable hadrons
present will decay sequentially into other hadrons, leptons and photons that can be measured in a detector. This can be handled by MC generators using tabulated decay tables,
e.g. [19].
Another complication arises in the description of a hard proton-proton scattering event
when taking into account the beam remnants as well as MPI. The treatment of the partons
inside the beam remnants, that are still “color-connected” with the partons participating
in the hard scattering, interplays with the treatment of hadronization (cf. Section 6.2) and
complicates the theoretic description of the event. Sophisticated models that numerically
handle these effects exist for the individual MC generators that are presented in the
corresponding sections of this chapter.

6.2 Hadronization Models
In order to be able to calculate the complete cross section of a hard proton-proton scattering process, hadronization processes have to be included, as mentioned in Section 5.2.
This is done by enclosing Eqn. (5.1) with another hadronization factor. A qualitative
description of hadronization has already been given in Section 3.4. These hadronization
effects occur in hard hadron-hadron scattering processes as a result of confinement. The
chromoelectric field between color carrying particles, i.e. partons, gains supplied energy
until it is energetically favorable for the color string to “tear” thus forming color-neutral
hadrons. Because hadronization is a non-perturbative problem, phenomenological models
have to be used for its description. Several of such hadronization models exist, the most
popular ones being independent hadronization [77], string hadronization [78] and cluster
hadronization [79, 80, 81].
Independent hadronization is the oldest and simplest of the three models presented.
Starting from a quark q1 , the basic idea is to iterate a sequence of universal branchings
of the form q1 → q2 + (q1 q̄2 ) where (q1 q̄2 ) forms a newly created hadron. The schematic
illustration of such an universal branching is illustrated in Fig. 6.1. Usually, this simple
hadronization model fails to describe measured data (cf. e.g. [82]) and is therefore not
widely used any more.

(q1q2 )

q1
q2
Figure 6.1: Schematic graph of a universal branching q1 → q2 + (q1 q̄2 ) used in the independent hadronization model.
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Although there exist several string hadronization models, one often really means the
Lund string model [78]. A qualitative description has already been given in Section 3.4:
when a pair of color-carrying particles, i.e. quarks, anti-quarks and gluons, moves apart,
the self-interacting chromoelectric field between them “tears” into “tubes” of uniform
energy density. The description of a model describing this situation quantitatively has
been proven to be a complicated problem. An attempt of achieving this goal was done
resulting in the Lund model, which implies solutions for describing the dynamics of the
color string [51] as well as for the resulting classical equations of motion, cf. e.g. [83].
Further solutions of these equations of motion evoke so-called “kinks”, which have been
identified as hard gluons [84]. This means that, considering partons present after a parton
cascade, colorless string fragments form between nearby partons, each of them terminating
on a quark and an anti-quark. This situation is illustrated in Fig. 6.2. The treatment
of such fragments is complicated but robust solutions exist [85, 86]. In order to form
hadrons out of the color strings, i.e. in order to proceed the break-up of the string, further
quantitative descriptions need to be applied, cf. e.g. [87]. Which particular hadrons are
formed from the broken up color strings depends on the supposed dynamics of the process
which again depends on flavor and spin selection rules [88].
Cluster hadronization [79, 80, 81] is a simple and compact model. Gluons remaining
after a parton cascade are forced to split into light q q̄-pairs (“gluon splitting”) in a way
that neighboring quark-antiquark-pairs span color-neutral clusters which are of universal
spatial and mass distributions. This process is illustrated in Fig. 6.3. The description of
the cluster decays within this model has been chosen to be rather simple. The majority
of them are assumed to be two-body decays, i.e. (q1 q̄2 ) → h1 + h2 where (q1 q̄2 ) denotes
a cluster consisting of a quark and an anti- quark. Here h1 and h2 denote hadrons that
are subjected to flavor conservation. The probability that a certain pair of hadrons h1
and h2 is created is proportional to the available phase space. The decay is assumed to
be isotropic in the rest frame of the cluster.
Two special cases have to be considered handling such cluster decays for which a
schematic overview is shown in Fig. 6.4. A cluster may be too light to decay into two
hadrons. In that case it undergoes a one-body decay with the energy surplus being redistributed amongst neighboring clusters. When a cluster is too heavy, e.g. when there has
been little parton showering, it is forced to split into smaller clusters by introducing additional light q q̄-pairs. Their directions of motion are along the original direction of motion
of the “mother” cluster, thus introducing a color field along this axis which is reminiscent
of the string model.
In order to compare theoretical results obtained using string models and cluster models with results obtained from experimental data, one makes use of Monte Carlo event
generators. Two general-purpose event generators that are frequently used in high energy
physics are PYTHIA 6 and HERWIG (cf. Sections 6.3 and 6.4). PYTHIA 6 uses the Lund
string model while HERWIG applies the cluster hadronization model.
A comparison of the most important features of the Lund string model and the cluster
model is given in Table 6.1 [51].
feature
principle
Lorentz-invariant
conservation of flavor, charge, etc.
cut-off dep. (O(Q))
stability

cluster model
simple
yes
automatic

Lund string model
complex
yes
automatic

significant
infrared problems

modest
stable

Table 6.1: A comparison [51] of the Cluster and Lund string hadronization model.
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“kink ′′

colorstrings

hadrons

Figure 6.2: Schematic view of a hadronization process according to the string model. A
secondary g → q q̄ vertex causes two color strings to form. Note the “kinks” of
the strings caused by the gluons.

clusters

hadrons

Figure 6.3: Schematic view of a hadronization process according to the cluster model. Just
prior to cluster formation, the gluons remaining from the parton cascade are
forced to split into q q̄-pairs.
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Figure 6.4: A schematic overview for cluster hadronization. Figure from [89].

6.3 PYTHIA 6
PYTHIA 6 is a general-purpose event generator, written in standard FORTRAN 77, which
has been developed around the Lund string model which is the default hadronization
scheme described in Section 6.2. Many hard subprocesses are available that can be computed exactly to lowest order, i.e. leading order (LO), in perturbation theory. Therefore,
PYTHIA 6 belongs to the class of LO event generators. The sophisticated models used in
PYTHIA 6 come along with a huge amount of free parameters and options.
PYTHIA 6 separates radiation into initial-state radiation (ISR) and final-state radiation
(FSR), which is not necessary, but convenient. As described in Section 6.1, the structure of
both the initial-state and final-state parton showers are given in terms of branchings of the
forms g → q q̄, q → qg, q̄ → q̄g, q → qγ, q̄ → q̄γ and g → gg. Each parton is characterized
by a virtuality scale Q2 for which two choices exist. When choosing Q2 = m2 , where
m denotes the (virtual) mass of the parton, one often refers to a so-called mass-ordered
shower algorithm; when choosing Q2 = p2T , where pT denotes the transverse momentum of
the parton, one often refers to a pT -ordered one. The latter choice is used in the analyses
described in this thesis. In final-state showers, Q2 is decreasing, starting from a maximum
scale Qmax which needs to be “matched” with the hard subprocess, until a lower scale cutoff parameter Q0 which is typically of the order of O(1 GeV). While final-state showers are
time-like, i.e. m2 ≥ 0, initial-state showers are space-like, i.e. m2 < 0. This means that,
for the latter, Q2 is increasing as the hard subprocess is approached. Initial-state showers
are therefore treated in the so-called backwards evolution scheme, meaning that one starts
from the two incoming partons of the hard interaction, tracing the showers “backwards in
time” until the partons that initiated the shower are reached.
PYTHIA 6 also takes care of beam remnants. As described in Section 5.2, beam remnants can be left behind by the incoming protons, caused by the fact that they do not
participate in the hard scattering subprocess. Because both the “kicked out” partons taking part in the hard scattering as well as the partons left in the beam remnant carry color,
they are still color-connected with each other via color strings. The treatment of this
situation interplays with the treatment of hadronization, described by the Lund model,
which complicates the theoretic description of the event but can be handled in PYTHIA
6 by some sophisticated models, e.g. [90].
Multiple-parton-interactions (MPI), i.e. secondary (semi-)hard scatterings of two partons in the beam remnants, are treated in PYTHIA 6 as well. They are described as
separate 2 → 2 scatterings. Due to the physical nature of these scatterings, relatively
small momentum transfers are expected with respect to the hard scattering process, thus
motivating the need for applying non-perturbative models. PYTHIA 6 possesses three
models to describe MPI: the “old model” [91], the “intermediate model” [90] and the “new
model” [92], where only the last one is applied in the analyses described in this thesis. In

37

6 Monte Carlo Generators

the “new model,” MPI is associated with both ISR and FSR. The transverse momentum
pT of the partons becomes the common evolution scale for MPI, ISR and FSR. Parton
showers are described as pT -ordered showers, like described above. The associated beam
remnant description is the same as in the “intermediate model” where a sophisticated
description of correlations in color, flavor, and transverse momenta between the shower
initiators and the beam remnants has been introduced.
Additionally, PYTHIA 6 provides an option to include pile-up events which are just
overlaid on top of the hard collision. This is possible because the different pile-up events are
not connected with each other or the hard collision. Although there exists the possibility
of distributing the number of collisions in a beam crossing according to a Poissonian or a
biased distribution, in the analysis described in Section 7.3 the number of pile-up events is
explicitly given through the input parameters MSTP(133) and MSTP(134) (cf. Table 6.2).
The processes that are used in the analysis, in order to describe pile-up events, can be set
through input parameter MSTP(132) and are chosen to be low-pT , double diffractive, single
diffractive and elastic processes (cf. Table 6.3). Together, these processes are sometimes
referred to as “minimum bias”1 processes.
input parameter

short description

values used
in analysis

meaning of
selected value

MSTP(131)

master switch
for pile-up events

=1

master switch on

MSTP(132)

choose the processes
that are switched on
for pile-up events

=4

MSTP(133)

multiplicity
distribution
of pile-up events

=0

MSTP(134)

user-selected
multiplicity, i.e.
number of pile-up
events plus hard
scattering event,
if MSTP(133)=0

= 2, 3, 4, 5, 6

low-pT , elastic,
double diffractive,
single diffractive
processes
multiplicity
selected by user
by giving the
MSTP(134) value

Table 6.2: Table of the most important PYTHIA 6 input parameters concerning pile-up.
The values given in the third column refer to the values used in the analysis
described in Section 7.3.
Low-pT processes [91] are described by a non-perturbative model. These processes are
unique in a sense that there exists no meaningful physical border-line to high-pT processes
described by pQCD. Elastic processes are characterized by the fact that the protons remain
intact without any internal excitation, resulting in a scattering of the form pp → pp.
In a single diffractive dissociation scattering, one proton is left in an excited state and
consequently breaks up into a bunch of hadrons. The same procedure takes place in a
double diffractive dissociation scattering, but with both protons breaking up into a bunch
of hadrons. Such diffractive processes can be described by a t-channel exchange of a color
1

The term “minimum bias” event is somehow misleading in this context because an exact definition would
be detector-dependent. To be more precise, an exact definition would depend on the trigger used in
a detector. However, “minimum bias” events are usually those events with low transverse energy and
low multiplicity that can be experimentally observed already at low luminosities.
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singlet object, a so-called Pomeron. This situation is schematically shown in Fig. 6.5.
ISUB
91
92
93
94
95

subprocess
elastic scattering
single diffraction (AB → XB)
single diffraction (AB → AX)
double diffraction
low-pT production

Table 6.3: Subprocesses used to describe pile-up events. ISUB is a dummy index introduced
in PYTHIA 6 to allow simple referencing of processes.

(a)

(b)

Figure 6.5: Schematic graphs of a (a) single and a (b) double diffractive dissociation
proton-proton scattering process. The zigzag line denotes the intermediate
Pomeron.

6.4 HERWIG/JIMMY
HERWIG is a general-purpose event generator, written in standard FORTRAN 77, and
provides a full simulation of hard hadron-hadron scattering processes, among others. Many
elementary hard subprocesses are available that can be computed exactly to LO in pQCD,
thus making HERWIG a LO event generator. HERWIG places its emphasis on the detailed
simulation of QCD parton showers. ISR and FSR with soft gluon interference are handled
by angular ordering. That means that the parton shower evolution is described in terms
of the energy fraction z of a parton and an angular variable ξ. When assuming a parton
E
p ·p
branching of the form i → jk, the two variables are defined as zj = Eji and ξjk = Ejj Ekk ,
where Ei denotes the energy and pi the momentum of parton i. Because of angular
ordering each ξ value for a certain branching must be smaller than the ξ value for the
previous one of the parent parton. Both ISR and FSR are described by a so-called coherent
branching algorithm [70]. However, the angular-ordering restriction in the case of FSR
applies to the angles between the partons participating in a certain branching, while in
the case of ISR it applies to the angles between the directions of the incoming protons
and the emitted partons. The boundary conditions for ISR and FSR are set by the hard
momentum transfer scale Q and the color flow of the hard subprocess.
The hadronization scheme used in HERWIG is a cluster model, whose most important
aspects were presented in Section 6.2. Cluster hadronization has been chosen because the
hadronization model should disrupt as little as possible the event structure established in
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the parton showering phase, thus accompanying the philosophy of HERWIG to place its
emphasis on the QCD parton showers.
MPI are not treated by HERWIG itself, but are simulated by an additional add-on
called JIMMY [93]. JIMMY makes use of the simple eikonal model. In this model,
all MPI scatterings are overlaid on top of the hard scattering process and are assumed
to be independent of each other, thus obeying Poisson statistics. Correlations are only
introduced via a matter density function A(b), which can be derived from the PDFs and
depends on a fixed impact parameter b. The total cross section for events with exactly n
scatters of a given type a, i.e. a QCD 2 → 2 scattering, is given by [94]
Z

σn =

(A(b)σa )n −A(b)σa 2
e
d b,
n!

(6.1)

where σa denotes the parton-parton cross section of the particular scattering of type a
that can be evaluated using pQCD. With the help of Eqn. (6.1), the probability Pn that
an event has exactly n scatters of type a, given that it has at least one, is derived to
R (A(b)σa )n −A(b)σ 2
a d b
e
,
Pn = R n! −A(b)σ 2
a

(1 − e

d b)

n ≥ 1,

(6.2)

and pretabulated at the start of a JIMMY run. Additionally, such a probability can be
modified by including momentum conservation restrictions. In a given event, n is then
chosen for a particular type a according to such a probability Pn .
The beam remnants, i.e. the constituent partons of the protons that do not participate in the hard subprocess or a MPI, are treated as soft non-diffractive hadron-hadron
collisions with reduced center-of-mass energy for which the model description is based on
[95].

6.5 ALPGEN
As stated in Section 5.2, it is assumed that the hard subprocess defines the main characteristics of a particular event. For example, the focus of the analysis described in this
thesis lies on so-called multi-jet events, i.e. events containing two or more jets. However,
the general-purpose event generators PYTHIA 6 and HERWIG provide only 2 → 2 hard
scattering subprocesses. This implies that the multipartonic final state of the hard subprocess always consists of exactly two partons. Obviously, this is somewhat unfortunate
for a description of a multi-jet event considering the fact that additional jets appearing
on the particle level are produced only during shower evolution. It is therefore desirable
to include additional types of hard subprocesses with more final state partons. A parton
level event generator which can provide just that is ALPGEN2 . By applying pQCD, it
exactly calculates Feynman matrix elements with up to six partons in the multipartonic
final state at leading order (LO), i.e. without taking into account virtual corrections.
Because ALPGEN, written in standard FORTRAN 77, is a parton level event generator
and therefore has no built-in parton shower or hadronization schemes, it needs to be interfaced with a general-purpose event generator, e.g. PYTHIA 6 or HERWIG. This means
that the output, consisting of final state (anti-)quarks and gluons, needs to be “handed
over” to such a general-purpose event generator that takes care of parton showering and
hadronization with its accompanying routines. Such a “transfer” is done using a standard
event format established by the so-called Les Houches convention [96, 97]. Furthermore,
it is of great importance not to “double-count” portions of phase space associated to partons generated in the hard subprocess with ALPGEN and to partons generated during
2

Additionally, ALPGEN is able to treat many more hard subprocesses than the ones described here.
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showering with the general-purpose event generator. Loosely spoken, the final state hard
partons need to be matched with the shower generated jets. There exist several solutions
to such a matching problem. One of these solutions, the MLM prescription (see e.g. [98]),
is implemented in ALPGEN.

