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"Faithless is he that says farewell when the road darkens.", said Gimly.
"Maybe", said Elrond," but let him not vow to walk in the dark, who has not seen the
nightfall."
The Fellowship of the Ring by J.R.R Tolkien





Kurzfassung

Das Standardmodell der Teilchenphysik verkörpert das gesammelte Wissen über die Zusam-
mensetzung und Wechselwirkung gewöhnlicher Materie. Jedoch verbleiben Fragen unbeant-
wortet, die eine Erweiterung des Modells um neue Teilchen motivieren. Mittels direkter
und indirekter Suchen sollen diese Lücken geschlossen werden, wobei das top Quark als
schwerstes bekanntes Elementarteilchen eine zentrale Rolle spielt. In dieser Arbeit werden
Daten des ATLAS Detektors am Teilchenbeschleuniger LHC analysiert, die 2015 und 2016
bei einer Schwerpunktsenergie von 13 TeV aufgezeichnet wurden. Anhand von konkreten
Beispielen wird sowohl der direkte, als auch der indirekte Ansatz zur Suche nach Hinweisen
auf neue physikalische Phänomene im ℓ+Jets Zerfallskanal der top-antitop Paarproduktion
vorgestellt.
Im ersten Teil der vorliegenden Arbeit wird in einer direkten Suche nach Hinweisen auf
neue Physik das Massenspektrum von top-antitop Paaren auf Resonanzen von theoretisch
vorhergesagten schweren Teilchen untersucht. Der Schwerpunkt der Analyse ist hierbei auf
die Abschätzung des 𝑊 +Jets Untergrundes gelegt, der in einer externen Kontrollregion bes-
timmt und basierend auf der Jetflavor abhängigen und daher unterschiedlich ausgeprägten
𝑊 +/𝑊 − Asymmetrie in den Wirkungsquerschnitten aus den Daten abgeschätzt wird. Da
keine signifikanten Abweichungen von den Standardmodell Erwartungen innerhalb des
top-antitop Massenspektrums beobachtet werden, können Ausschlussgrenzen im Bereich
von 0.5 bis 3.8 TeV auf ausgewählte theoretische Modelle gesetzt werden.
Im zweiten Teil wird eine indirekte Suche anhand der Präzisionsmessung der Ladungsasym-
metrie in der top-antitop-Paarproduktion vorgestellt. Neben der inklusiven Messung wird
auch eine differentielle Messung bezüglich der invarianten top-antitop Masse durchgeführt,
die gerade bezogen auf geboostete top-Zerfälle im Bereich hoher Massen als besonders
sensitiv eingeschätzt wird. Die zentrale Frage der Messung gilt jedoch dem Optimierungspo-
tential der Analyse bezüglich der systematischen Unsicherheit durch die Verwendung des
zuvor bestimmten 𝑊+Jets Untergrundes. Im Rahmen der Unsicherheiten stimmen die
Ergebnisse der Ladungsasymmetriemessungen mit den Erwartungen gemäß des Standard-
modells überein.



Abstract

The Standard Model of particle physics embodies the accumulated knowledge of the
structure and the interaction of ordinary matter. However, questions remain unanswered,
which motivate the extension of the model in order to include new particles. These gaps
are to be closed in direct and indirect searches, with the top quark, the heaviest known
elementary particle, playing a central role. In the thesis at hand data from the ATLAS
detector at the particle accelerator LHC, which were recorded in 2015 and 2016 at a center
of mass energy of 13 TeV, are analyzed. Using actual examples, both approaches to the
search for evidence of new physical phenomena in the ℓ+jets decay channel of top-antitop
quark pair production are presented.
In the first part of this thesis the mass spectrum of top-antitop pairs is analyzed in a direct
search for hints of new physics via resonances of theoretically predicted heavy particles. The
main focus of the analysis is the estimation of the 𝑊 +jets background, which is determined
in an external control region and estimated from data based on the jet flavor dependent
𝑊 +/𝑊 − asymmetry in the cross-section. Since no significant deviations from the standard
model expectations are observed within the top-antitop mass spectrum, exclusion limits in
the range of 0.5 to 3.8 TeV can be set for selected theoretical models.
In the second part, an indirect search is presented by performing a precision measurement
of the charge asymmetry in the top-antitop pair production. In addition to the inclusive
measurement, a differential measurement as a function of the invariant top-antitop mass is
accomplished, which is considered to be particularly sensitive to boosted top decays in the
high mass range. The central question of the measurement, however, is the optimization
potential of the analysis regarding the systematic uncertainty by using the previously
determined 𝑊+jets background. Within the scope of the uncertainties, the results of
the charge asymmetry measurements are in line with the expectations according to the
Standard Model.
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1 Introduction