6.6 Parameter Tuning
As described in the previous sections, the simulation of hadronic events in MC event
generators is, for a large part, based on on non-perturbative models as well as perturbative
approximations. As a consequence, many parameters need to be introduced. The obvious
question is therefore which values for the many parameters should be used. In order to give
an answer to this question, several tuning efforts exist which try to tune the generator to
experimental data by varying the input parameters. Such tuning efforts are complicated
problems, concerning the large amount of existing experimental data, the large number of
measured distributions, and the many free parameters in a MC generator. Thus, it is of
great importance, and often subject to controversial debate, to focus on a certain subset
of parameters to tune as well as on a certain subset of data to fit.
The ATLAS Collaboration presented a tuning effort in fall 2009, hence named MC09
tuning [99]. The data sets that were used to derive the tunes consist of published measurements from the CDF [100] and D0 [101] experiments located at the Fermilab Tevatron
p̄p-collider. It has been decided there to use the MRST LO* [53] PDF set for the main
tuning efforts concerning PYTHIA 6 and HERWIG/JIMMY.
Based on the MC09 tuning effort, further tunes have been developed in 2010. Two of
them are named “AUET1” [102] and “AMBT1” [103]. The AUET1 (“ATLAS Underlying
Event Tune 1”) tune, developed for the general-purpose generator HERWIG/JIMMY, is
similar to the MC09 tune, but certain methodological modifications have been applied,
in particular more tuning parameters have been used. The AMBT1 (“ATLAS Minimum
Bias Tune 1”) tune has been developed for the general-purpose generator PYTHIA 6.
The data sets that were used to derive the tune consist of measurements taken from the
CDF detector as well as measurements taken from the ATLAS detector at a center-of-mass
√
√
energy of s = 0.9 TeV and s = 7 TeV. Both tunes, AUET1 and AMBT1, are sometimes
referred to as MC10 tunes.
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The overall structure of a hard proton-proton collision event has been presented in Section
5.2. The analysis in this chapter focuses on three particular “contributions” to the event
structure, namely hadronization, multiple-parton-interactions (MPI) and pile-up. In order
to get an estimate on the influence of the individual effects, an analysis has been done using
general-purpose MC generators PYTHIA 6 and HERWIG within the context of multi-jet
events, i.e. events containing two or more jets.
MC event generation and generator level analysis (which implies no detector simulation
whatsoever) have been done using the HepMCAnalysis Tool 3.2 [104] framework. It unites
the event generator, PYTHIA 6 or HERWIG, the event record, the jet finder software,
FastJet [105], and the software for graphical representation, ROOT [106].
Multi-jet events have been simulated using PYTHIA 6.423.2 and HERWIG 6.510.3
√
[107] at a center-of-mass energy s = 7 GeV. Since it is assumed that the hard scattering
subprocess defines the main characteristics of an event, it is important to select those
subprocesses to be generated which are believed to provide the best description for the
desired event type, i.e. multi-jet events. Those subprocesses that have been selected for
both PYTHIA 6 and HERWIG are summarized in Table 7.1, along with their respective
process-referencing dummy indices. Again, it should be pointed out that these LO subprocesses are in fact 2 → 2 processes which implies that there are always exactly two
final state partons present considering only the hard subprocess. This means that the
generation of multi-jet events is only provided through ISR and FSR.
subprocess type
qi qj → qi qj
q̄i q̄j → q̄i q̄j
qi q̄i → qk q̄k
qi q̄i → gg
qi g → qi g
q̄i g → q̄i g
gg → qk q̄k
gg → gg

ISUB (PYTHIA 6)

} 11

IPROC
(HERWIG)















12
13

} 28

1500















53
68

Table 7.1: The selected subprocesses in PYTHIA 6 and HERWIG along with their respective process-referencing dummy indices (ISUB for PYTHIA 6 and IPROC for
HERWIG). The participating quark flavors are u, d and s (“light” quarks).
Because the cross section of an event decreases rapidly with larger momentum transfer
in the hard scattering subprocess, it is convenient to divide the simulated events into socalled p̂T slices and weight them afterwards according to their cross-section provided by
the event generator. Here p̂T denotes the transverse momentum of the hard subprocess
calculated in its rest frame, i.e. p̂T is the mean value of the two outgoing partons generated
in the hard scattering subprocess, without taking into account ISR and FSR. The p̂T slices
that are applied in this analysis are summarized in Table 7.2.
Event generator parameter input has been set according to the MC09 tuning (cf. Section
6.6). The most important parameters have been listed in parameter input files for both
PYTHIA 6 and HERWIG in Appendix B.
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p̂T slice range ( GeV)
8 . . . 17
17 . . . 35
35 . . . 70
70 . . . 140
140 . . . 280
280 . . . 560
560 . . . 1120
1120 . . . 2240
> 2240

sample name
J0
J1
J2
J3
J4
J5
J6
J7
J8

Table 7.2: Applied p̂T slice ranges.
As an event is generated, its output is translated from the generators-own common
event record format into the HepMC [108] (version 2.06.01) standard event record format
which forms the basis for further event analysis. For example, it is possible to select
all particles that fulfill certain selection criteria, which serve then as an input to the
jet finding algorithm, i.e. the anti-kT algorithm (cf. Section 5.3) which is the one in
use in this analysis and for which an implementation is provided by the FastJet package
(version 2.4.2). Additionally, it is of course possible to apply selection criteria on the jets
themselves, e.g. certain pT cuts.
After having simulated and analyzed many individual events, it is then possible to
evaluate cross section distributions as a function of physical and kinematic observables,
such as the jet multiplicity (i.e. the number of jets per event), the sum of all jet transverse
P (i)
momenta HT =
pT per event, the jet transverse momentum plead
of the jet with the
T
jets

highest transverse momentum (“leading jet”), the second leading jet transverse momentum
(2)
lead + psec , et
psec
T , the sum of the jet transverse momenta of the two leading jets HT = pT
T
cetera.

7.1 Influence of Individual Hard Subprocess Types in PYTHIA 6
The selected hard subprocesses which are assumed to define the main characteristics of
a multi-jet event have been shown in Table 7.1. The fractional contributions of these
subprocesses to jet cross sections in PYTHIA 6 have been studied by a DESY summer
student and have been presented in a summer report [109]. The set-up is the one described
above, using the HepMCAnalysis Tool as a framework. For each of the p̂T slices (cf. Table
7.2), 400,000 events have been generated and analyzed. Jets were reconstructed from
final state particles (HepMC status code 1) using the anti-kT algorithm with a resolution
parameter R = 0.6. Only jets with a transverse momentum pT greater than 30 GeV and a
rapidity cut of |y| < 2.8 are taken into account. Additionally, at least one jet in an event
is required to have a pT greater than 60 GeV.
Fig. 7.1 shows the fractional contributions of the individual hard subprocesses to the jet
cross section as a function of HT for events with at least two jets. The dominant process
is therefore gluon-gluon scattering (process 68) below HT ≈ 250 GeV and quark-gluon
scattering (process 28) above this energy, up to HT ≈ 1200 GeV. In comparison with
these two processes, quark-quark scattering (process 11) is suppressed by approximately
one order of magnitude in the low-HT region. Its contribution grows with higher energies
and is approximately of the same order as gluon-gluon scattering at HT ≈ 1200 GeV. The
fractional jet cross section concerning gluon-gluon interaction producing a quark-antiquark
pair (process 53) decreases with higher HT , similar as in the case of gluon-gluon scattering
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(gg → gg). Processes including an interacting anti-quark are suppressed in comparison
with the other processes. This behavior can easily be understood since in a hard protonproton collision only virtual anti-quarks, which only appear as sea quarks within a proton,
can interact. However, the probability of a virtual q q̄ pair production due to quantum
fluctuation increases with higher energies, causing a larger fractional jet cross section for
these processes at higher HT .

Figure 7.1: Fractional contributions of the hard subprocesses to the jet cross section as a
function of HT for events with at least two jets. Jets were reconstructed using
the anti-kT algorithm with a resolution parameter R = 0.6. The kinematic
cuts on the jets are pT > 30 GeV and |y| < 2.8 for all jets. Additionally, the
leading jet is required to have a pT greater than 60 GeV. Figure from [109].
These results come as no surprise considering the partonic LO cross sections σ̂ of the
individual subprocesses that are well known and given in Appendix A. Assuming, for
example, a fixed αs = 0.118 and massless partons, these parton level cross sections (given
in Table A.1) can be calculated, as shown in Fig. 7.2 [110]. Gluon-gluon, quark-gluon and
quark-quark scattering are the dominant processes, roughly reflecting the fractional cross
section contributions of these subprocesses in Fig. 7.1. However, the overall cross section
of the hard proton-proton scattering event is evaluated using the factorization theorem
(cf. Section 5.1, especially Eqn. (5.1)) where the role of the PDF’s of the protons need to
be taken into account. This implies that the gluonic contribution in a proton is smaller
for larger momentum transfers Q2 of the hard scattering (corresponding to the high-HT
region) than for smaller Q2 , resulting in the falling contribution of the fractional cross
sections for hard subprocesses involving a gluon in the initial partonic state. The opposite
holds true for hard subprocesses involving (virtual) quarks and virtual anti-quarks in the
initial state, like described above.
Similar results are obtained in Fig. 7.3 where the fractional contributions of the individual hard subprocesses to the jet cross section as a function of HT for events with at
least three jets are shown. Comparing these contributions with those for events with two
or more jets (Fig. 7.1), it can be seen that the overall fraction for gluon-gluon scattering
(gg → gg, process 68) is higher in the inclusive three jet case. The overall fraction for
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Figure 7.2: Partonic LO cross section σ̂s for
√ several QCD hard subprocesses assuming αs =
0.118 and massless partons. ŝ denotes the partonic center-of-mass energy of
the hard subprocess. Since the calculations are done in LO in perturbation
theory, the cross sections are proportional to αs2 , and can therefore be rescaled
for other values of αs at a given scale. Figure from [110].
quark-quark scattering (process 11) is, in contrast, smaller in the inclusive three jet case.
This behavior is also visible regarding the ratios of the cross section for events with at
least three jets over those with at least two jets as a function of HT , as shown in Fig. 7.4,
where the ratio for gluon-gluon scattering is much larger than for quark-quark scattering.
This can be explained taking into account that the production of multi-jet events is only
provided through ISR and FSR, because PYTHIA 6 is a LO event generator. In an inclusive 3-jet event, it is assumed that two jets on the particle level inherit from the two
hard scattered partons, while the other jets mostly inherit from other gluons that have
been radiated off those partons participating in the hard scattering. However, the gluon
radiation off another gluon is more likely than the radiation off a (anti-)quark, which is
a consequence of the corresponding coupling strengths of these two radiation processes,
cf. Fig. 7.5. The quark-gluon and the gluon-gluon coupling strength is given by CF and
CA , respectively, which are the so-called Casimir factors and take the values of CF = 43
and CA = 3 within the QCD corresponding gauge group SU (3)color , thus explaining the
different ratios for quark-gluon and gluon-gluon scattering in Fig. 7.4.
Additional to the three-to-two-jet cross section ratios as a function of HT for the individual hard subprocesses, Fig. 7.4 shows this ratio for the case where all subprocesses
have been enabled (yellow curve) as well as the case where all individual subprocesses
have been taken into account by weighting them according to their corresponding cross
sections provided by PYTHIA 6 (black curve). These two curves agree within statistical
uncertainties1 which provides a verification of the simulation.

1

For all plots in this chapter, binomial uncertainties have been calculated.

45

7 Monte Carlo Multi-jet Event Analysis

Figure 7.3: Fractional contributions of the hard subprocesses to the jet cross section as a
function of HT for events with at least three jets. Jets were reconstructed using
the anti-kT algorithm with a resolution parameter R = 0.6. The kinematic cuts
on the jets are pT > 30 GeV and |y| < 2.8 for all jets. Additionally, the leading
jet is required to have a pT greater than 60 GeV. Figure from [109].

Figure 7.4: Ratio of the cross section for events with at least three jets over those with at
least two jets as a function of HT . Jets were reconstructed using the anti-kT
algorithm with a resolution parameter R = 0.6. The kinematic cuts on the
jets are pT > 30 GeV and |y| < 2.8 for all jets. Additionally, the leading jet is
required to have a pT greater than 60 GeV. Figure from [109].
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2

2
CF

CA

(a) Quark-gluon coupling

(b) Gluon-gluon coupling

Figure 7.5: Feynman diagrams of QCD couplings involving a gluon radiation along with
their corresponding coupling strengths. CF and CA are the so-called Casimir
factors which take the values of CF = 34 and CA = 3 within the QCD corresponding gauge group SU (3)color .

7.2 Effects of Hadronization and MPI with PYTHIA 6 and
HERWIG/JIMMY
The main aspects of the physical models, and their implementations, applied in PYTHIA
6 and HERWIG for describing the overall event structure have been presented in Chapter
6. In the context of this analysis, i.e. concerning hadronization and MPI, PYTHIA 6 is
especially characterized by the use of its Lund string hadronization model and its “new
model” treating MPI, whereas HERWIG uses a cluster hadronization model and MPI is
treated using the additional add-on JIMMY.
In this analysis, 2,000,000 events have been generated with PYTHIA 6 and 1,800,000
have been generated with HERWIG for each of the p̂T slices (cf. Table 7.2). The basic
idea is to compare cross section distributions of different “steps” within the event structure
in order to quantify the effects caused by hadronization and MPI. These “steps” are
named ParticleLevel,MPIon, PartonLevel,MPIon and PartonLevel,MPIoff. These terms
are explained in the following.
• The term ParticleLevel refers to all stable particles (HepMC status code 1) present
after hadronization (cf. Fig. 5.6(b)) which serve as an input to the anti-kT jet
finding algorithm.
• The term PartonLevel refers to all partons present after ISR and FSR (HepMC
status code 2), just before the hadronization procedure (cf. Fig. 5.6(a)), which also
serve as an input to the anti-kT jet finding algorithm.
• The term MPIon refers to those events that have MPI enabled during event simulation. In PYTHIA 6 this is achieved by setting the input parameter MSTP(81)=21
which also implies the use of the “new model.” In HERWIG it is achieved by
making use of the additional add-on JIMMY. In this context, the reader may be
referred to the corresponding parameter input files Pythia6_Common.config and
Herwig_Common_7TeV.config in Appendix B.
• In contrary, the term MPIoff refers to those events that have MPI disabled during event simulation. In PYTHIA 6 this is achieved by setting the input parameter MSTP(81)=20. In HERWIG it is achieved by not making use of JIMMY.
Note that, in any case, the treatment of MPI by HERWIG itself must be disabled, which is achieved by setting the input parameter PRSOF=0 (cf. the input
file Herwig_Common_7TeV.config in Appendix B).
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σ (arbitrary units)

It should be pointed out that PartonLevel and ParticleLevel can be analyzed within one
and the same event. However, this is not possible for MPIon and MPIoff since switching on/off MPI changes the overall underlying structure of an event entirely, which is
a consequence of the color connection between color carrying partons present after the
hard scattering subprocess and ISR/FSR, resulting in completely different hadronization
procedures.
As an example, Fig. 7.6 shows the shape of the inclusive jet cross section as a function
of multiplicity for the three separate steps, ParticleLevel,MPIon, PartonLevel,MPIon and
PartonLevel,MPIoff, where the events have been generated with PYTHIA 6 and the antikT algorithm with a resolution parameter of R = 0.4 has been applied.
1
ParticleLevel, MPIon
PartonLevel, MPIon

10-1

PartonLevel, MPIoff
R=0.4

10-2
10-3
10-4
PYTHIA-generated
2

3

4

5

6

Inclusive Jet Multiplicity

Figure 7.6: Inclusive jet cross section as a function of multiplicity for the three separate
steps ParticleLevel,MPIon, PartonLevel,MPIon and PartonLevel,MPIoff. The
events have been generated with PYTHIA 6 and the anti-kT algorithm with
a resolution parameter of R = 0.4 has been applied. All three distributions
have been normalized to the content of the first bin of the ParticleLevel,MPIon
distribution.
In order to estimate the effects caused by hadronization and MPI individually, the
corresponding distributions of interest are compared by dividing the respective bin contents
with each other. As an example, hadronization effects are estimated in a particular bin i
by computing
CiPartonLevel,MPIon
ratioi (hadronization) = ParticleLevel,MPIon
(7.1)
Ci
where the Ci··· denote the bin entries of the corresponding step (PartonLevel,MPIon and
ParticleLevel,MPIon) in bin i. Note that the MPI stays enabled for both steps (MPIon)
in order to estimate only hadronization effects. The effects of MPI are estimated in a
similar way by computing
ratioi (MPI) =

CiPartonLevel,MPIoff
CiPartonLevel,MPIon

(7.2)

for a particular bin i. Note that both steps are PartonLevel steps which ensures that
hadronization is not taken into account. Additionally, it is possible to estimate the overall
effects caused by both hadronization and MPI through comparison of the steps Parton-
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Level,MPIoff and ParticleLevel,MPIon. This is done by computing
ratioi (overall) = ratioi (hadronization)· ratioi (MPI) =

CiPartonLevel,MPIoff
CiParticleLevel,MPIon

(7.3)

for a particular bin i. A schematic overview of the situation is presented in Fig. 7.7.

hadronization
ef f ects

ParticleLevel, MPIon

overall
(hadronization + M P I)

MP I
ef f ects

PartonLevel, MPIon

PartonLevel, MPIoff

Figure 7.7: Schematic overview of the steps of the event structure relevant for estimation
of hadronization and MPI effects.
The effects of hadronization and MPI for the inclusive jet multiplicity distribution, given
through the ratios described above, are presented in Fig. 7.8. The ratio(hadronization) is
larger than 1 for all inclusive jet multiplicity bins, which implies that there is a tendency
towards higher jet multiplicities on the PartonLevel compared with the ParticleLevel,
which in turn is caused by the Lund string hadronization model applied in PYTHIA 6. The
qualitative functioning of this model (cf. Section 6.2) describes that behavior. Consider,
for example, two partons present after ISR and FSR with a color string “stretched out”
between them, as shown in Fig. 7.9. Particles inheriting from the “teared” string will more
likely occupy the phase space between the two initial partons. Assuming two individual
jets found on the PartonLevel (consisting of the respective partons), it is therefore not
unlikely that after hadronization, i.e. on the ParticleLevel, only one jet is found by the
jet finding algorithm. The ratio(MPI), on the other hand, shows a contrary behavior, i.e.
it is smaller than 1 for all inclusive jet multiplicity bins, which implies that on average
the jet multiplicity is larger with MPI enabled, as expected. The quantitative effect
of both hadronization and MPI grow larger with higher jet multiplicities, as expected.
For example, the influences of hadronization and MPI for the inclusive 2-jet-bin cause
effects of ∼ 7% and ∼ 1%, respectively, while for the inclusive 5-jet-bin effects of ∼
13% considering hadronization and ∼ 8% considering MPI are caused. Moreover, effects
considering hadronization are quantitatively larger than those considering MPI. This can
also be seen by the ratio(overall) which has a value larger than 1 for all inclusive jet
multiplicity bins and causes effects of ∼ 6%.
The effects of hadronization and MPI for the (differential) jet cross section as a function
of the transverse momentum pT of the leading jet for events with Njets ≥ 2, 2nd leading
jet for events with Njets ≥ 2, 3rd leading jet for events with Njets ≥ 3 and 4th leading
jet for events with Njets ≥ 4 are shown in Fig. 7.10. The ratio(hadronization) is larger
than 1 for the presented pT ranges in all four cases. This implies that, on average, the jets
reconstructed on the PartonLevel are of higher energy (and therefore higher transverse
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Figure 7.8: Ratios of different inclusive jet multiplicity distributions relevant for estimating
effects of hadronization and MPI. The definitions of the individual ratios are
given in Eqns. (7.1), (7.2) and (7.3). The events have been generated with
PYTHIA 6 and the anti-kT algorithm with a resolution parameter of R = 0.4
has been applied.

parton

parton

(j et)1

(j et)2

one jet or
two jets?
string

hadrons

Figure 7.9: Sketch of the hadronization effects influencing jet multiplicities on the ParticleLevel.
momentum) than those reconstructed on the ParticleLevel, which must be caused by the
hadronization procedure. At first glance, this behavior might appear surprising, as one
would expect a strong energy correlation between the reconstructed jets from partons
present after ISR/FSR and those reconstructed from final state particles. However, this
behavior can be explained taking into account splash-out. Splash-out means the noncontribution of particles, e.g. stable particles on the ParticleLevel, to a reconstructed jet,
meaning the particle in question falls outside the reconstructed cone of the jet, although it
inherits from one of the particles that initialized the jet. As described above (cf. Fig. 7.9),
the Lund string hadronization procedure causes a tendency that particles, which inherit
from the “teared” string, occupy the phase space between the two initiating partons. This
means that, when applying the jet finding algorithm on the ParticleLevel, it might be
that certain particles are not taken into account and therefore fall outside the cone of
the “original” reconstructed jet, causing a loss of jet energy (and therefore jet transverse
momentum). Moreover, such a splash-out effect is expected to be quantitatively larger at
lower jet pT because jets become more collimated for higher pT (see e.g. [111]). Indeed, this
can be seen in Fig. 7.10(a) where the effects caused by hadronization are ∼ 9% at plead
≈
T
lead
60 GeV and decrease for higher leading jet pT down to only ∼ 2% at pT ≈ 700 GeV.
A very similar behavior is observed for the (differential) jet cross section distribution as
a function of the transverse momentum pT of the 2nd leading jet (Fig. 7.10(b)), which
comes as no surprise taking into account the symmetric nature of the event caused by the
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Figure 7.10: Ratios of (differential) jet cross section distributions as a function of the
transverse momentum pT of the (a) leading jet for events with Njets ≥ 2,
(b) 2nd leading jet for events with Njets ≥ 2, (c) 3rd leading jet for events
with Njets ≥ 3 and (d) 4th leading jet for events with Njets ≥ 4, relevant for
estimating effects of hadronization and MPI. The definitions of the individual
ratios are given in Eqns. (7.1), (7.2) and (7.3). The events have been generated with PYTHIA 6 and the anti-kT algorithm with a resolution parameter
of R = 0.4 has been applied.
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2 → 2 LO hard subprocess. In addition, this qualitative behavior can also be seen for the
(differential) jet cross section distributions as a function of the transverse momentum pT
of the 3rd and 4th leading jet (Figs. 7.10(c) and 7.10(d)).
The ratio(MPI) in Fig. 7.10, on the other hand, shows a contrary behavior, i.e. it
is smaller than 1 for the presented pT ranges of the distributions. This implies that, on
average, enabling MPI increases the energy of the jets in an event, as expected. One
interesting note is the approximately constant effect caused by MPI, being smaller than
∼ 2% in Figs. 7.10(a) and 7.10(b), as well as smaller than ∼ 5% in Figs. 7.10(c) and
7.10(d) over the presented pT ranges. At lower pT , the effects caused by hadronization are
quantitatively larger than those caused by MPI, while at higher pT the two effects cancel
out to a large degree, as indicated by the ratio(overall).
Similar effects of hadronization and MPI can be seen for the (differential) jet cross section
as a function of the sum of the transverse momenta of the reconstructed jets (HT ) for events
containing at least two, three and four jets, as shown in Fig. 7.11. Like described above,
splash-out causes a ratio(hadronization) larger than 1 for the presented pT ranges in all
three cases. At HT ≈ 200 GeV, the hadronization effect is ∼ 6% concerning events with two
or more jets, ∼ 13% concerning events with three or more jets and ∼ 14% concerning events
with four or more jets. At higher HT , as the jets become more collimated, it decreases
constantly down to ∼ 1.5% concerning events with two or more jets, ∼ 2% concerning
events with three or more jets and ∼ 4% concerning events with four or more jets. The
ratio(MPI), again, is smaller than 1 and approximately constant for the presented HT
ranges of the distributions, being smaller than ∼ 2.5% in Fig. 7.11(a), smaller than ∼ 4%
in Fig. 7.11(b) and smaller than ∼ 6% in Fig. 7.11(c) over the presented HT ranges. At
lower HT , the effects caused by hadronization are quantitatively larger than those caused
by MPI, while at higher HT the two effects cancel out to a large degree, as indicated by
the ratio(overall), which then coincides with unity within statistical uncertainties2 .
The effects of hadronization and MPI for the three-to-two-jet (differential) cross section
(2)
ratio as a function of HT and HT are shown in Fig. 7.12. It can be seen that the
effects caused by hadronization and MPI cancel out to a large degree, as indicated by the
ratio(overall) which coincides with unity within statistical uncertainties for HT & 350 GeV
(2)
(Fig. 7.12(a)) and HT & 200 GeV (Fig. 7.12(b)). The two plots are almost identical,
(2)
differing only at lower energies, i.e. for 200 GeV . HT , HT . 350 GeV. That is a
consequence of the fact that in Fig. 7.12(a) (in contrast to Fig. 7.12(b)) lower-pT jets (3rd ,
4th , . . . leading jet) contribute to HT which, in turn, are quantitatively more influenced
by hadronization effects, as described above.
The PYTHIA-based results of estimating the effects of hadronization and MPI that
have been presented up to now use the anti-kT jet finding algorithm with a resolution
parameter R = 0.4 (cf. Section 5.3). The same study has been repeated using a resolution
parameter R = 0.6, the other default choice in ATLAS. The effects are similar to the ones
seen above, but differ quantitatively. This is a direct consequence of the wider cone for jets
reconstructed using R = 0.6 which reduces splash-out and therefore hadronization effects.
For example, this can be seen for the inclusive jet multiplicity distribution, comparing
Figs. 7.13 (R = 0.6) and 7.8 (R = 0.4). The ratio(hadronization) is ∼ 4 . . . 5% smaller
for R = 0.6 than for R = 0.4. The effects caused by MPI, on the other hand, have a
quantitatively larger impact for R = 0.6 than for R = 0.4, being an effect of ∼ 7 . . . 8% over
the shown inclusive multiplicity bins. The ratio(overall), which estimates the combined
effects of hadronization and MPI, is therefore smaller than 1, meaning that there is an
overall tendency towards higher multiplicities on the ParticleLevel,MPIon step, mainly
caused by the effects of MPI.

2

For all plots in this chapter, binomial uncertainties have been calculated.
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Figure 7.11: Ratios of (differential) jet cross section distributions as a function of HT for
events with (a) Njets ≥ 2, (b) Njets ≥ 3 and (c) Njets ≥ 4, relevant for estimating effects of hadronization and MPI. The definitions of the individual
ratios are given in Eqns. (7.1), (7.2) and (7.3). The events have been generated with PYTHIA 6 and the anti-kT algorithm with a resolution parameter
of R = 0.4 has been applied.
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Figure 7.12: Ratios of three-to-two-jet (differential) cross section ratios as a function of
(2)
(a) HT and (b) HT , relevant for estimating effects of hadronization and
MPI. The definitions of the individual ratios are given in Eqns. (7.1), (7.2)
and (7.3). The events have been generated with PYTHIA 6 and the anti-kT
algorithm with a resolution parameter of R = 0.4 has been applied.
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Figure 7.13: Ratios of different inclusive jet multiplicity distributions relevant for estimating effects of hadronization and MPI. The definitions of the individual ratios
are given in Eqns. (7.1), (7.2) and (7.3). The events have been generated
with PYTHIA 6 and the anti-kT algorithm with a resolution parameter of
R = 0.6 has been applied.
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Similar effects are obtained for several other distributions3 , e.g. the (differential) jet
cross section distribution as a function of the transverse momentum pT of the leading jet
for events with Njets ≥ 2, 2nd leading jet for events with Njets ≥ 2, 3rd leading jet for
events with Njets ≥ 3 and 4th leading jet for events with Njets ≥ 4, comparing Figs. 7.14
(R = 0.6) and 7.10 (R = 0.4). The effects especially differ for jets with lower energies, as
these are influenced the most by effects of hadronization, as described above. For example,
considering the (differential) jet cross section as a function of plead
(Fig. 7.14(a)), the
T
ratio(hadronization) is ∼ 6% smaller for R = 0.4 than for R = 0.6 at plead
≈ 60 GeV.
T
For higher jet energies, as the jets become more collimated, the difference shrinks down
to ∼ 0.5% at plead
≈ 700 GeV. While in Fig. 7.10 (R = 0.4) the effects of MPI remained
T
approximately constant over the shown pT ranges, this is not the case in Fig. 7.14 using
R = 0.6. There the quantitative effect is larger for lower jet energies. Considering, for
example, the (differential) jet cross section as a function of plead
(Fig. 7.14(a)), the effect
T
caused by MPI is ∼ 8% at plead
≈
100
GeV
but
shrinks
down
for
higher jet pT , e.g. ∼ 2%
T
lead
at pT ≈ 700 GeV, which is comparable with the quantitative effects shown in Fig. 7.10(a)
(R = 0.4).
Results of the same study, obtained by using HERWIG and applying a resolution parameter R = 0.4, are presented in Figs. 7.15 and 7.16. The results obtained with HERWIG
are qualitatively comparable with those obtained with PYTHIA 6 for most observables.
In order to estimate the quantitative differences of the effects caused by the different
hadronization models, one needs to compare the corresponding ratio(hadronization) for
several observables. For example, the difference for the (differential) jet cross section distribution as a function of plead
for events with Njets ≥ 2, estimated by comparing Figs.
T
7.10(a) (PYTHIA) and 7.15(a) (HERWIG), is ∼ 1% over the presented pT range. The
same holds true concerning the ratio(MPI), which differs not more than ∼ 1% over the
presented pT range. Similar results are obtained for the (differential) jet cross section
distribution as a function of psec
T for events with Njets ≥ 2, as the effects caused by MPI
are smaller than ∼ 2% for both HERWIG (Fig. 7.15(b)) and PYTHIA 6 (Fig. 7.10(b)).
However, the ratio(hadronization) shows a qualitatively different behavior for HERWIG,
as it is smaller than 1 over the presented pT range, contrary to the results obtained with
PYTHIA 6 where ratioi (hadronization) > 1, for all bins i. This contrary behavior leads
to an overall combined effect caused by hadronization and MPI of ∼ 3% over the presented
pT range.
Additional ratios, relevant for estimating effects of hadronization and MPI, are presented
in Fig. 7.16 and Appendix C.1. When comparing those effects obtained with HERWIG and
PYTHIA 6, they agree qualitatively, differing only by an overall shift of a few percentage
points, as seen for the other observables shown in this section.

7.3 Effects of Pile-up with PYTHIA 6
The effects of pile-up events, simulated with PYTHIA 6, are presented in the following. As
described in Section 5.2, pile-up events are collisions between beam protons, additional to
the hard proton-proton collision, that take place within one bunch crossing. These pile-up
events are independent of each other and independent of the hard collision. As described
in Section 6.3, PYTHIA 6 treats pile-up events in such a way that they are overlaid on top
of the hard collision. The number of pile-up events is explicitly given through the input
parameters MSTP(133) and MSTP(134) (cf. Table 6.2). The processes that are used in the
analysis in order to describe pile-up events can be set through input parameter MSTP(132)
and are chosen to be low-pT , double diffractive, single diffractive and elastic processes (cf.
Table 6.3).
3

Additional ratios, relevant for estimating effects of hadronization and MPI, for further (differential) jet
cross section distributions are presented in Appendix C.1.
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Figure 7.14: Ratios of (differential) jet cross section distributions as a function of the
transverse momentum pT of the (a) leading jet for events with Njets ≥ 2,
(b) 2nd leading jet for events with Njets ≥ 2, (c) 3rd leading jet for events
with Njets ≥ 3 and (d) 4th leading jet for events with Njets ≥ 4, relevant for
estimating effects of hadronization and MPI. The definitions of the individual
ratios are given in Eqns. (7.1), (7.2) and (7.3). The events have been generated with PYTHIA 6 and the anti-kT algorithm with a resolution parameter
of R = 0.6 has been applied.
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Figure 7.15: Ratios of (differential) jet cross section distributions as a function of the
transverse momentum pT of the (a) leading jet and (b) the 2nd leading jet
for events with Njets ≥ 2, relevant for estimating effects of hadronization and
MPI. The definitions of the individual ratios are given in Eqns. (7.1), (7.2)
and (7.3). The events have been generated with HERWIG and the anti-kT
algorithm with a resolution parameter of R = 0.4 has been applied.
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Figure 7.16: Ratios of three-to-two-jet (differential) cross section ratios as a function of
(2)
(a) HT and (b) HT , relevant for estimating effects of hadronization and
MPI. The definitions of the individual ratios are given in Eqns. (7.1), (7.2)
and (7.3). The events have been generated with HERWIG and the anti-kT
algorithm with a resolution parameter of R = 0.4 has been applied.
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The basic idea of this analysis is to estimate the effects of pile-up by comparing jet
cross section distributions generated with N (N = 1, 2, 3, 4, 5) additional pile-up events
with those generated without pile-up events. All stable particles (HepMC status code 1),
present after hadronization, serve as an input to the anti-kT jet finding algorithm. For
each of the p̂T slices (cf. Table 7.2) and number of pile-up collisions N , 2,000,000 events
have been generated. The estimation of the effects, concerning a certain cross section
distribution of interest, are compared by dividing the respective bin contents with each
other. This means that for a particular bin i the following ratio is computed:
ratioi (withPileUp/noPileUp) =