Now, Introduction to Physics. What is physics? Physics comes from the ancient Greek
word physiké1. It’s at this point that you’ll want to start taking notes. Physiké means
the science of natural things. And it is there, in ancient Greece, that our story begins.
Dr. Sheldon Lee Cooper [2]

Following the words of the unquestionably famous television-physicist Ph.D., Sc.D. Sheldon
Lee Cooper leads us to the beginnings of particle physics, i.e. the discovery of unbreakable
small particles, the so called atomos2. Since then it has been a long way until the descrip-
tion of nature with the Standard Model containing the smallest unbreakable particles of
our time. Nevertheless mankind is still trying to "break" the smallest particles for the
next step and/or find new particles to increase the understanding of our surroundings and
the universe. Unexplainable phenomena, such as dark matter and dark energy, motivate
scientists all over the world to explore new theory models and search with particle detectors
for physics beyond the current knowledge.

The latest boom of discoveries, in which many new particles have been discovered in
a short period of time, happened at the beginning of quark discovery, with explicit searches
for the direct detection of particles. With the Higgs particle being the last unbound particle
and missing piece of the SM, a plateau has been reached and no new particles have been
discovered since.
The search for new physics can be split into two strategies: direct and indirect searches.
Direct searches for new phenomena are in general model-independent, but currently have
not lead to a discovery of new particles within the explored energy regions at the present
experiments. Nevertheless exclusion limits can be set for theoretic models within the direct
searches, since although no new particles have been discovered, new information have been
gained. Indirect searches on the other hand contribute to the search for new physics by
performing precise measurements of Standard Model properties. These type of searches
evaluate their measurements regarding evidence of new phenomena, visible as deviation
from the Standard Model expectation. The focus lies on increasing the precision of the
measurement with every iteration.

The two parts in the thesis at hand represent the different approaches for searches
for new physics involving top quarks. The first one is an example of a direct search
for heavy resonances decaying into a 𝑡𝑡 quark pair and is published in [3]. The second
analysis represents an indirect search for new physics by measuring the charge asymmetry

1 physiké, romanized spelling from the ancient greek word 𝜙𝜈𝜎𝜄𝜁[1].
2 Not to be confused with atoms in current physics speech.

1



2 1 Introduction

in top-pair production. The study has provided valuable input regarding strategy decisions
for the publication [4]. Both studies analyze events with the signature of a top-antitop (𝑡𝑡
) decay in the lepton+jets channels with

´
L=36.1 fb−1 of data1 recorded at the ATLAS

detector during 2015 and 2016 at a center of mass energy of
√

𝑠=13 TeV.

The thesis starts with a brief introduction into particle physics in chapter 2, providing
the theoretical foundation and predictions needed for this work. The second chapter,
chapter 3, contains a short overview over the particle accelerator complex LHC and the
ATLAS detector, where the analyzed data is collected. In chapter 4 the reconstruction
and identification of physics objects at the ATLAS detector is described. The dataset and
the simulated events for comparison are documented in chapter 5, while the collected data
is analyzed with respect to the applied object and selection criteria defined in chapter
6. Special emphasis is paid to the estimation of the 𝑊+jets background in chapter 7 in
preparation for the search for resonances in the 𝑡𝑡 decay mass spectrum. A short overview
over the systematic uncertainties affecting this direct search is presented in chapter 8.
The final results of the direct search are presented in chapter 9, including the setting
of exclusion limits. In chapter 10 the indirect search via the measurement of the top
charge asymmetry in top-antitop pair production is described. The study concludes with a
summary in chapter 11.

1 The amount of data is described in the unit barn [b] as an alternative unit for cross-sections with 1 b
=10−24cm2.



2 Theory foundation

The foundation of particle physics is provided by the Standard Model of Particle Physics
(subsequently often abbreviated to SM), which describes the collection of knowledge of
fundamental particles and their interactions. A brief introduction into the theoretical
aspects of the SM is provided in the first section of this chapter, section 2.1. The second
section, section 2.2, focuses on the top quark, the field of attention of the thesis at hand,
and discusses in detail its production and decay. A short outlook into selected theoretical
models beyond the SM in section 2.3 motivates the search for new physics with top quarks,
while the theory foundation is concluded with an introduction into the W+jets asymmetry
in section 2.4. The last section lays the foundation of understanding and estimating a
major source of uncertainty, the W+jets background, within the top analysis presented
further on.

2.1 Standard Model of Particle Physics

The Standard Model of Particle Physics was developed during the late 20th century as
a theoretical model, see section 2.1.1, to describe the fundamental interactions of the
combined electroweak interaction and the strong interaction along with the fundamental
particles and the Higgs mechanisms, see 2.1.2. Murray Gell-Mann and Juval Ne’eman
proposed individually in 1961 a scheme to order the previously discovered hadrons, similar
to the periodic table of elements [5, 6]. In 1969 Gell-Mann was awarded the Nobel prize
in physics "for his contribution and discoveries concerning the classification of elementary
particles and their interactions."[7], referring to his work introducing a symmetry scheme,
which he called the "Eightfold way"1. In 1964 Gell-Mann and Georg Zweig developed the
quark model independently[8, 9].