CiwithPileUp

(7.4)

CinoPileUp

2.6
2.4

N=1

2.2

N=3

2

N=5

ratio(withPileUp/noPileUp)

ratio(withPileUp/noPileUp)

where the Ci··· denote the respective bin entries of the distribution simulated with and
without pile-up.
The effects of pile-up for the inclusive jet multiplicity distribution (using a resolution parameter R = 0.4), given through the ratio described above, are presented in Fig. 7.17(a).
The ratio(withPileUp/noPileUp) is larger than 1 for all inclusive jet multiplicity bins,
which implies that there is a tendency towards higher jet multiplicities, as expected.
Furthermore, the cross section contribution is larger for a higher number N of pile-up
collisions. For example, this can be seen for the inclusive 2-jet-bin, where the effect caused
by one additional pile-up event is estimated to ∼ 12%, but grows larger for higher N and
is estimated to ∼ 85% for five additional pile-up events. The contributions are smaller
for higher inclusive jet multiplicity bins, as can be seen for the inclusive 2-jet-bin where
the effect caused by one additional pile-up event is estimated to ∼ 3%, and to ∼ 18%
for five additional pile-up events. One interesting note is the relatively small contribution
concerning only one additional pile-up event, being an effect of ∼ 12% for the inclusive
2-jet-bin and . 3% for the other inclusive bins presented.
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Figure 7.17: Ratio of the inclusive jet multiplicity distribution simulated with N additional
pile-up events over the one simulated without pile-up, as defined in Eqn. (7.4).
The events have been generated with PYTHIA 6 and the anti-kT algorithm
with a resolution parameter of (a) R = 0.4 and (b) R = 0.6 has been applied.
Fig. 7.17(a), as well as the other figures presented in the following, contains several
points that might show a relatively high ratio(withPileUp/noPileUp), but come along
with high statistical uncertainties. This is an unfortunate behavior due to the appliance

58

7 Monte Carlo Multi-jet Event Analysis

of the p̂T slices (cf. Table 7.2), for which the corresponding samples need to be weighted
according to their corresponding cross section, as described on Page 42. Contributions
from pile-up falling into a certain p̂T slice are therefore weighted differently than those
falling into an other p̂T slice; and since the cross section weights of the different p̂T slices
usually differ by two orders of magnitude, this unfortunate behavior of high values of the
ratio(withPileUp/noPileUp) with high statistical uncertainties can occur.
Such problems occur preferably in the lower HT regions, as seen in Fig. 7.18 where
the effects of pile-up for the (differential) jet cross section distribution as a function of
HT for events with two or more jets are presented. However, in that region, i.e. for
HT . 1000 GeV, the larger ratio(withPileUp/noPileUp) implies a larger contribution to
the jet cross section coming from pile-up, thus reflecting the “low-pT character” of the
chosen pile-up processes (cf. Table 6.3). As an example, the effect caused by pile-up at
HT ≈ 150 GeV is estimated ∼ 83% concerning five additional pile-up events. For higher
HT regions, the contributions from pile-up shrink, as expected. For example, the effect at
HT ≈ 1800 GeV is estimated ∼ 3% concerning five additional pile-up events. A smaller
number N of pile-up collisions gives smaller contributions, as expected. Again, concerning
only one additional pile-up event gives relatively small contributions, being an effect of
only ∼ 1.5% for HT & 400 GeV.
When repeating the same study with a resolution parameter of R = 0.6, instead of
R = 0.4, qualitatively similar results are obtained, but differ quantitatively. Fig. 7.17(b)
shows the effects of pile-up for the inclusive jet multiplicity distribution using R = 0.6.
Comparing this with Fig. 7.17(b) (R = 0.4), it can be seen that the overall contribution
from pile-up is larger using R = 0.6. As an example, concerning the inclusive 2-jet bin,
the effect of pile-up is estimated ∼ 83% for R = 0.4 and ∼ 222% for R = 0.6 concerning
five additional pile-up events. Similar results are obtained for other distributions4 , e.g.
the (differential) jet cross section distributions as a function of HT for events with two or
more jets. Comparing Fig. 7.19 (R = 0.6) and Fig. 7.18 (R = 0.4), again it can be seen
that the overall contribution from pile-up is larger using R = 0.6, e.g. being an effect of
∼ 132% at HT ≈ 150 GeV and ∼ 4% at HT ≈ 1800 GeV concerning five additional pile-up
events. This is a direct consequence of the wider cone for jets reconstructed using R = 0.6,
which allows larger contributions inheriting from pile-up.

4

Additional ratios(withPileUp/noPileUp) for further distributions are presented in Appendix C.2.
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Figure 7.18: Ratio of the (differential) jet cross section distribution as a function of HT
for events with Njets ≥ 2 simulated with N additional pile-up events over
the one simulated without pile-up, as defined in Eqn. (7.4). Fig. (b) is a
zoomed-in version of Fig (a), focusing on ratios near unity. The events have
been generated with PYTHIA 6 and the anti-kT algorithm with a resolution
parameter of R = 0.4 has been applied.
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Figure 7.19: Ratio of the (differential) jet cross section distribution as a function of HT
for events with Njets ≥ 2 simulated with N additional pile-up events over
the one simulated without pile-up, as defined in Eqn. (7.4). Fig. (b) is a
zoomed-in version of Fig (a), focusing on ratios near unity. The events have
been generated with PYTHIA 6 and the anti-kT algorithm with a resolution
parameter of R = 0.6 has been applied.
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Multi-jet events, i.e. events containing at least two jets, measured at hadron-hadron colliders like the ATLAS detector, are of great research interest for several reasons. When
searching for phenomena beyond the Standard Model, it is essential to be able to experimentally distinguish background from signals. Multi-jet events represent an important
background that often populates searches for new particles. They, furthermore, provide
sensitive tests of the basic principles of strong interaction and their corresponding quantum
field theory, quantum chromodynamics (QCD), as outlined in Chapter 3. As described in
Section 5.3, it is assumed that partons, produced in the hard collisions at high transverse
momentum, appear as collimated bunches of particles, i.e. jets, in detectors. The intrinsically implied correlation of the energy and direction of the partons and the observed
jets provides the basis for tests of detector measurements by comparing jet cross section
measurements with the theoretic predictions evaluated with LO Monte Carlo generators,
such as PYTHIA 6, HERWIG/JIMMY and ALPGEN (cf. Chapter 6).
Such a study, i.e. the measurement of multi-jet cross sections in proton-proton collisions
√
at s = 7 TeV, has been performed by the ATLAS Multi-jets group, where I contributed
significantly, and the results have been published in a conference note [112] and a paper
[16], where a data sample collected in 2010 that represents 2.43 pb−1 [17] of integrated
luminosity has been used. The main goal of this thesis is to emphasize certain aspects
within the context of this analysis, principally the ones that I worked on. After a very brief
description of the event selection and reconstruction in Section 8.1.1, as well as a short
presentation of the obtained results in Section 8.1.2, the unfolding procedure is presented
along with the treatment of the corresponding systematic uncertainties in Section 8.2.
Following that, the influence of the separate jet cleaning cuts on cross section distributions
obtained with MC simulations as well as data samples are treated in Section 8.3. Finally,
the influence of pile-up as well as a pile-up rejection method, namely the appliance of a socalled Jet-Vertex-Fraction cut, and its impact on the cross section distributions obtained
with data samples and MC simulations are presented in Sections 8.4 and 8.5.

8.1 Multi-jet Cross Section Measurements
8.1.1 Event Selection and Reconstruction
In this analysis, only events with at least one primary vertex that are associated with at
least five tracks are taken into account. A primary vertex of an event is that position in
the detector where the assumed hard collision of two beam protons has taken place. An
event may contain more than one primary vertex which are then assumed to correspond
to pile-up events. Primary vertices need to be reconstructed from tracks that, in turn,
have been reconstructed in the inner detector (cf. Section 4.2.2). This is done with the
help of a fitting algorithm which uses the position of a seed track, selected by finding the
global maximum in the distribution of ztrack coordinates, and neighboring tracks. Tracks
that cannot be associated with an already reconstructed vertex are again used as an input
to the fitting algorithm, which then uses the position of a new seed track along with its
neighboring tracks. This procedure is repeated until no tracks are left. Only those tracks
are used that have a transverse momentum of ptrack
> 150 MeV, fulfill certain selection
T
criteria [113] and originate in the beam collision spot [114]. The first primary vertex, i.e.
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the primary vertex which is assumed to correspond to the hard proton-proton collision,
is defined as that primary vertex of the event which has the largest sum of ptrack
of the
T
tracks associated to that vertex.
Only those events are used that contain at least two selected jets. Jets are reconstructed
from topological calorimeter clusters (cf. Section 5.4) evaluated at the electromagnetic
scale, using the anti-kT jet finding algorithm with a resolution parameter of R = 0.4
and R = 0.6 along with the E-scheme recombination (cf. Section 5.3). The MC-based
jet-by-jet JES calibration scheme is applied, as described in Section 5.4. Only those
jets are considered that have a cut on the rapidity of |y| ≤ 2.8 as well as a cut on the
transverse momentum of pT ≥ 60 GeV. Additionally, only those events are taken into
account that contain at least one jet with pT ≥ 80 GeV. Furthermore, certain jet cleaning
cuts [115] are applied which reduce detector effects and suppress beam and other noncollision backgrounds. A more detailed description of the jet cleaning cuts along with
their impact on the distributions obtained with MC simulations and data samples are
presented in Section 8.3.
One additional criterion is applied on all jets in order to reduce contributions from
additional pile-up events: a cut is applied on the Jet-Vertex-Fraction (JVF) [116, 117],
namely |JV F | ≥ 0.70. The JVF of a jet is defined as the fraction of matched track pT
originating from the first primary vertex over the sum of pT of all tracks matched to this
jet. This means that, for a given jet, the JVF is the jet-matched track pT contribution from
the first primary vertex1 . The situation is illustrated in Figure 8.1. A cut of JV F ≥ 0.70
then means that, for a given jet, at least 70% of its charged track pT inherits from the
first primary vertex. The jets and tracks used for the calculation of the JVF need to fulfill
certain selection criteria [118]. A jet and a track are assumed to match if the distance ∆R
(cf. Eqn. (4.7)) between them is smaller than 0.4. Per definition, the JVF of a jet will
normally have a value of between zero and one. However, if a jet cannot be associated with
any tracks, or if the jet fulfills |η| ≥ 2.0, and is therefore on the limit fiducial acceptance
of the tracking detectors, this jet is given a value of JV F = −1. These jets will not be
removed, resulting in a cut on the absolute value of the JVF, namely |JV F | ≥ 0.70.

Figure 8.1: Illustration of the Jet-Vertex-Fraction (JVF). Figure from [117].
1

The JVF can, of course, be defined with respect to any primary vertex of an event. In this context,
however, the JVF serves as a discriminant in order to reduce jet contributions from additional pile-up
collisions which implies a definition with respect to the first primary vertex.
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In order to select events for the analysis, a set of L1 triggers (cf. Section 4.2.5), that
are specifically tuned for triggering multi-jet events, is used. These multi-jet triggers are
symmetric, which means that all jet objects reconstructed by the L1 trigger share the
same ET threshold. A relatively complicated combination of different multi-jet triggers
is applied in order to maximize the available statistics. The choice of this combination
is driven by the efficiencies and pre-scales of the different triggers, see [16] or [112] for a
detailed justification. The 3-jet trigger L1_3J10 is used in order to select those events that
fall in the 3-jet inclusive multiplicity bin, 4-jet inclusive multiplicity bin, et cetera. The
naming implies an ET threshold of 10 GeV (on the electromagnetic scale) on the jet objects
reconstructed by this trigger2 . For events that fall in the 2-jet inclusive multiplicity bin,
an exclusive combination of the 2-jet triggers L1_2J10, L1_2J15 and L1_2J30 is applied,
depending on the pT of the second leading jet, as summarized in Table 8.1. After trigger
selection, the events are weighted according to the respective luminosity associated to the
applied trigger. L2 triggers and the event filter operate in “pass-through” mode, which
means that every event that passes the L1 trigger decision is accepted.
trigger
L1_2J10
L1_2J15
L1_2J30

range
60 GeV ≤ pT < 80 GeV
80 GeV ≤ pT < 110 GeV
pT ≥ 110 GeV

Table 8.1: Exclusive combination of the 2-jet triggers, depending on the pT of the second
leading jet.

8.1.2 Results
The observed jet cross section distributions presented in the following have undergone an
unfolding procedure in order to correct for experimental effects, cf. Section 5.4. Details on
the applied unfolding procedure as well as the treatment of the corresponding systematic
uncertainties are presented in Section 8.2. The results observed from data are compared
with predictions from LO Monte Carlo simulations obtained with different generators and
applied parameter tunings. Considering the MC predictions, jets are reconstructed on the
particle level (cf. Section 5.3), i.e. all particles in the final state with a lifetime longer than
10 ps (in the laboratory frame) thus including muons and neutrinos, are used as an input
to the anti-kT jet finding algorithm. For a detailed description of the applied Monte Carlo
simulations3 and an expanded discussion on the agreement of the theoretical predictions
with the results observed from data, the interested reader is referred to [16] or [112]. In
summary, after normalizing the Monte Carlo obtained distributions to the data observed
inclusive 2-jet cross section (thus allowing only “shape comparison”), good agreement is
found.
The results are shown in Figs. 8.2 to 8.6. The orange uncertainty bands correspond
to the total systematic uncertainty, except the uncertainty contribution from luminosity.
For a detailed description of the systematic uncertainties, see [16] or [112]. A ratio of the
individual distributions obtained from MC simulations over the one observed from data is
given at the bottom of each figure.

2

The ET threshold of a given trigger is not rigorous. It rather “gives an idea” of the behavior of a specific
trigger.
3
The applied parameter tunes have been presented in Section 6.6.
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Figure 8.2: Inclusive jet cross section as a function of multiplicity. The anti-kT algorithm
with R = 0.4 has been applied. The data are compared with several LO
MC simulations which have been normalized to the data observed inclusive
2-jet multiplicity bin. The orange uncertainty bands correspond to the total
systematic uncertainty, except the uncertainty contribution from luminosity.
At the bottom of the plot, the ratio of the individual MC simulations over the
data is shown. Figure from [16].