With particle accelerators as the Large Hadron Collider at CERN, see section 3.1, an
ideal environment for probing the boundaries of the SM is provided. Center of mass energies
in the TeV scale provide input for the search for new particle in continuously increasing
mass regions, while precision measurements profit from high luminosities, resulting in high
statistics. Physicists all over the world utilized the collected data to search for deviations
from the SM, which hints to physics beyond the currently established model.

2.1.1 Mathematical description of the Standard Model

The SM is a relativistic quantum field gauge theory, which describes the particle interactions
by a quantum field theory, consistent with both quantum mechanics and special relativity.

1 The "Eightfold Way" refers to the "Noble Eigthfold Path", a path of Buddhist practices, since the
number 8 plays a dominant role in the symmetry scheme.

3



4 2 Theory foundation

Thus, combining the electroweak theory and quantum chromodynamics into a structure
denoted by the gauge symmetry group

𝑆𝑈(3)𝐶 ⊗ 𝑆𝑈(2)𝐿 ⊗ 𝑈(1)𝑌 (2.1)

the interactions are a consequence of the local gauge invariance under this gauge group.
The structure describes the corresponding gauge field of the colour charge 𝐶 for the strong
interaction, of the weak isospin 𝐿 for the weak interaction and of the hypercharge 𝑌 , for
the electromagnetic interaction. The underlying gauge theory is non-Abelian due to the
non-commutative nature of the 𝑆𝑈(3) and 𝑆𝑈(2) field strength tensors. With the inability
to incorporate general relativity and failing at energies or distances, where the graviton is
expected to emerge, the SM can be interpreted as an effective field theory1.

2.1.2 Interactions and particles

Based on the theoretical introduction in the previous section 2.1.1, a closer look at the
field content of the SM is the focus of this section. The first sector presented here is the
gauge sector, containing the elementary particles representing the gauge group generators
with integer spin, mediating the interactions as force carriers. Next the fermionic sector
is introduced, which consists of twelve half-integer spin matter fields, representing the
fundamental particles of matter. Finally the Higgs sector is presented with its doublet of
Higgs scalar fields, providing mass to the fermions and massive bosons via spontaneous
electroweak symmetry breaking.

Gauge sector

In our current understanding gauge bosons with an integer spin of 1 mediate the fundamental
forces between the elementary matter building particles. In table 2.1 an overview is provided
over the forces included in the Standard Model. A representative of the gravitational force
is absent, since a satisfactory quantum theory of gravity to introduce the hypothetical
graviton has yet to be worked out. Due to the fact that the strength of gravitation is
negligible at the subatomic scale, the missing integration into the Standard Model is not
necessary to describe the relevant interactions at high energy.

The gauge sector consists of the electroweak interaction, i.e. the mathematical combina-
tion of the electromagnetic and the weak force, and the strong interaction, which will be
introduced next.
The oldest and simplest form of these dynamical theories is the Quantum Electrodynamics
(QED), which describes the electromagnetic interaction between electrically charged parti-
cles via its gauge boson, the photon (𝛾). The photon is massless and electrically neutral,
resulting in an infinite range for the electromagnetic force.

1 An effective field theory is a quantum field theory, that only describes nature at energies below a certain
scale or cutoff.



2.1 Standard Model of Particle Physics 5

Interaction Boson Mass [GeV] corresponding charge
electromagnetic photon (𝛾) 0 electric charge

weak W± 80.379±0.012 weak isospinZ 91.1876±0.0021
strong gluon (g) 0 color charge

Table 2.1: Overview over the interactions within the Standard model, listing the gauge bosons,
their recent mass measurements[10] and the corresponding charge, determining the coupling to
fermions .

The weak interaction however is mediated by massive gauge bosons, either electrically
charged (𝑊 + and 𝑊 −) or neutral (𝑍). These gauge bosons couple to particles with weak
isospin 𝐼3 and have a limited range due to their mass1.

The strongest force, the hence so called strong interaction, is described by Quantum
Chromodynamics (QCD) with gluons as gauge bosons, mediating the interaction between
particles, which carry a color charge, a quantum number described as pseudo-color Red (𝑟),
Green (𝑔) or Blue (𝑏). The gluons are electrically neutral, massless, carry two color charges,
a combination of color and anti-color, leading to an octet of different gluons (3⊗3=8⊗1)
and a singlet. The singlet though is non-existent, due to the fact that this color-free gluon
would be expected to exist as a free particle and give rise to a long range force - which is a
contradiction to the observations and the current understanding of the strong interaction.
Since the gluons carry a color charge themselves, they are the only bosons capable of
self-interaction. These gluon-gluon interactions constrain the range of the strong force and
confine gluons and color charged elementary particles within composite particles, since
the coupling strength increases with the distance. Only color-neutral composite particles
are allowed, for example with three colors or anti-colors or a combination of color and
anti-color.