Figure 8.3: Ratio of the n-jet cross section to the (n − 1)-jet cross section. The anti-kT
algorithm with R = 0.4 has been applied. The data are compared with several
LO MC simulations. The orange uncertainty bands correspond to the total
systematic uncertainty, except the uncertainty contribution from luminosity.
At the bottom of the plot, the ratio of the individual MC simulations over the
data is shown. Figure from [16].
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Figure 8.4: Differential cross section as a function of the transverse momentum pT of the
(a) leading jet for events with Njets ≥ 2, the (b) second leading jet for events
with Njets ≥ 2, the (c) third leading jet for events with Njets ≥ 3 and the
(d) fourth leading jet for events with Njets ≥ 4. The anti-kT algorithm with
R = 0.4 has been applied. The data are compared with several LO MC
simulations which have been normalized to the data observed inclusive 2-jet
multiplicity bin. The orange uncertainty bands correspond to the total systematic uncertainty, except the uncertainty contribution from luminosity. At
the bottom of the plot, the ratio of the individual MC simulations over the
data is shown. Figure from [16].
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Figure 8.5: Differential cross section as a function of HT for events with (a) Njets ≥ 2,
(b) Njets ≥ 3 and (c) Njets ≥ 4. The anti-kT algorithm with R = 0.4 has
been applied. The data are compared with several LO MC simulations which
have been normalized to the data observed inclusive 2-jet multiplicity bin.
The orange uncertainty bands correspond to the total systematic uncertainty,
except the uncertainty contribution from luminosity. At the bottom of the plot,
the ratio of the individual MC simulations over the data is shown. Figure from
[16].
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Figure 8.6: Three-to-two differential cross section ratio as a function of the (a) leading jet
pT and the (b) sum of the pT of the two leading jets. The anti-kT algorithm
with R = 0.6 has been applied. The data are compared with several LO MC
simulations. The orange uncertainty bands correspond to the total systematic
uncertainty, except the uncertainty contribution from luminosity. At the bottom of the plot, the ratio of the individual MC simulations over the data is
shown. Figure from [16].
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8.2 Unfolding
8.2.1 General Approach
As written in Section 8.1.1, the jet cross section distributions observed on the detector
level have undergone an unfolding procedure in order to correct for experimental effects,
cf. Section 5.4. It is then possible to compare the corrected particle level distributions
with MC simulations, also evaluated on the particle level, as shown in Section 8.1.2.
The MC-based unfolding procedure is done using a centrally produced ALPGEN+HERWIG/JIMMY sample with AUET1 as the applied parameter tune (cf. Section 6.6). This
means that ALPGEN is used to calculate Feynman matrix elements up to six partons in the
multipartonic final state using the PDF set CTEQ6L1 [52], while the parton shower and
hadronization processes are applied using the interfaced general-purpose event generator
HERWIG/JIMMY, as described in Section 6.5.
The unfolding procedure is done using the simple bin-by-bin unfolding method. This
means that the particular distributions are evaluated on the particle level and on the
detector level. For a particular bin i, the unfolding factor is then evaluated by:
Ciparticle level
(Unfolding Factor)i = detector level
Ci

(8.1)

where the Ci··· denote the respective bin entries of the specified distribution.
The selection of events and jets is done using the same criteria as described in Section
8.1.1. The evaluation of a particular distribution on the detector level implies that the
simulated particles undergo a full simulation of the ATLAS detector and trigger system
based on GEANT4 [119]. During this simulation, additional pile-up collisions are added in
order to account for such effects. On average, two additional pile-up collisions are added
per event. For the observed distribution of the number of primary vertices Nvertices in data,
however, less additional pile-up events are found4 , as seen in Fig. 8.7 where this distribution is shown for data and MC simulations. The distributions of the number of primary
vertices, presented in Fig. 8.7, are obtained using the L1_3J10 trigger for the 3-jet inclusive
multiplicity bin and the combination of the 2-jet triggers described above (cf. Table 8.1)
for the 2-jet inclusive multiplicity bin. The MC simulations are the above described ALPGEN+HERWIG/JIMMY sample and another centrally produced sample that has been
generated using PYTHIA 6.421 along with MRST2007LOmod [120, 121] as the applied
PDF set and AMBT1 as the applied parameter tune (cf. Section 6.6). The latter sample
is used for unfolding uncertainty estimation, which is described below. The distributions
are normalized to the area under the data distributions. Concerning the 2-jet inclusive
multiplicity bin for data, 41% of the events have at least two reconstructed primary vertices and are therefore assumed to contain additional pile-up collisions. Concerning the
3-jet inclusive multiplicity bin, 52% of the events have at least two reconstructed primary
vertices.
Concerning the unfolding procedure, the events obtained with the MC simulations need
to be weighted to data, so that the Nvertices distributions coincide, which is done using the
combination of the 2-jet triggers described above (cf. Table 8.1).

8.2.2 Unfolding Systematic Uncertainties
In order to estimate the unfolding systematic uncertainties, certain experimental and theoretical effects as well as their impact on the unfolding factors need to be taken into
4

The primary vertices are identified with the positions in the detector where the assumed proton-proton
collisions (hard collision and, if necessary, additional pile-up events) are assumed to have taken place,
as described in Section 8.1.1.
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Figure 8.7: Distribution of the number of primary vertices for data and MC simulations (ALPGEN+HERWIG/JIMMY AUET1 (MC10) and PYTHIA AMBT1
(MC10) samples), concerning the (a) 2-jet inclusive multiplicity bin and (b)
3-jet inclusive multiplicity bin. The distributions are normalized to the area
under the data distributions. Figure from [122].
consideration. This is done with the help of several other MC samples, presented below in
more detail, which are chosen in such a way that these particular effects are accounted for.
Considering a particular distribution, for each bin, the obtained differences in the unfolding
factors between such a MC sample and the “nominal” one (ALPGEN+HERWIG/JIMMY
AUET1) are then determined as estimates for the corresponding systematic uncertainty.
The different estimated unfolding systematic uncertainties, along with the evaluated statistical uncertainties, are then added in quadrature in order to account for the total unfolding
uncertainty.
The different unfolding systematic uncertainties along with a motivation of the respective choice in the context of the accounted effects are described in the following:
Differences between ALPGEN+HERWIG/JIMMY and PYTHIA 6
One unfolding uncertainty is estimated through the differences in the obtained distributions using the “nominal” MC sample (ALPGEN+HERWIG/JIMMY AUET1) on one
side and another sample on the other side, namely the PYTHIA AMBT1 sample that has
already been mentioned above. This choice tries to account for the intrinsic flaws of the
different applications of physical models implemented in the corresponding MC generators. These basic approaches reflect, by definition, different underlying ideas which have
already been described in detail in Chapter 6 and are again mentioned here:
• 2 → n (n ≤ 6) hard scattering subprocesses in ALPGEN; 2 → 2 hard scattering
subprocesses in PYTHIA 6
• different parton shower evolution models in HERWIG and PYTHIA 6, cf. Sections
6.4 and 6.3
• treatment of MPI by add-on JIMMY for HERWIG and by “new model” in PYTHIA 6
• cluster hadronization model in HERWIG and Lund string model in PYTHIA 6
The wide variety of approaches covered by the two MC samples gives confidence that the
corresponding effects on the distributions are sufficiently accounted for. Both samples
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have been reweighted to the measured distribution of the number of primary vertices, as
described above (cf. Fig. 8.7).
Resolution smearing of kinematic variables
Within ATLAS, kinematic variables associated to reconstructed jets, e.g. the jet pT ,
η and φ, are measured with a certain finite resolution. The relative uncertainty of such
resolution measurements has been shown to within 10% concerning those kinematic variables [123, 124]. In order to account for this unfolding uncertainty, another MC sample is
evaluated, identical to the “nominal” one, but for which the reconstructed jet pT , η and
φ have been smeared out by applying a Gaussian distribution with a standard deviation
according to the uncertainty of the resolution of the respective variable that has been
determined from data measurements [123, 124].
Shape variation of the particle level distributions
The applied bin-by-bin unfolding method has the unfortunate characteristic that the
unfolding result is biased towards the input distribution, i.e. the particle level distribution
[125]. This means that a different input distribution will result in a different unfolding
result. In order to account for the resulting unfolding uncertainty, another MC sample is
evaluated, identical to the “nominal” one, but for which the shapes of the different particle
level distributions are altered consistent with shape changes allowed by the jet energy scale
systematic uncertainties on the measurement. Concerning, for example, jet multiplicity
distributions, the applied reweighting factors w are binned in the number of jets Njets , i.e.
w = aNjets .

(8.2)

The factor a is thereby varied by 10% up and 5% down with respect to 1 in order to
cover the shape uncertainties due to the jet energy scale systematic uncertainties on the
measurement. Similarly, concerning other kinematic variables like HT and the transverse
sec third , pfourth , the respective reweighting factors
momenta of the four leading jets plead
T
T , pT , pT
are binned in these variables, i.e.
sec third fourth
w = ax/[100 GeV] , x ∈ {HT , plead
, pT
},
T , pT , pT

(8.3)

with the factor a being varied by 5% up and down with respect to 1.
Different weightings due to trigger-dependent Nvertices distributions
The distributions of the number of primary vertices Nvertices for data and MC simulations have already been presented in Fig. 8.7. As described above, the events obtained
with the MC simulations need to be weighted to data, so that the Nvertices distributions coincide, which is done using the combination of the 2-jet triggers described above (cf. Table
8.1). However, the distribution of the number of primary vertices is trigger-dependent, i.e.
different Nvertices distributions are obtained using different triggers, which is a consequence
of the different trigger prescales applied. This, obviously, influences the unfolding factors.
In order to account for this unfolding uncertainty, another MC sample is evaluated, identical to the “nominal” one, but for which different Nvertices distributions have been used
for event weighting, namely the ones obtained with the L1_2J10 trigger and the L1_3J10
trigger. This choice reflects the fact that, overall, the L1_2J10 trigger had the highest
prescale numbers applied during data collection, especially during later runs when an enhanced pile-up activity has been observed, while the L1_3J10 trigger was never prescaled
at all, resulting in a collection of more additional pile-up collisions with the L1_3J10 trigger, on average. This can be seen in Fig. 8.8 where the Nvertices distribution, collected
using the combination of the 2-jet triggers given in Table 8.1 and using the individual
triggers, is shown. The distributions have been normalized to the same area.
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Figure 8.8: Distribution of the number of primary vertices for data using the combination of the 2-jet triggers given in Table 8.1 and the individual triggers. The
distributions have been normalized to the same area. Figure from [122].
Different JVF cut values
As described in Section 8.1.1, a reconstructed jet is required to fulfill |JV F | ≥ 0.70.
Obviously, a different choice of this cut might influence the unfolding results. In order to
account for the related unfolding uncertainty, another MC sample is evaluated, identical
to the “nominal” one, but with different cut values applied, namely |JV F | ≥ 0.50 and
|JV F | ≥ 0.90. The chosen cut values are justified in Section 8.4.

8.2.3 Unfolding Results
Unfolding results are presented in Fig. 8.9, where the evaluated unfolding factors are given
for the inclusive jet multiplicity distribution as well as the ratio of the n-jet cross section
to the (n − 1)-jet cross section. The orange uncertainty bands correspond to the combined
unfolding systematic uncertainties. The individual uncertainty contributions are shown at
the bottom of the figure. It can be seen that the unfolding factors are close to 1, i.e. they
differ from 1 not more than 10% for both distributions and for all inclusive multiplicity
bins, except the inclusive 6-jet bin which is limited by low statistics. The statistical
unfolding uncertainties dominate the unfolding uncertainties for these distributions. The
second large contribution to the unfolding uncertainties arises from the differences between
the ALPGEN+HERWIG/JIMMY and PYTHIA 6 samples.
Considering these distributions, the unfolding uncertainty is smaller than the systematic
uncertainty inherent from the jet energy scale calibration, for which a detailed description
is given in [16] or [112]. The role of the unfolding systematics, however, become more important considering other distributions, e.g. the three-to-two-jet differential cross section
(2)
ratio as a function of the leading jet pT and HT . The unfolding factors, along with the
unfolding uncertainties, are shown in Fig. 8.10. Again, the unfolding factors are close to
1, i.e. they differ from 1 not more than 10% concerning the three-to-two-jet differential
cross section ratio as a function of plead
and not more than 5% concerning the ratio as
T
(2)
a function of HT . The dominant contribution to the unfolding uncertainties arises from
the differences between the ALPGEN+HERWIG/JIMMY and PYTHIA 6 samples, while
the statistical unfolding uncertainties are not as significant as before. For lower pT or
(2)
HT , other unfolding uncertainties gain importance, e.g. uncertainties inheriting from the
shape variation of the particle level distributions.

71

8 Multi-jet Analysis with Data

Figure 8.9: Unfolding factors for the (a) inclusive jet multiplicity distribution and the (b)
ratio of the n-jet cross section to the (n − 1)-jet cross section. The orange
bands correspond to the combined unfolding systematic uncertainties. The
individual uncertainty contributions are shown at the bottom of the figure.
The anti-kT algorithm with R = 0.4 has been applied. Figure from [122].

Figure 8.10: Unfolding factors for the three-to-two-jet differential cross section ratio as
(2)
a function of (a) HT and the (b) leading jet pT . The orange uncertainty
bands correspond to the combined unfolding systematic uncertainties. The
individual uncertainty contributions are shown at the bottom of the figure.
The anti-kT algorithm with R = 0.6 has been applied. Figure from [122].
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Additional unfolding factors for other distributions are presented in Appendix C.3. Very
similar results on the factors and the unfolding uncertainties are obtained, as the ones
described in this section.

8.3 Influence of the Separate Jet Cleaning Cuts
In Section 8.1.1, it has been mentioned that reconstructed jets are required to fulfill certain
jet selection criteria, i.e. jet cleaning cuts are applied which reduce detector effects and
suppress beam and other non-collision backgrounds [115]. Based on that, the jets are
classified in three different categories: bad, ugly and good. In the described analysis, no
bad jets are used, thus leaving all jets as either good or ugly. The ugly jets correspond
to those which deposited their energy in detector regions where the energy measurement
is not accurate. A jet is therefore referred to as ugly if the fraction of the energy (on
the electromagnetic scale) of this jet in the transition region between the tile and end-cap
(cf. Section 4.2.3) is bigger than 50% or if the energy correction due to a high energy
deposition of the jet in dead cells is bigger than 50%. In order to estimate the effects
caused by ugly jets, for a particular distribution and a particular bin i, the following ratio
is computed:
CinoUglyJets
ratioi (noUglyJets/withUglyJets) = withUglyJets
(8.4)
Ci

ratio(noUglyJets/withUglyJets)

ratio(noUglyJets/withUglyJets)

where the Ci··· denote the bin entries of the specified distribution evaluated using the full
jet collection, i.e. good and ugly jets, and using good jets only.
The number of ugly jets contributing to the data analysis is negligible. For illustration,
this can be seen in Figure 8.11, where the ratio(noUglyJets/withUglyJets) is presented for
the inclusive jet multiplicity distribution as well as for the ratio of the n-jet cross section
to the (n − 1)-jet cross section. The distributions evaluated with and without ugly jets
agree very well, e.g. within 0.01% concerning both distributions. The same study has
been done for all distributions presented in Section 8.1.2 and the agreement lies within
0.04% for all of them.
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Figure 8.11: Ratio of the (a) inclusive jet multiplicity distribution as well as the (b) ratio
of the n-jet cross section to the (n − 1)-jet cross section (σn /σn−1 ) evaluated
without ugly jets over the one evaluated with ugly jets, as defined in Eqn.
(8.4). The anti-kT algorithm with R = 0.4 has been applied.
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Reconstructed jets that are categorized as bad reduce the available statistics by less
than 1%. The bad jets themselves are categorized into three subgroups, depending on the
type of background they aim to eliminate. These subgroups are: “cosmic and non-collision
backgrounds”, “energy spikes in the hadronic end-cap (HEC)” and “coherent noise in the
EM calorimeter.” In order to estimate the effects caused by bad jets, for a particular
distribution and a particular bin i, the following ratio is computed:
ratioi (default/noIsBadReq) =

Cidefault

(8.5)

CinoIsBadReq

where the Cidefault and CinoIsBadReq denote the bin entries of the specified distribution
evaluated rejecting bad jets (default) and not rejecting bad jets (noIsBadReq). Further
ratios are defined similarly in order to estimate the effects caused by the three different
subgroups:
ratioi (default/noIsBadNonCollCosmics) =
ratioi (default/noIsBadHECSpikes) =
ratioi (default/noIsBadEMCoherentNoise) =

Cidefault
CinoIsBadNonCollCosmics
Cidefault
CinoIsBadHECSpikes

,

(8.6)

,

Cidefault
CinoIsBadEMCoherentNoise

(8.7)
.

(8.8)

The CinoIsBadNonCollCosmics , CinoIsBadHECSpikes and CinoIsBadEMCoherentNoise denote thereby
the bin entries of the specified distribution evaluated rejecting bad jets, but without considering the cuts associated to the respective subgroup.
The influence of the jet cleaning cuts are of special interest concerning MC simulations, since most of the cleaning variables are not very well modeled in MC [115]. One
therefore needs to ensure that the several cleaning categories give only negligible contributions to the individual distributions. This study has been performed with “nominal”
ALPGEN+HERWIG/JIMMY AUET1 sample that has already been used for the unfolding procedure (cf. Section 8.2). Fig. 8.12 shows the effects of the respective cleaning
categories, i.e. the ratios defined in Eqns. (8.5)–(8.8), for the inclusive jet multiplicity
distribution as well as for the differential cross section distribution as a function of the
pT of the third leading jet for events with Njets ≥ 3. It can be seen that the bad jet
categories “energy spikes in the hadronic end-cap (HEC)” and “coherent noise in the EM
calorimeter” do not influence the distributions. The only category that does so is the
“cosmic and non-collision backgrounds” category. Its influence is very small for events
with few reconstructed jets, as seen for the inclusive 2-jet bin in Fig. 8.12(a) where the
quantitative effect on the distribution is smaller than 0.04%, and becomes slightly larger
for events with several reconstructed jets, e.g. seen for the inclusive 5-jet bin where the
quantitative effect is smaller than 0.22%. The study has been done for all distributions
presented in Section 8.1.2 and very similar results are found. The largest disagreement,
between a distribution evaluated with the “nominal” sample and the one for which the jet
cleaning cuts associated to the “cosmic and non-collision backgrounds” subgroup have not
been applied, is shown in Fig. 8.12(b), i.e. for the differential cross section distribution as
a function of pthird
, where the quantitative effect is 1.7% in the last bin.
T
The same study has been repeated for data. Fig. 8.13 shows the effects of the respective cleaning categories, i.e. the ratios defined in Eqns. (8.6)–(8.8), for the inclusive
jet multiplicity distribution as well as for the differential cross section distribution as a
function of pthird
for events with Njets ≥ 3. Similarly to the results obtained with MC
T
simulations, the “cosmic and non-collision backgrounds” category gives the largest difference for all distributions. For example, this difference is smaller than 1% for the inclusive
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Figure 8.12: Influence of the separate jet cleaning categories in MC simulations, given
through the ratios defined in Eqns. (8.5)–(8.8), for the (a) inclusive jet multiplicity distribution and the (b) differential cross section distribution as a
function of the pT of the third leading jet for events with Njets ≥ 3. The
“nominal” ALPGEN+HERWIG/JIMMY AUET1 sample has been used (cf.
Section 8.2) and the anti-kT algorithm with R = 0.4 has been applied.
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Figure 8.13: Influence of the separate jet cleaning categories in data, given through the
ratios defined in Eqns. (8.6)–(8.8), for the (a) inclusive jet multiplicity distribution and the (b) differential cross section distribution as a function of the
pT of the third leading jet for events with Njets ≥ 3. The anti-kT algorithm
with R = 0.4 has been applied.
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5-jet bin of the inclusive jet multiplicity distribution (Fig. 8.13(a)). The study has been
done for all distributions presented in Section 8.1.2 and very similar results are found, i.e.
the respective distributions agree well within 1%. The quantitative effects of the “energy
spikes in the hadronic end-cap (HEC)” and “coherent noise in the EM calorimeter” bad
jet categories are thereby usually smaller than the quantitative effects of the “cosmic and
non-collision backgrounds” category. One exception is shown in Fig. 8.13(b) where in
one bin of the differential cross section distribution as a function of pthird
the quantitative
T
effect of the “noIsBadEMCoherentNoise” category is 1.1%.

8.4 Jet-Vertex-Fraction Cut and Reduction of Pile-Up
Contributions
The Jet-Vertex-Fraction (JVF) has already been defined in Section 8.1.1 and serves as a
discriminant in order to reduce jet contributions from additional pile-up collisions. This is
necessary because the contribution of jets evolving from pile-up events additional to those
coming from the hard scatter interaction is not negligible, as already shown in Fig. 8.7.
The fraction of events that contains more than one reconstructed primary vertex is 41%
for the inclusive 2-jet-bin and 52% for the inclusive 3-jet-bin. These events are therefore
assumed to contain additional pile-up collisions.
Figure 8.14 shows the cross section as a function of the JV F for the inclusive 2-jet-bin
as well as for the inclusive 3-jet-bin. Due to technical reasons, all jets in this study have
an a priori cut of |JV F | ≥ 0.50 applied. A value of JV F = 1 implies that all jet-matched
tracks result from the first primary vertex, i.e. the primary vertex that is associated
with the hard interaction. Jets associated with a value of 0 < JV F < 1 have track pT
contributions from the first primary vertex as well as from primary vertices associated
with additional pile-up events. If a jet cannot be associated with any tracks, or if the jet
fulfills |η| ≥ 2.0, and is therefore on the limit fiducial acceptance of the tracking detectors,
this jet is given a value of JV F = −1.
The obvious question is to find the value that should be used for the cut on the |JV F |. A
value too small is expected to not be able to reduce significantly enough jet contributions
due to additional pile-up collisions, while a value too large is expected to cut away too
many jets, resulting in bad statistics. In order to calculate the “optimal” cut on the |JV F |,
the procedure is the following. A particular distribution, evaluated using only events
with a certain number of reconstructed primary vertices (2, 3, 4, 5, ≥ 6) and evaluated
with a certain cut on the |JV F | (|JV F | ≥ 0.50, 0.55, 0.60, . . . , 0.95, 1.00), is compared
with the distribution that has been evaluated using only events with one reconstructed
primary vertex and that has an a priori cut of |JV F | ≥ 0.50 applied. This comparison
is done by calculating the Kolmogorov distance [126] between the two distributions. One
then varies the cut on the |JV F | and searches for that cut which gives the minimal
Kolmogorov distance. Such a minimum means that the distribution evaluated using events
with multiple primary vertices looks “most similar” to the one evaluated using events with
exactly one reconstructed primary vertex.
Note that for a distribution with a certain number of reconstructed primary vertices,
the number of selected events varies for each different trigger in use. This means that, for
every trigger individually, one needs to apply a different normalization which is determined
by how many events were found for the individual case of interest (1, 2, 3, 4, 5 or at least
6 primary vertices in the event). In other words, for every trigger individually, one needs
to multiply the distribution of interest evaluated with n reconstructed primary vertices
of Events (all primary vertices)
(n = 1, 2, 3, 4, 5, 6+) with a factor NNumber
umber of Events (n primary vertices) .
As illustration, Figs. 8.15(a) and 8.16(a) show the inclusive jet multiplicity distributions
for events with exactly one reconstructed primary vertex (1PV ) as well as for events
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Figure 8.14: Cross section for the inclusive 2-jet-bin (N) and the inclusive 3-jet-bin (•) as
a function of the JV F . Because of technical reasons, all jets in this study
have an a priori cut of |JV F | ≥ 0.50 applied. The anti-kT algorithm with
R = 0.4 has been applied.
with two and four primary vertices (2PV and 4PV ), respectively, for which a cut of
|JV F | ≥ 0.50, 0.60, . . . , 1.00 has been applied. In order to display the effect of the varying
cut on |JV F |, for a particular bin i and a certain cut on |JV F |, the following ratio is
computed:
(nPV, |JVF|≥...)

ratioi ((nPV, |JVF| ≥ . . .) / (1PV, |JVF| ≥ 0.50)) =

Ci

(1PV, |JVF|≥0.50)

(8.9)

Ci

where the Ci... denote the bin entries of the corresponding distribution and n ∈ {2, 4}.
For the example of the inclusive jet multiplicity distribution, these ratios are presented in
Figs. 8.15(b) and 8.16(b).
These exemplary results hint that applying a cut on |JV F | leaves the distributions
unchanged for the most part, if the cut is not too hard, i.e. if the cut on |JV F | is
not larger than about 0.90. Indeed, very similar results have been obtained for all the
distributions evaluated in the analysis and presented in Section 8.1.2. This behavior is
also reflected when searching for the “optimal” cut on |JV F |, as described above. Fig.
8.17(a) shows the Kolmogorov distance between the inclusive jet multiplicity distribution
evaluated using events with one reconstructed primary vertex (1PV ) and those evaluated
using events with two, three, four, five and at least six primary vertices (2PV, 3PV,
4PV, 5PV and 6+PV ) as a function of the cut on |JV F |, where the values for a cut
of |JV F | ≥ 0.50, 0.55, . . . , 1.00 are plotted. Fig. 8.17(b) shows a similar plot concerning
the differential cross section distribution as a function of HT for events with Njets ≥
2. The study has been repeated for all distributions shown in Section 8.1.2 and the
corresponding obtained minimal Kolmogorov distances have been summarized in Table
8.2. As already suggested, no global trend concerning the minimal Kolmogorov distance
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Figure 8.15: (a) Inclusive jet multiplicity distribution for events with exactly one reconstructed primary vertex as well as for events with two primary vertices for
which a cut of |JV F | ≥ 0.50, 0.60, . . . , 1.00 has been applied. The applied
normalization is described in the text. The anti-kT algorithm with R = 0.4
has been used. Fig. (b) shows the corresponding ratios defined in Eqn. (8.9).
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Figure 8.16: (a) Inclusive jet multiplicity distribution for events with exactly one reconstructed primary vertex as well as for events with four primary vertices for
which a cut of |JV F | ≥ 0.50, 0.60, . . . , 1.00 has been applied. The applied
normalization is described in the text. The anti-kT algorithm with R = 0.4
has been used. Fig. (b) shows the corresponding ratios defined in Eqn. (8.9).
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Figure 8.17: Kolmogorov distance between distributions evaluated using events with one
reconstructed primary vertex (1PV ) and those evaluated using events with
two, three, four, five and at least 6 primary vertices (2PV, 3PV, 4PV, 5PV
and 6+PV ) as a function of the cut on |JV F | where the values for a cut of
|JV F | ≥ 0.50, 0.55, . . . , 1.00 are shown. The distributions in question are the
(a) inclusive jet multiplicity distribution and the (b) differential cross section
distribution over HT for events with two or more jets. The anti-kT algorithm
with R = 0.4 has been applied.
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T
pfourth
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T
(2)
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using R = 0.4
using R = 0.6
HT , N jets ≥ 2
HT , N jets ≥ 3
HT , N jets ≥ 4

2PV∼1PV
0.50
0.95
0.85
0.50
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0.50
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1.00
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4PV∼1PV
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0.90
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5PV∼1PV
0.70
0.90
0.95
0.65
0.80
0.95

6+PV∼1PV
0.85
0.90
0.95
0.85
1.00
0.95

1.00
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0.80
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0.55
0.50
0.80
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0.65
0.90
0.50
0.95

0.85
0.70
0.85
0.95

Table 8.2: Cut on |JV F | which minimizes the Kolmogorov distance between the nPV
distribution (n = 2, 3, 4, 5, 6+) and the 1PV distribution.
can be observed. Since the fraction of events with more than one reconstructed primary
vertex (cf. Fig. 8.7) is certainly not negligible, this result might be surprising at first
glance. However, the jet energy scale (JES) calibration procedure (cf. Section 5.4) already
implies an average pile-up correction in order to compensate contributions to the jet energy
inheriting from additional pile-up collisions. For the applied analysis, this so-called offset
correction already accounts sufficiently for such contributions. Nevertheless, as the pile-up
contributions will become larger in the future, such an average correction might distort
the analysis too much and an event-by-event (jet-by-jet) correction, such as the correction
done with a cut on |JV F |, might be the more favorable method.
Following the obtained results, a relatively soft cut of |JV F | ≥ 0.70 has been chosen for
the analysis, as described in Section 8.1.1. In order to estimate the systematic uncertainty
associated with this choice, the cut on |JV F | is varied between 0.5 and 0.9, and the
differences between the resulting distributions are taken as a systematic uncertainty, as
described in Section 8.2.2.
As described above, all observables show a negligible dependence on the number of
reconstructed primary vertices. This is again illustrated in Fig. 8.18 where the inclusive jet
multiplicity distribution, evaluated using events with one and four reconstructed primary
vertices, is shown before and after applying the cut of |JV F | ≥ 0.70.

8.5 “Perfect Jet-Vertex-Fraction” with MC Simulations
In Section 8.4, it has been pointed out that, in the context of the described analysis and
due to the applied offset correction, the influence of the cut on |JV F | is negligible for the
most part and serves only in a limited manner as a discriminant against jet contributions
due to additional pile-up events. In order to gain an idea of the behavior of this method,
an additional MC study has been done. It is based on the exact same set-up used for the
analysis described in Section 7.3, with the general set-up being described on Page 42. This
implies, among other things, the use of PYTHIA 6 for event generation at a center-of-mass
√
energy s = 7 TeV, additional simulated pile-up events which are overlaid on top of the
hard proton-proton collision, the appliance of the MC09 tuning (cf. Section 6.6) and the
use the HepMCAnalysis Tool as a framework. Jets have been reconstructed at the particle
level (cf. Section 5.3) using the anti-kT algorithm with a resolution parameter R = 0.4.
Similarly to the event selection and jet reconstruction criteria that have been applied for
the data analysis described in this chapter, only those events are considered which contain
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Figure 8.18: Inclusive jet multiplicity distribution, evaluated using events with one (2) and
four (4) reconstructed primary vertices, (a) before and (b) after applying the
cut of |JV F | ≥ 0.70. The applied normalization is described in the text. The
respective ratio between the two distributions is shown in the bottom of the
plot. The anti-kT algorithm with R = 0.4 has been applied.
at least two reconstructed jets. Only those jets are used that fulfill |y| ≤ 2.8 as well as
pT ≥ 60 GeV. Additionally, only those events are taken into account that contain at least
one jet with pT ≥ 80 GeV.
Since this MC study is done on the particle level, i.e. no detector simulation is involved at all, the calculation of the JVF is obviously not possible. The goal of this MC
analysis is to show what results are to be expected for the calculation of the minimal
Kolmogorov distance (cf. Fig. 8.17) if the method would work “perfectly.” For this purpose, a similar quantity like the JVF (cf. Section 8.1.1) is defined, named the “perfect
Jet-Vertex-Fraction” (pJVF). It is defined as the fraction of matched charged particle pT
originating from the hard proton-proton interaction over the sum of pT of all charged particles matched to this jet. This means that, for a given jet, the pJVF is the jet-matched
charged particle pT contribution from the hard scatter. A particle and a jet thereby match
if the distance between them fulfills ∆R < 0.4. If a jet cannot be associated with any
charged particles, or if the jet fulfills |η| ≥ 2.0 (reflecting the same cut used during data
analysis due to the limit fiducial acceptance of the tracking detectors), this jet is given a
value of pJV F = −1. These jets will not be removed, resulting in a cut on the absolute
value of the pJVF, i.e. on |pJV F |.
Fig. 8.19 shows the (normalized) cross section as a function of pJV F for the case of
n (n ∈ {1, 2, 3, 4, 5}) additional pile-up events. The results are similar to those obtained
from data (cf. Fig. 8.14). As described above, a value of pJV F = 1 implies that all
jet-matched charged particles result from the hard interaction. A value of pJV F = 0
means that all jet-matched charged particles result from additional pile-up events. Jets
associated with a value of 0 ≤ pJV F ≤ 1 have charged particle pT contributions from the
hard interaction as well as from additional pile-up events.
Fig. 8.20(a) shows the Kolmogorov distance between the inclusive jet multiplicity distribution evaluated using events without additional pile-up events (no pile-up) and those
evaluated using events with one, two, three, four and five additional pile-up events (n
pile-up, n ∈ {1, 2, 3, 4, 5}) as a function of the cut on |pJV F | where the values for a cut of
|pJV F | ≥ 0.00, 0.05, . . . , 0.95, 1.00 are plotted. Fig. 8.20(b) shows an analogous plot, but
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Figure 8.19: Cross section as a function of pJV F derived from MC simulations with
PYTHIA 6 for the case of n (n ∈ {1, 2, 3, 4, 5}) additional pile-up events.
The distributions have been normalized to unity. The anti-kT algorithm with
R = 0.4 has been applied.
concerning the differential cross section distribution as a function of HT for events with
Njets ≥ 3. The study has been repeated for other distributions, as shown in Appendix
C.4. In summary, several minima of the Kolmogorov distance can be determined, which
commonly are found inside the range 0.20 . |pJV F | . 0.95, depending on the particular
distribution and the specified number of additional pile-up events.
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Figure 8.20: Kolmogorov distance between distributions evaluated using events without additional pile-up events (no pile-up) and those evaluated using events
with one, two, three, four and five additional pile-up events (n pile-up,
n ∈ {1, 2, 3, 4, 5}) as a function of the cut on p|JV F | where the values for
a cut of |pJV F | ≥ 0.00, 0.05, . . . , 0.95, 1.00 are shown. The distributions in
question are the (a) inclusive jet multiplicity distribution and the (b) differential cross section distribution over HT for events with three or more jets.
The anti-kT algorithm with R = 0.4 has been applied.
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The goal of this thesis was to describe and quantitatively evaluate certain aspects within
the context of the multi-jet event analysis, carried out with Monte Carlo simulations and
data measurements done with the ATLAS detector.
Concerning Monte Carlo simulations done with PYTHIA 6, the influences of the individual built-in QCD subprocesses on the cross section measurements on the particle level
were evaluated and have been found to follow the description of the theoretical computed
subprocess cross sections as well as the applied parton distribution functions. The general
behavior of the three-to-two-jet cross section ratio has been explained with the different
coupling strengths concerning quarks and gluons.
Effects of hadronization and multiple-parton-interactions (MPI) for several cross section
distributions have been presented and quantified using MC simulations obtained with the
general-purpose event generators PYTHIA 6 and HERWIG/JIMMY. It was found that the
quantitative effects of hadronization and MPI on the different distributions are of opposite
nature, as expected. On one side, there is a tendency towards higher jet multiplicities
when enabling MPI, while on the other side, a contrary behavior can be obtained due to
hadronization and has been explained qualitatively with the string model. Furthermore,
when enabling MPI a tendency towards higher jet energies is obtained, as expected, while
hadronization effects cause a contrary behavior due to splash-out. Concerning threeto-two-jet cross section ratios, the two effects cancel out for the most part. Quantitative
effects due to hadronization are significantly reduced when applying the anti-kT jet finding
algorithm with a resolution parameter R = 0.6 instead of R = 0.4 due to the reduction
of splash-out. The quantitative effects obtained with HERWIG/JIMMY and PYTHIA 6
agree qualitatively, differing only by an overall shift of a few percentage points, depending
on the particular cross section distribution.
Effects of pile-up for several cross section distributions have been presented and quantified using PYTHIA 6. When generating pile-up collisions additional to the hard one, a
tendency towards higher jet multiplicity and higher jet energies is obtained, as expected.
The quantitative effects on the cross section distributions are especially large for events
containing few jets as well as for the lower jet energy regions, thus reflecting the “low-pT
character” of the pile-up collisions. The overall contributions from pile-up are larger when
applying a resolution parameter R = 0.6 in comparison with the results obtained using
R = 0.4.
Within the context of the multi-jet cross section analysis published in [16], the applied
unfolding procedure, namely the simple bin-by-bin correction method, which needs to
be applied in order to correct for detector effects (due to trigger inefficiencies, detector
resolutions, etc.), has been described. The evaluated unfolding factors along with the
corresponding systematic uncertainties have been presented in detail. The correction
factors are usually close to 1 for all distributions, i.e. they commonly differ from 1 not more
than 10%. The largest contribution to the unfolding uncertainties arises from the difference
of the applied Monte Carlo samples (ALPGEN+HERWIG/JIMMY and PYTHIA 6) as
well as from the statistical unfolding uncertainties.
Within the context of data analysis as well as Monte Carlo simulations, the influence of
the separate jet cleaning cuts have been studied and quantified. The influence of the ugly
jets is negligible for all distributions. The quantitative effects of the bad jets have been
found to be small, i.e. most distributions are not altered more than 1% over the presented
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variable ranges.
In order to reduce jet contributions from pile-up collisions, the method of applying a
cut on a discriminant, the Jet-Vertex-Fraction (JVF), has been applied and a dedicated
study for finding the “optimal” cut has been presented. It has been found that all observables show a negligible dependence on the number of reconstructed primary vertices.
Furthermore, applying a cut on |JV F | leaves the distributions unchanged for the most
part, if the cut is not too hard, i.e. if the cut on |JV F | is not larger than about 0.90. This
small influence of the cut on |JV F | is caused by the offset correction applied during the
jet energy scale calibration procedure. However, as the pile-up contributions will become
larger in the future, which is a consequence of higher instantaneous luminosities and a
larger center-of-mass energy, such an average correction might distort the analysis too
much and an event-by-event (jet-by-jet) correction, such as the correction done with a cut
on |JV F |, might be the more favorable method.
The study and analysis of multi-jet events is of great interest, since such events represent an important background that often populates searches for new particles. They,
furthermore, provide sensitive tests of the basic principles of strong interaction and their
corresponding quantum field theory, quantum chromodynamics (QCD), as outlined in
Chapter 3. The multi-jet analysis done with the ATLAS detector, that has been published in a conference note [112] and a paper [16], can serve as a basis for further studies
concerning this topic, as much more data will be available in the months and years to
come. With more data available and a better understanding of the detector itself, the
statistical und systematic uncertainties can be reduced significantly, resulting in an even
better description of these complicated processes, which can also serve as an important
input to theoretical models implemented in MC event generators.