Fermionic sector

With the gauge bosons introduced, the focus shifts to the twelve particles with spin 1/2
of the fermionic sector, which represent the building blocks of matter. These so called
fermions are categorized into leptons and quarks, each group divided into three generations.
The elementary particles throughout the generations have identical quantum numbers,
but increase in mass with the generation. While ordinary matter is built up from the
first generation of leptons and quarks, the second and third generations are instable and
decay via weak interaction into particles of the first generation. An overview over the field
content of the fermionic sector is provided in table 2.2.

1 Natural units are used throughout this thesis, setting 𝑐=~=1 and omitting 𝑐 and ~ from corresponding
expressions.
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Leptons
Gen. Name Symbol Color I3 Q/e Mass

1. electron neutrino 𝜈𝑒 none +1/2 0 <1.1 eV*
electron 𝑒− none -1/2 -1 0.511 MeV

2. muon neutrino 𝜈𝜇 none +1/2 0 <0.19 MeV*
muon 𝜇− none -1/2 -1 105.66 MeV

3. tauon neutrino 𝜈𝜏 none +1/2 0 <18.2 MeV**
tauon 𝜏− none -1/2 -1 1776.86±0.12 MeV

Quarks
Gen. Name Symbol Color I3 Q/e Mass

1. up 𝑢 yes +1/2 2/3 2.16+0.49
−0.26 MeV

down 𝑑 yes -1/2 -1/3 4.67+0.48
−0.17 MeV

2. charm 𝑐 yes +1/2 2/3 1.27±0.02 GeV
strange 𝑠 yes -1/2 -1/3 95+11

−5 MeV

3. top 𝑡 yes +1/2 2/3 173.34+0.27
−0.71 GeV

bottom 𝑏 yes -1/2 -1/3 4.18+0.03
−0.02 GeV

Table 2.2: The three generations of fermions of the Standard Model, separated into leptons
and quarks. Some quantum numbers are presented and either the mass or mass limits, provided
at (*) 90% or (**) 95% level of confidence[10–12]. If no explicit uncertainty on a mass
measurement is provided, it is smaller than the given precision. Antiparticles are not listed
explicitly. The third component of the isospin 𝐼3 is given for the left-handed fermions, while
the right handed fermions have 𝐼3 = 0.

The SM differentiates between six types or flavors of quarks, i.e. up (𝑢), down (𝑑),
charm (𝑐), strange (𝑠), top (𝑡) and bottom (𝑏), with an antiquark 𝑞 for each quark 𝑞,
distinguishable by the opposite electric charge. The three lightest quarks (𝑢,𝑑,𝑠) can be
grouped together and are referred to as light quarks within the thesis at hand. The six
quarks are arranged as pairs, consisting of a quark with a positive electric charge of +2/3𝑒
and quark with negative electric charge of -1/3𝑒. Besides the electric charge quarks carry a
weak and a color charge and are therefore capable of interacting with all forces. Composite
states (hadrons) can be built out of either two (mesons) or three (baryons) quarks under
the condition, that the overall color-charge is neutral. States with four or five (anti-)quarks
have also been observed[13], so-called tetra- and pentaquarks.
Leptons form the second part of the fermionic sector and carry either an electrical charge
of -1𝑒 or are neutral and called neutrinos. There are three different types of leptons,
i.e. electron (𝑒), muon (𝜇) and tauon (𝜏), arranged in three generations, which differ in
mass. While the charged leptons interact with all electroweak gauge bosons, neutrinos
only participate in weak interactions and are therefore difficult to detect. The mass of
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neutrinos has not been measured yet, but due to neutrino flavor oscillations, measured
from atmospheric and solar neutrinos[14, 15], massless neutrinos can be excluded[16] and
upper limits of the mass measurements are experimentally set. The latest individual result
for the electron neutrino provides a limit of 𝑚𝜈𝑒 < 1.1 eV at a 90% confidence level[12].

Higgs sector

Since the electroweak 𝑆𝑈(2)𝐿 ⊗ 𝑈(1)𝑌 symmetry forbids masses for its force mediators 𝑊
and 𝑍, as well as for elementary matter particles, which is in conflict with observations of
𝑚𝑊 ≈ 80 GeV and 𝑚𝑍 ≈ 90 GeV, the symmetry needs to be broken. Within the SM the
ground state of the electroweak symmetry corresponds to 𝑈(1)𝐸𝑀 of the electromagnetism,
resulting in a massless photon, but generating massive gauge bosons 𝑚𝑊 ≈ 𝑚𝑍 , which
are of the order of the electroweak scale 𝑀𝐸𝑊

1. Symmetry breaking can be achieved by
adding a 𝑆𝑈(2)𝐿 doublet scalar Higgs,

𝐻 =
(︂

𝐻+

𝐻0

)︂
(2.2)

representing the Higgs field with a "Mexican-hat" potential V(H), assuming a negative
mass squared parameter 𝜇2 < 0 and a positive and non-vanishing Higgs field self-coupling
𝜆 > 0, see equation 2.3.

𝑉 (𝐻) = 𝜇2𝐻†𝐻 + 𝜆(𝐻†𝐻)2, with 𝜇2 < 0, 𝜆 > 0 (2.3)

With the non-vanishing vacuum expectation value 𝐻0,

𝐻0 = 1√
2

(︂
0
𝜈

)︂
, 𝜈 = 𝑚𝐻/

√
𝜆 (2.4)

with 𝑚𝐻 representing the Higgs mass, the gauge group of the Standard Model is broken
spontaneously, see equation 2.5.

𝑆𝑈(3)𝐶 ⊗ 𝑆𝑈(2)𝐿 ⊗ 𝑈(1)𝑌 ⇒ 𝑆𝑈(3)𝐶 ⊗ 𝑈(1)𝐸𝑀 (2.5)

The masses of the weak gauge bosons are acquired by their coupling to the Higgs field

𝑚𝑊 = 𝜈𝑔

2 and 𝑚𝑍 = 𝜈
√︀

𝑔2 + 𝑔′2

2 . (2.6)

with the gauge coupling 𝑔 to SU(2)𝐿 and 𝑔′ to U(1)𝑌 . The masses of the fermions can be
estimated by calculating the coupling between the vacuum Higgs field 𝐻0 and them, the
so called Higgs-Yukawa coupling

1 The electroweak scale, also known as Fermi scale, is the energy scale around 246 GeV, a typical energy
of processes described by the electroweak theory.
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The mass term of an additional boson, the Higgs boson,

𝑚2
𝐻 = 2𝜈2𝜆 (2.7)

is a free parameter within the Standard Model and its existence has been confirmed by the
ATLAS and CMS experiment in 2012 at the LHC [17, 18]. Latest measurements yield a
Higgs mass of 𝑚𝐻0 = (125.10 ± 0.14) GeV[10].

2.2 Top quark physics

Within the Standard Model and its elementary particles, the top quark is the heaviest
with a mass of 𝑚𝑡 = 173.34+0.27

−0.71 GeV[11], comparable to the mass of a gold atom. It has
been discovered in 1995 with the detectors CDF and D0 at the proton-antiproton (𝑝𝑝)
collider Tevatron at the Fermi National Accelerator Laboratory (Fermilab)[19, 20], next
to last of all the currently known elementary particles of the SM, with only the Higgs
boson being younger with respect to its discovery. Due to the short lifetime of 10−24s, the
experimental measurement of the top properties is only possible via the decay products,
since no composite states with top quarks are known.
In the following section 2.2.1, the production mechanism of top quark pairs1 at proton-
proton colliders is introduced, followed by an overview over the top decay channels in
section 2.2.2, with focus on the relevant decay channel for the thesis at hand.

2.2.1 Top quark production at LHC

At proton-proton(𝑝𝑝) colliders top-antitop pairs are mainly produced via strong interaction
described by perturbative QCD. The constituents of the colliding protons interact via
hard scattering process and produce a top quark pair in the final state. At Born level ap-
proximation the dominant production processes are quark-antiquark annihilation, 𝑞𝑞 → 𝑡𝑡
and gluon-gluon fusion, 𝑔𝑔 → 𝑡𝑡. The relevant leading order Feynman diagrams for the
contributing processes to top pair production are shown in figure 2.1.
At 𝑝𝑝-colliders with a center of mass energy of

√
𝑠 = 13 TeV gluon fusion is the dominant

process, providing 90% of the top quark pair production, due to the high gluon density
within the proton at low fractions 𝜒 of the proton momentum, see figure 2.2.

Since the fraction 𝜒 of the initial hadron momentum is not known for the parton
interaction, the total top cross-section can be described by separating the partonic reaction
into a short distance and a long distance contribution

𝜎𝑡𝑡(
√

𝑠,𝑚𝑡) =
∑︁
𝑖,𝑗

ˆ ˆ
𝑑𝜒𝑖𝑑𝜒𝑗𝑓𝑖(𝜒𝑖,𝑄

2)𝑓𝑗(𝜒𝑗 ,𝑄2) × 𝜎𝑖𝑗→𝑡𝑡(𝜌, 𝑚2
𝑡 ,𝜒𝑖,𝜒𝑗 ,𝛼𝑠(𝑄2),𝑄2) (2.8)

1 Single top production represents a minor background for the analysis at hand and the production
processes are briefly discussed in section 5.4.3.
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𝑔