87

Appendix A
Leading Order Partonic Cross Sections for QCD Hard Scattering
Subprocesses
Table A.1 lists the differential cross sections of the individual hard subprocesses that are
assumed to provide the characteristics of QCD predictions for physics at large pT scales,
in leading order [127]. Additionally, the leading order Feynman diagrams contributing to
the hard subprocesses of the form q q̄ → gg, gg → gg (gluon-gluon scattering) and qg → qg
(quark-gluon scattering) are given in Fig. A.1.

subprocess type
qi qj → qi qj (i 6= j)
q̄i q̄j → q̄i q̄j (i 6= j)
qi q̄j → qi q̄j (i 6= j)
qi qi → qi q i
q̄i q̄i → q̄i q̄i
qi q̄i → qj q̄j

(i 6= j)

qi q̄i → qi q̄i
qi q̄i → gg
gg → qi q̄i
q i g → qi g
q̄i g → q̄i g
gg → gg
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t̂
4 t̂2 +û2
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ŝt̂
9
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Table A.1: QCD hard scattering subprocess types and corresponding differential cross sections in LO [127] assuming massless partons. The differential cross section is
given by dσ̂/dt̂ = παs2 |M|2 /ŝ2 where αs denotes the strong fine structure constant (cf. Eqns. (3.17) and (3.18)). Initial colors and spins have been averaged.
Final colors and spins have been summed up. Here ŝ, t̂ and û denote the Mandelstam variables defined in Eqn. (A.1).
The differential cross sections in Table A.1 are given in terms of the Mandelstam variables. Assuming a 2 → 2 partonic scattering process of the form ab → cd, with the
corresponding ingoing four-momenta p̂a and p̂b and the outgoing four-momenta p̂c and p̂d ,
they are defined as follows:
ŝ = (p̂a + p̂b )2 = (p̂c + p̂d )2
t̂ = (p̂a − p̂c )2 = (p̂b − p̂d )2
2

(A.1)

2

û = (p̂a − p̂d ) = (p̂b − p̂c )

The Mandelstam variables are Lorentz-invariant. Here ŝ is the square of the partonic
center-of-mass energy and, assuming a hard proton-proton interaction, is also given by

88

Appendix A: LO Partonic Cross Sections for QCD Hard Scattering Subprocesses

ŝ = xa xb s, where s denotes the square of the center-of-mass energy of the proton-proton
collision while xa and xb denote the momentum fractions of partons a and b in their
corresponding protons.

(a) q q̄ → gg

(b) gg → gg

(c) qg → qg

Figure A.1: The leading order Feynman diagrams contributing to the hard subprocesses
of the form (a) q q̄ → gg, (b) gg → gg and (c) qg → qg.
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Parameter Input Files for PYTHIA 6 and HERWIG/JIMMY
The parameter files listed in this appendix have been used in the MC analyses described
in Chapter 7 and Section 8.5 as an input to the event generators PYTHIA 6 and HERWIG/JIMMY and are based the MC09 tuning effort (cf. Section 6.6). The parameters
are arranged in groups in order to reflect their meaning in the context of the operation of
the generator in use. Lines starting with a ‘#’ are commented out and therefore not taken
into consideration.

Pythia6_Common.config
This input file provides the most common PYTHIA 6 parameters, reflecting the MC09
tuning effort. In this particular example, MPI are enabled and the “new model” is used
(MSTP(81)=21).
#################################################
# MC9 s e t t i n g s f o r ATLAS
# mass
# PDG2007 TOP mass
pydat2 pmas 6 1 1 7 2 . 5
# PDG2007 W mass
pydat2 pmas 24 1 8 0 . 4 0 3
# PDG2007 W width
pydat2 pmas 24 2 2 . 1 4 1
# PDG2007 Z0 mass
pydat2 pmas 23 1 9 1 . 1 8 7 6
# PDG2007 Z0 width
pydat2 pmas 23 2 2 . 4 9 5 2
# misc
# f i x junk output f o r documentary p a r t i c l e s
pypars mstp 128 1
# p r e v e n t Pythia from e x i t i n g when i t e x c e e d s i t s e r r o r s l i m i t
pydat1 mstu 21 1
# main s w i t c h
# t r e a t m e n t f o r MPI and beam remnants :
# MPI on ( 2 1 ) o r o f f ( 2 0 ) , new model
pypars mstp 81 21
# m u l t i p l e i n t e r a c t i o n model : d o u b l e Gaussian matter d i s t
pypars mstp 82 4
# U. E . main s w i t c h e s
# ( was 2 : d e f manual 1 , d e f code 0 ) v i r t u a l i t y s c a l e f o r ISR
pypars mstp 70 0
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# ( was
pypars
# ( was
#
pypars
# ( was
pypars

0 : d e f 1 ) maximum s c a l e f o r FSR
mstp 72 1
0 : d e f 1 ) s t r a t e g y f o r qq j u n c t i o n t o di−quark
o r baryon i n beam remnant
mstp 88 1
1 : d e f 0 ) s t r a t e g y o f compensate t h e p r i m o r d i a l kT
mstp 90 0

# U. E . t u n i n g p a r a m e t e r s
# t h e amount o f c o l o r r e c o n n e c t i o n i n t h e f i n a l s t a t e
pypars parp 78 0 . 3
# p r o b a b i l i t y o f c o l o r p a r t o n s k i c k e d out from beam remnant
pypars parp 80 0 . 1
# cut o f f s c a l e
pypars parp 82 2 . 3
# matter d i s t r i b u t i o n
pypars parp 83 0 . 8
# matter d i s t r i b u t i o n
pypars parp 84 0 . 7
# exponent o f e n e r g y dependence
pypars parp 90 0 . 2 5
# ( was 0 . 1 4 : d e f 0 . 2 9 ) Lamda v a l u e i n r u n n i n g alpha_s
#
f o r p a r t o n s h ow e rs
pydat1 p a r j 81 0 . 2 9
# ( was 1 ; d e f 1 ) minimize t h e t o t a l s t r i n g l e n g t h
#pypars mstp 95 1
#pypars mstp 95 2
pypars mstp 95 6
# Fragmentation
# hybrid : Peterson
pydat1 mstj 11 4
# Make K_s , Lambda
pydat1 mstj 22 2
# Lund−Bowler a (D
pydat1 p a r j 41 0 . 3
# Lund−Bowler b (D
pydat1 p a r j 42 0 . 5 8
# Lund−Bowler rQ
pydat1 p a r j 46 0 . 7 5

f o r c /b , symmetric Lund f o r l i g h t q (D = 4 )
s t a b l e , c t a u up t o 10mm
= 0.3)
= 0.58)

# Others ( redundant : j u s t o v e r w r i t i n g hard coded
#
parameters , anyway they a r e Pythia d e f a u l t )
pypars mstp 84 1
pypars mstp 85 1
pypars mstp 86 2
pypars mstp 87 4
pypars mstp 89 1
pypars parp 89 1 8 0 0 .
#################################################
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Pythia6_PDF.config
This input file provides the PYTHIA 6 parameters needed to select the desired PDF set.
Following the MC09 tuning, the MRST LO* [53] PDF set has been used (MSTP(51)=20650)
which is provided through the external PDF library LHAPDF 5.7.1 [128] (MSTP(52)=2).
#################################################
# PDF
# e x t e r n a l PDF l i b r a r y
pypars mstp 52 2
# e x t e r n a l PDF l i b r a r y
pypars mstp 54 2
# e x t e r n a l PDF l i b r a r y
pypars mstp 56 2
# LO∗ ( m o d i f i e d LO PDF: MRST2007lomod )
pypars mstp 51 20650
# LO∗ ( m o d i f i e d LO PDF: MRST2007lomod )
pypars mstp 53 20650
# LO∗ ( m o d i f i e d LO PDF: MRST2007lomod )
pypars mstp 55 20650
#################################################

Pythia6_diJet.config
This input file provides the PYTHIA 6 parameters for setting the hard subprocesses to be
generated (MSUB; cf. Table 7.1 in Chapter 7) as well as the p̂T slice range (CKIN(3) and
CKIN(4) which set the lower and upper limit, respectively). In this particular case, the
p̂T slice J0 (8 GeV < p̂T < 17 GeV) has been set (cf. Table 7.2 in Chapter 7).
#################################################
# The d i J e t s e t t i n g s
pysubs msel 0
pysubs c k i n 3 8 .
pysubs c k i n 4 1 7 .
pysubs msub 11 1
pysubs msub 12 1
pysubs msub 13 1
pysubs msub 68 1
pysubs msub 28 1
pysubs msub 53 1
#################################################

Pythia6_PileUp.config
This input file provides the PYTHIA 6 parameters concerning generation of pile-up and has
been used in the analyses described in Sections 7.3 and 8.5. The meaning of the parameters
are described in Section 6.3 and summarized in Table 6.2. In this particular case, one pileup event additional to the hard scattering event has been generated (MSTP(134)=2 “=
total multiplicity”).
#################################################
# p i l e −up s e t t i n g s
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# master s w i t c h (D=0: o f f , 1 : on )
pypars mstp 131 1
# t h e p r o c e s s e s t h a t a r e s w i t c h e d on f o r p i l e −up e v e n t s (D=4)
pypars mstp 132 4
# m u l t i p l i c i t y d i s t r i b u t i o n o f p i l e −up e v e n t s (D=0)
pypars mstp 133 0
# u s e r −s e l e c t e d m u l t i p l i c i t y (D=0) , i f mstp (133)=0
pypars mstp 134 2
#################################################

Herwig_Common_7TeV.config
This input file provides the most common HERWIG parameters, reflecting the MC09 tuning effort. In this particular example, MPI are enabled and treated by JIMMY. Parameters
belonging to JIMMY belong to the common block JMPARM and need to be commented out
if MPI are disabled. Note that MPI treated through HERWIG are explicitly disabled
(PRSOF=0). PBEAM1=3500 and PBEAM2=3500 set the energies of the incoming beam protons
√
to 3500 GeV, respectively, resulting in a center-of-mass energy of s = 7 TeV. Following
the MC09 tuning, the MRST LO* PDF set is used (MODPDF=20650), provided through the
external PDF library LHAPDF 5.7.1 (AUTOPDF=HWLHAPDF).
#################################################
#R e f e r t o t h e common p a r a m e t e r s f o r MC09 p r o d u c t i o n
##beam e n e r g y
hwproc pbeam1 3500
hwproc pbeam2 3500
##mass and w i d i t h
# PDG2007 TOP mass
hwprop rmass 6 1 7 2 . 5
# PDG2007 W mass
hwprop rmass 198 8 0 . 4 0 3
# PDG2007 W mass
hwprop rmass 199 8 0 . 4 0 3
# PDG2007 Z0 mass
hwprop rmass 200 9 1 . 1 8 7 6
# PDG2007 W width
hwpram gamw 2 . 1 4 1
# PDG2007 Z0 width
hwpram gamz 2 . 4 9 5 2
##PDF
# mLO pdf
hwpram modpdf 20650
# e x t e r n a l PDF l i b r a r y
hwprch a u t p d f HWLHAPDF
##Fragmentation
# t o f i x t h e r a t i o o f mesons t o baryons i n B d e c a y s
hwpram clpow 1 . 2 0
# t o make Ks and Lambda s t a b l e
h w d is t p l t c u t 0 . 0 0 0 0 0 0 0 0 0 0 3 3 3
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# (D=10.) min . pT i n h a d r o n i c j e t p r o d u c t i o n
#hwhard ptmin 10
##U. E .
#main s w i t c h e s
# U n d e r l y i n g e v e n t o p t i o n (2−>2 QCD)
jmparm jmueo 1
# t u r n on m u l t i p l e i n t e r a c t i o n s
jmparm m s f l a g 1
jmparm jmbug 0
#t u n i n g
# f o r 7TeV , minimum pT o f s e c o n d a r y s c a t t e r s
jmparm p t j i m 5 . 2
# I n v e r s e proton r e d i u s squared
jmparm jmrad 73 2 . 2
# s o f t u n d e r l y i n g e v e n t o f f ( Herwig parameter )
hwpram p r s o f 0
##o t h e r s
# (D=1) i n c l u d e n e u t r a l B meson mixing
h w d is t mixing 1
# p r i n t out e v e n t r e c o r d
#maxpr 5
#################################################

Herwig_dijet.config
This input file provides the HERWIG parameters for setting the hard subprocesses to be
generated (IPROC=1500; cf. Table 7.1 in Chapter 7) as well as the p̂T slice range (PTMIN
and PTMAX which set the lower and upper limit, respectively). In this particular case, the
p̂T slice J0 (8 GeV < p̂T < 17 GeV) has been set (cf. Table 7.2 in Chapter 7).
#################################################
#QCD 2−>2 hard p a r t o n s c a t t e r i n g
hwproc i p r o c 1500
hwhard ptmin 8 .
hwhard ptmax 1 7 .
#################################################
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For completeness, additional distributions, obtained in the context of the analyses described in this thesis, are presented in the following.