(a) 𝑞𝑞 → 𝑡𝑡

𝑡

𝑡

𝑔

𝑔

𝑔

(b) 𝑔𝑔 → 𝑡𝑡 (s-channel)

𝑡

𝑡

𝑔

𝑔

(c) 𝑔𝑔 → 𝑡𝑡 (t-channel)

𝑡

𝑡

𝑔

𝑔

(d) 𝑔𝑔 → 𝑡𝑡 (u-channel)

Figure 2.1: Feynman diagrams of lowest order contributing to top pair production at 𝑝𝑝-
colliders, either in quark-antiquark annihilation (a), or via gluon-gluon fusion (b),(c),(d).
Charge conjugation can be applied.

for a given center-of-mass energy
√

𝑠 and a top mass parameter 𝑚𝑡. The summation is
performed over all permutations of 𝑖, 𝑗 ∈ {𝑞,𝑞, 𝑔}. The long distance part can be factorized
into longitudinal parton momentum distribution functions (PDFs) 𝑓𝑖(𝜒𝑖, 𝑄2), with the
momentum transfer 𝑄. The PDFs represent the probability distribution of observing
a parton of type 𝑖 with a longitudinal parton momentum fraction 𝜒𝑖 and the squared
transferred momentum 𝑄2. Since these probabilities cannot be universally derived from
QCD, they have to be provided from experimental studies of the proton structure, mostly
from deep inelastic lepton-proton scattering experiments.
The short distance term arises from the hard scattering process of the respective partons,
denoted by the partonic cross-section 𝜎𝑖𝑗 for partons 𝑖 and 𝑗. This contribution is charac-
terized by high momentum transfer. Hence, it is not dependent on the incoming hadron
type or the respective wave functions and can be described by perturbative QCD, see
Feynman diagrams in figure 2.1.the parameter 𝜌 is given by equation 2.9,

𝜌 = 4𝑚2
𝑡√

𝜒1𝜒𝑗𝑠
= 4𝑚2

𝑡√
𝑠

(2.9)

where 𝜒𝑖𝜒𝑗𝑠 ≡ 𝑠 denotes the effective center of mass energy in the partonic reaction. The
probability of a parton 𝑖 to be carrying a momentum fraction of 𝜒𝑖 decreases significantly
with rising 𝜒𝑖, as can be seen in figure 2.2.
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(a) 𝑄 = 2 GeV (b) 𝑄 = 100 GeV

Figure 2.2: Parton distribution functions 𝜒𝑓 for quarks and gluons inside a proton as a
function of the fraction 𝜒 of the proton momentum at a given energy scale 𝑄, evaluated for low
(𝑄 = 2 GeV), see (a), and high (𝑄 = 100 GeV), see (b), energy scales inside the proton[21].

Latest next-to-next-to leading order (NNLO) calculations, including next-to-next-to-leading-
log soft gluon resummation, predict a cross-section of 𝜎𝑡𝑡 = 831.8+19.8+35.1

−29.2−35.1 pb[11, 22] at
13 TeV center of mass energy, assuming a top quark mass of 172.5 GeV. Listed are the
uncertainties from scale dependence and parton distribution functions.

2.2.2 Top quark decay

The weak decay of quarks within the three quark generations is described by their coupling
strength and summarized in the Cabibbo-Kobayashi-Maskawa (CKM) matrix (𝑉𝐶𝐾𝑀 )[23,
24]. Each matrix element 𝑉𝑖𝑗 provides the coupling strength between quarks of flavor 𝑖 and
𝑗, while the coupling strength within one quark generation, represented by the diagonal
entries in 𝑉𝐶𝐾𝑀 , is close to unity, see equation 2.10 with the latest results[25].

|𝑉𝐶𝐾𝑀 | =

⎛⎝|𝑉𝑢𝑑| |𝑉𝑢𝑠| |𝑉𝑢𝑏|
|𝑉𝑐𝑑| |𝑉𝑐𝑠| |𝑉𝑐𝑏|
|𝑉𝑡𝑑| |𝑉𝑡𝑠| |𝑉𝑡𝑏|

⎞⎠ =

⎛⎜⎝0.97446(10) 0.22452(44) 0.00365(12)
0.22438(44) 0.97359+(10)

−(11) 0.04214(76)
0.00896+(24)

−(23) 0.04133(74) 0.999105(32)

⎞⎟⎠ (2.10)

For top quarks the decay is expected to be dominated by the two-body decay 𝑡 → 𝑏 + 𝑊 ,
since the top mass is above the 𝑊𝑏 threshold and the fraction of decays into a bottom
quark is predicted by the branching ratio BR(𝑡 → 𝑏 + 𝑊 )≈ |𝑉𝑡𝑏|2= 99.8%.
The top decay width 𝛤𝑡 is 1.35 GeV [11], assuming a top mass of 𝑚𝑡 = 173.3 GeV. Due to
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the short lifetime of 𝜏𝑡 = 1/𝛤𝑡 ≈ 0.5 × 10−24 s the top quark is expected to decay before
composite states with tops quarks can be built.
The final states for the top quark pair decay are defined by the decays of the two W
bosons, which individually decay either hadronically into two quarks, i.e. one up- and one
down-type quark, or leptonically into a lepton and its neutrino, see Feynman diagram in
figure 2.3 illustrating a hadronically and a leptonically decaying W boson within the top
quark pair decay.