C.1 Effects of Hadronization and MPI with PYTHIA 6 and
HERWIG/JIMMY (Section 7.2)

1.15

ratio

ratio

The additional ratios, relevant for estimating effects of hadronization and MPI, that are
presented in the following have been created in the context of the analysis described in
Section 7.2.
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Figure C.1: Ratios of ratios of the n-jet cross section to the (n − 1)-jet cross section
(σn /σn−1 ), relevant for estimating effects of hadronization and MPI. The definitions of the individual ratios are given in Eqns. (7.1), (7.2) and (7.3). The
events have been generated with PYTHIA 6 and the anti-kT algorithm with
a resolution parameter of (a) R = 0.4 and (b) R = 0.6 has been applied.
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Figure C.2: Ratios of three-to-two-jet (differential) cross section ratios as a function of the
leading jet pT , relevant for estimating effects of hadronization and MPI. The
definitions of the individual ratios are given in Eqns. (7.1), (7.2) and (7.3).
The events have been generated with PYTHIA 6 and the anti-kT algorithm
with a resolution parameter of (a) R = 0.4 and (b) R = 0.6 has been applied.
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Figure C.3: Ratios of three-to-two-jet (differential) cross section ratios as a function of (a)
(2)
HT and (b) HT , relevant for estimating effects of hadronization and MPI.
The definitions of the individual ratios are given in Eqns. (7.1), (7.2) and (7.3).
The events have been generated with PYTHIA 6 and the anti-kT algorithm
with a resolution parameter of R = 0.6 has been applied.
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Figure C.4: Ratios of (differential) jet cross section distributions as a function of HT for
events with (a) Njets ≥ 2, (b) Njets ≥ 3 and (c) Njets ≥ 4, relevant for
estimating effects of hadronization and MPI. The definitions of the individual
ratios are given in Eqns. (7.1), (7.2) and (7.3). The events have been generated
with PYTHIA 6 and the anti-kT algorithm with a resolution parameter of
R = 0.6 has been applied.
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Figure C.5: Ratios of (differential) jet cross section distributions as a function of HT for
events with (a) Njets ≥ 2, (b) Njets ≥ 3 and (c) Njets ≥ 4, relevant for
estimating effects of hadronization and MPI. The definitions of the individual
ratios are given in Eqns. (7.1), (7.2) and (7.3). The events have been generated
with HERWIG and the anti-kT algorithm with a resolution parameter of R =
0.4 has been applied.
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Figure C.6: Ratios of (differential) jet cross section distributions as a function of HT for
events with (a) Njets ≥ 2, (b) Njets ≥ 3 and (c) Njets ≥ 4, relevant for
estimating effects of hadronization and MPI. The definitions of the individual
ratios are given in Eqns. (7.1), (7.2) and (7.3). The events have been generated
with HERWIG and the anti-kT algorithm with a resolution parameter of R =
0.6 has been applied.
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Figure C.7: Ratios of (differential) jet cross section distributions as a function of the transverse momentum pT of the (a) leading jet and (b) the 2nd leading jet for events
with Njets ≥ 2, relevant for estimating effects of hadronization and MPI. The
definitions of the individual ratios are given in Eqns. (7.1), (7.2) and (7.3).
The events have been generated with HERWIG and the anti-kT algorithm
with a resolution parameter of R = 0.6 has been applied.
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Figure C.8: Ratios of three-to-two-jet (differential) cross section ratios as a function of (a)
(2)
HT and (b) HT , relevant for estimating effects of hadronization and MPI. The
definitions of the individual ratios are given in Eqns. (7.1), (7.2) and (7.3).
The events have been generated with HERWIG and the anti-kT algorithm
with a resolution parameter of R = 0.6 has been applied.
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Figure C.9: Ratios of three-to-two-jet (differential) cross section ratios as a function of the
leading jet pT , relevant for estimating effects of hadronization and MPI. The
definitions of the individual ratios are given in Eqns. (7.1), (7.2) and (7.3).
The events have been generated with HERWIG and the anti-kT algorithm
with a resolution parameter of (a) R = 0.4 and (b) R = 0.6 has been applied.
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C.2 Effects of Pile-up with PYTHIA 6 (Section 7.3)
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The additional ratios(withPileUp/noPileUp), that are presented in the following, have
been created in the context of the analysis described in Section 7.3.
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Figure C.10: Ratio of the ratio of the n-jet cross section to the (n − 1)-jet cross section
(σn /σn−1 ) simulated with N additional pile-up events over the one simulated
without pile-up, as defined in Eqn. (7.4). The events have been generated
with PYTHIA 6 and the anti-kT algorithm with a resolution parameter of
(a) R = 0.4 and (b) R = 0.6 has been applied.
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Figure C.11: Ratio of the (differential) jet cross section distribution as a function of the
transverse momentum pT of the leading jet for events with Njets ≥ 2 simulated with N additional pile-up events over the one simulated without pile-up,
as defined in Eqn. (7.4). Fig. (b) is a zoomed-in version of Fig (a), focusing on ratios near unity. The events have been generated with PYTHIA 6
and the anti-kT algorithm with a resolution parameter of R = 0.4 has been
applied.
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Figure C.12: Ratio of the (differential) jet cross section distribution as a function of the
transverse momentum pT of the leading jet for events with Njets ≥ 2 simulated with N additional pile-up events over the one simulated without pile-up,
as defined in Eqn. (7.4). Fig. (b) is a zoomed-in version of Fig (a), focusing on ratios near unity. The events have been generated with PYTHIA 6
and the anti-kT algorithm with a resolution parameter of R = 0.6 has been
applied.
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Figure C.13: Ratio of the (differential) jet cross section distribution as a function of the
transverse momentum pT of the second leading jet for events with Njets ≥ 2
simulated with N additional pile-up events over the one simulated without
pile-up, as defined in Eqn. (7.4). Fig. (b) is a zoomed-in version of Fig (a),
focusing on ratios near unity. The events have been generated with PYTHIA
6 and the anti-kT algorithm with a resolution parameter of R = 0.4 has been
applied.
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Figure C.14: Ratio of the (differential) jet cross section distribution as a function of the
transverse momentum pT of the second leading jet for events with Njets ≥ 2
simulated with N additional pile-up events over the one simulated without
pile-up, as defined in Eqn. (7.4). Fig. (b) is a zoomed-in version of Fig (a),
focusing on ratios near unity. The events have been generated with PYTHIA
6 and the anti-kT algorithm with a resolution parameter of R = 0.6 has been
applied.

104

ratio(withPileUp/noPileUp)

ratio(withPileUp/noPileUp)

Appendix C: Additional Distributions

N=1
N=2
N=3
N=4
N=5
R=0.4, Njets ≥3

3
2.5

1.2
N=1
N=2
N=3
N=4
N=5
R=0.4, Njets ≥3

1.15

PYTHIA-generated
2

PYTHIA-generated

1.1

1.05

1.5
1

1
100 150 200 250 300 350 400

100 150 200 250 300 350 400

p (3rd leading jet) [GeV]

p (3rd leading jet) [GeV]

(a)

(b)

T

T

ratio(withPileUp/noPileUp)

ratio(withPileUp/noPileUp)

Figure C.15: Ratio of the (differential) jet cross section distribution as a function of the
transverse momentum pT of the third leading jet for events with Njets ≥ 3
simulated with N additional pile-up events over the one simulated without
pile-up, as defined in Eqn. (7.4). Fig. (b) is a zoomed-in version of Fig (a),
focusing on ratios near unity. The events have been generated with PYTHIA
6 and the anti-kT algorithm with a resolution parameter of R = 0.4 has been
applied.
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Figure C.16: Ratio of the (differential) jet cross section distribution as a function of the
transverse momentum pT of the third leading jet for events with Njets ≥ 3
simulated with N additional pile-up events over the one simulated without
pile-up, as defined in Eqn. (7.4). Fig. (b) is a zoomed-in version of Fig (a),
focusing on ratios near unity. The events have been generated with PYTHIA
6 and the anti-kT algorithm with a resolution parameter of R = 0.6 has been
applied.
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Figure C.17: Ratio of the (differential) jet cross section distribution as a function of the
transverse momentum pT of the fourth leading jet for events with Njets ≥ 4
simulated with N additional pile-up events over the one simulated without
pile-up, as defined in Eqn. (7.4). The events have been generated with
PYTHIA 6 and the anti-kT algorithm with a resolution parameter of (a)
R = 0.4 and (b) R = 0.6 has been applied.
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Figure C.18: Ratio of the (differential) jet cross section distribution as a function of HT
for events with Njets ≥ 4 simulated with N additional pile-up events over
the one simulated without pile-up, as defined in Eqn. (7.4). The events have
been generated with PYTHIA 6 and the anti-kT algorithm with a resolution
parameter of (a) R = 0.4 and (b) R = 0.6 has been applied.
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Figure C.19: Ratio of the (differential) jet cross section distribution as a function of HT
for events with Njets ≥ 3 simulated with N additional pile-up events over
the one simulated without pile-up, as defined in Eqn. (7.4). Fig. (b) is a
zoomed-in version of Fig (a), focusing on ratios near unity. The events have
been generated with PYTHIA 6 and the anti-kT algorithm with a resolution
parameter of R = 0.4 has been applied.
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Figure C.20: Ratio of the (differential) jet cross section distribution as a function of HT
for events with Njets ≥ 3 simulated with N additional pile-up events over
the one simulated without pile-up, as defined in Eqn. (7.4). Fig. (b) is a
zoomed-in version of Fig (a), focusing on ratios near unity. The events have
been generated with PYTHIA 6 and the anti-kT algorithm with a resolution
parameter of R = 0.6 has been applied.
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Figure C.21: Ratio of the three-to-two-jet (differential) cross section ratio as a function
of HT simulated with N additional pile-up events over the one simulated
without pile-up, as defined in Eqn. (7.4). Fig. (b) is a zoomed-in version of
Fig (a), focusing on ratios near unity. The events have been generated with
PYTHIA 6 and the anti-kT algorithm with a resolution parameter of R = 0.4
has been applied.
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Figure C.22: Ratio of the three-to-two-jet (differential) cross section ratio as a function
of HT simulated with N additional pile-up events over the one simulated
without pile-up, as defined in Eqn. (7.4). Fig. (b) is a zoomed-in version of
Fig (a), focusing on ratios near unity. The events have been generated with
PYTHIA 6 and the anti-kT algorithm with a resolution parameter of R = 0.6
has been applied.
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Figure C.23: Ratio of the three-to-two-jet (differential) cross section ratio as a function
(2)
of HT simulated with N additional pile-up events over the one simulated
without pile-up, as defined in Eqn. (7.4). Fig. (b) is a zoomed-in version of
Fig (a), focusing on ratios near unity. The events have been generated with
PYTHIA 6 and the anti-kT algorithm with a resolution parameter of R = 0.4
has been applied.
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Figure C.24: Ratio of the three-to-two-jet (differential) cross section ratio as a function
(2)
of HT simulated with N additional pile-up events over the one simulated
without pile-up, as defined in Eqn. (7.4). Fig. (b) is a zoomed-in version of
Fig (a), focusing on ratios near unity. The events have been generated with
PYTHIA 6 and the anti-kT algorithm with a resolution parameter of R = 0.6
has been applied.
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Figure C.25: Ratio of the three-to-two-jet (differential) cross section ratio as a function of
the leading jet pT simulated with N additional pile-up events over the one
simulated without pile-up, as defined in Eqn. (7.4). Fig. (b) is a zoomed-in
version of Fig (a), focusing on ratios near unity. The events have been generated with PYTHIA 6 and the anti-kT algorithm with a resolution parameter
of R = 0.4 has been applied.
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Figure C.26: Ratio of the three-to-two-jet (differential) cross section ratio as a function of
the leading jet pT simulated with N additional pile-up events over the one
simulated without pile-up, as defined in Eqn. (7.4). Fig. (b) is a zoomed-in
version of Fig (a), focusing on ratios near unity. The events have been generated with PYTHIA 6 and the anti-kT algorithm with a resolution parameter
of R = 0.6 has been applied.

110

Appendix C: Additional Distributions

C.3 Unfolding Results (Section 8.2.3)
The unfolding factors, that are presented in the following, have been created in the context
of the analysis described in Section 8.2.3.

Figure C.27: Unfolding factors for the differential cross section distribution as a function of
the transverse momentum pT of the (a) leading jet for events with Njets ≥ 2,
the (b) second leading jet for events with Njets ≥ 2, the (c) third leading
jet for events with Njets ≥ 3 and the (d) fourth leading jet for events with
Njets ≥ 4. The orange uncertainty bands correspond to the combined unfolding systematic uncertainties. The individual uncertainty contributions
are shown at the bottom of the figure. The anti-kT algorithm with R = 0.4
has been applied. Figure from [122].
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Figure C.28: Unfolding factors for the differential cross section distribution as a function
of HT for events with (a) Njets ≥ 2, (b) Njets ≥ 3 and (c) Njets ≥ 4. The
orange uncertainty bands correspond to the combined unfolding systematic
uncertainties. The individual uncertainty contributions are shown at the
bottom of the figure. The anti-kT algorithm with R = 0.4 has been applied.
Figure from [122].

C.4 “Perfect Jet-Vertex-Fraction” with MC Simulations
(Section 8.5)

Kolmogrov distance

The additional plots, that are presented in the following, have been created in the context
of the analysis described in Section 8.5.
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Figure C.29: Kolmogorov distance between the differential cross section distribution over
HT for events with two or more jets evaluated using events without additional
pile-up events (no pile-up) and those evaluated using events with one, two,
three, four and five additional pile-up events (n pile-up, n ∈ {1, 2, 3, 4, 5})
as a function of the cut on p|JV F | where the values for a cut of |pJV F | ≥
0.00, 0.05, . . . , 0.95, 1.00 are shown. The anti-kT algorithm with R = 0.4 has
been applied.
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Figure C.30: Kolmogorov distance between the differential cross section distribution over
HT for events with four or more jets evaluated using events without additional
pile-up events (no pile-up) and those evaluated using events with one, two,
three, four and five additional pile-up events (n pile-up, n ∈ {1, 2, 3, 4, 5})
as a function of the cut on p|JV F | where the values for a cut of |pJV F | ≥
0.00, 0.05, . . . , 0.95, 1.00 are shown. The anti-kT algorithm with R = 0.4 has
been applied.
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Figure C.31: Kolmogorov distance between the differential cross section distribution over
plead
for events with two or more jets evaluated using events without adT
ditional pile-up events (no pile-up) and those evaluated using events with
one, two, three, four and five additional pile-up events (n pile-up, n ∈
{1, 2, 3, 4, 5}) as a function of the cut on p|JV F | where the values for a
cut of |pJV F | ≥ 0.00, 0.05, . . . , 0.95, 1.00 are shown. The anti-kT algorithm
with R = 0.4 has been applied.
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Figure C.32: Kolmogorov distance between the differential cross section distribution over
psec
T for events with two or more jets evaluated using events without additional
pile-up events (no pile-up) and those evaluated using events with one, two,
three, four and five additional pile-up events (n pile-up, n ∈ {1, 2, 3, 4, 5})
as a function of the cut on p|JV F | where the values for a cut of |pJV F | ≥
0.00, 0.05, . . . , 0.95, 1.00 are shown. The anti-kT algorithm with R = 0.4 has
been applied.
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Figure C.33: Kolmogorov distance between the differential cross section distribution over
pthird
for events with three or more jets evaluated using events without
T
additional pile-up events (no pile-up) and those evaluated using events
with one, two, three, four and five additional pile-up events (n pile-up,
n ∈ {1, 2, 3, 4, 5}) as a function of the cut on p|JV F | where the values for a
cut of |pJV F | ≥ 0.00, 0.05, . . . , 0.95, 1.00 are shown. The anti-kT algorithm
with R = 0.4 has been applied.
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Figure C.34: Kolmogorov distance between the differential cross section distribution over
pfourth
for events with four or more jets evaluated using events without
T
additional pile-up events (no pile-up) and those evaluated using events
with one, two, three, four and five additional pile-up events (n pile-up,
n ∈ {1, 2, 3, 4, 5}) as a function of the cut on p|JV F | where the values for a
cut of |pJV F | ≥ 0.00, 0.05, . . . , 0.95, 1.00 are shown. The anti-kT algorithm
with R = 0.4 has been applied.
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