For the hadronic decay of the W boson a combination of a top quark and an arbitrary
down-type quark is excluded due to the low mass of the W in comparison to the top quark
mass. The remaining six possible combinations of up-type and down-type quarks and a
color factor of three lead to an expected branching ratio of the hadronic W boson decay
of 𝛤𝑊,ℎ𝑎𝑑./𝛤𝑊 =(67.41±0.27)% [10]. The leptonic side is almost equally distributed with
about 11% branching ratio per lepton flavor, see table 2.3, resulting in an overall branching
ratio for the leptonic W decay of 𝛤𝑊,𝑙𝑒𝑝./𝛤𝑊 ≈ 33%.

Decay mode Branching ratio in %
𝑊 + → 𝑞𝑞′ 67.41±0.27

𝑊 + → 𝑒+𝜈𝑒 10.71±0.16
𝑊 + → 𝜇+𝜈𝜇 10.63±0.15
𝑊 + → 𝜏+𝜈𝜏 11.38±0.21

Table 2.3: Decay modes of a 𝑊 + boson, either hadronic or leptonic, with the respective
measured branching ratio[10]. 𝑊 − modes are charge conjugates of the listed 𝑊 + modes above.

𝑏

�̄�

𝑙−

𝜈𝑙

𝑞

𝑞′

𝑔

𝑔

𝑔
𝑡

𝑡

𝑊 +

𝑊 −

Figure 2.3: Feynman diagram for 𝑡𝑡 decay process with a hadronically decaying 𝑊 − and a
leptonically decaying 𝑊 +, resulting in top quark pair decay of the category ℓ+jets.
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For top quark pair decays three final signatures are defined, depending on the decay
mode of the two W-bosons, see table 2.4 and the following list:

• Full hadronic final state (all-hadronic)
Both W bosons from the top quark pair decay further into quarks, which hadronize
and form a parton shower each, a so-called jet, leading to a total amount of six jets,
including the b quarks from the initial top quark decay.
BR(𝑡𝑡 𝑎𝑙𝑙−ℎ𝑎𝑑.) = 45.7%

• Semileptonic final state (lepton+jets)
One W boson decays hadronically, while the other decays leptonically, leading to a
total amount of four jets, including the b quarks from the initial top quark decay,
one charged lepton and its corresponding (anti-)neutrino.
BR(𝑡𝑡 ℓ+𝑗𝑒𝑡𝑠) = 43.8%

• Dileptonic final state (dilepton)
Both W-bosons from the top quark pair decay further into a charged lepton and
the corresponding (anti-)neutrino, respectively. In addition to these two leptons and
neutrinos, two jets from the b quarks of the initial top decay are produced.
BR(𝑡𝑡 ℓℓ) = 10.5%

Decay mode BR in % Process BR of process in %
all-hadronic 45.7 𝑡𝑡 → 𝑞𝑞𝑏 + 𝑞𝑞𝑏 45.7

lepton+jets 43.8
𝑡𝑡 → 𝑞𝑞𝑏 + 𝑒𝜈𝑒𝑏 14.4
𝑡𝑡 → 𝑞𝑞𝑏 + 𝜇𝜈𝜇𝑏 14.3
𝑡𝑡 → 𝑞𝑞𝑏 + 𝜏𝜈𝜏 𝑏 15.3

dilepton 10.5

𝑡𝑡 → 𝑒𝜈𝑒𝑏 + 𝑒𝜈𝑒𝑏 1.2
𝑡𝑡 → 𝑒𝜈𝑒𝑏 + 𝜇𝜈𝜇𝑏 2.3
𝑡𝑡 → 𝑒𝜈𝑒𝑏 + 𝜏𝜈𝜏 𝑏 2.4
𝑡𝑡 → 𝜇𝜈𝜇𝑏 + 𝜇𝜈𝜇𝑏 1.1
𝑡𝑡 → 𝜇𝜈𝜇𝑏 + 𝜏𝜈𝜏 𝑏 2.4
𝑡𝑡 → 𝜏𝜈𝜏 𝑏 + 𝜏𝜈𝜏 𝑏 1.3

Table 2.4: Overview of branching fractions of the top pair decay modes, distinguished between
all-hadronic, lepton+jets and dilepton decay mode. The branching ratios are extracted from
[10, 11]. Anti-/matter identities are not provided explicitly and depend on the charge of the
W-boson respectively.

In the all-hadronic channel the correct assignment of the decay products, i.e. the six jets,
to the two top quarks as well as a large background from multijet processes are challenging.
Within the dilepton channel two neutrinos have to be reconstructed by splitting the missing
transverse energy.
The analysis at hand uses the lepton+jets decay channel, which provides a statistics as
large as in the all-hadronic channel, but without the dominating multijet background and
the non-trivial assignment of decay products to the initial top quark pair. Compared to the
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dilepton channel the advantage of a satisfying signal to background ratio is also fulfilled in
the lepton+ jets decay mode, but only the reconstruction of a single neutrino is required.
The Feynman diagram of a top quark pair decaying in lepton+jets mode is provided in
figure 2.3.

2.3 Theoretical models beyond the Standard Model

The Standard Model in its current form is not capable of explaining the open questions of
our time regarding for example the building blocks of Dark Matter (DM) or providing an
unified theory, where all symmetry groups are contained within a single one, the so called
Grand Unification Theory (GUT). With a mass close to the electroweak symmetry breaking
scale 𝑀𝐸𝑊 , see section 2.1.2, the top quark is a candidate to probe physics beyond the
Standard Model (subsequently often abbreviated to BSM), since many theories expect
new particles to decay to (or couple to) top quarks, due to the large Yukawa-coupling. In
addition to that the continuously high production rate of top quarks at the LHC provides
a rich testing ground for theoretical models of BSM physics.
Within this section hypothetical new particles are presented, which are assumed to decay
into top quark pairs. These particles are distinguished by spin and type. In section 2.3.1
an additional neutral gauge boson 𝑍 ′ is introduced, followed by a graviton field excitation
in section 2.3.2 and a gluon field excitation in section 2.3.3.

2.3.1 Spin-1 color singlet Z’

The existence of an additional neutral heavy particle, a so called 𝑍 ′ (Z-prime) boson, is
predicted by many theories, to provide an extension of the Standard Model. Within the
search for resonances in the top quark pair mass spectrum, two representative theories are
probed. The primary production mode for both is 𝑞𝑞 annihilation as shown in figure 2.4(a).
Technicolor theories are an example for BSM theories and describe the electroweak sym-
metry breaking mechanism not by introducing an elementary Higgs boson but with new
gauge interactions coupled to new massless fermions. Since the Higgs boson is discovered,
topcolor-assisted technicolor theories[26] assume, that the Higgs boson is a composite state
of a top and an antitop quark, while the original models without a Higgs boson (elementary

q

q̄

Z ′

t̄

t

(a) 𝑍′ →𝑡𝑡

g

g

GKK

t̄

t

(b) G𝐾𝐾 →𝑡𝑡

q

q̄

gKK

t̄

t

(c) g𝐾𝐾 →𝑡𝑡

Figure 2.4: Leading-order Feynman diagrams for the signal processes studies in the search for
resonances in the 𝑡𝑡 mass spectrum. The 𝑍 ′ (a) and Kaluza-Klein gluons (g𝐾𝐾)(b) have spin
1, while the Kaluza-Klein graviton (G𝐾𝐾) has spin 2(c) [3].Charge conjugation can be applied.
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or composite) are ruled out. They also provide an explanation for the large top mass
through top quark condensation[27].
The topcolor-assisted technicolor TCA2[28] benchmark model predicts a 𝑍 ′ boson, denoted
𝑍 ′

𝑇 𝐶2, which is leptophobic and couples only to the first- and third-generation of quarks.
The properties of the hypothetical heavy 𝑍 ′

𝑇 𝐶2 boson are defined by the topcolor tilting
parameter, cot 𝜃𝐻 , which controls the width and the production cross-section, and 𝑓1 = 1
and 𝑓2 = 0, which maximize the fraction of 𝑍 ′

𝑇 𝐶2 bosons that decay into 𝑡𝑡 . The tilting
parameter is tuned to achieve a resonance width of 1% of its mass[29].
Previous searches by ATLAS [30] and CMS [31] collaboration set lower limits of 𝑚(𝑍 ′

𝑇 𝐶2) >
1.8 TeV and 𝑚(𝑍 ′

𝑇 𝐶2) > 2.5 TeV, respectively, on the allowed mass for the hypothetical
𝑍 ′

𝑇 𝐶2 boson at 95% confidence level (CL).

With astrophysical and cosmological evidence for dark matter, simplified DM models
predict the existence of a messenger particle, which provides a coupling to both regular
and dark sector and therefore may be produced in high energy collisions at the LHC. Since
the production via quark annihilation is assumed to be likely, the mediator could decay
back into two quarks, especially into heavy top quarks.
An axial-vector model with equal couplings to quarks and leptons is considered to be
probed within the direct search in the thesis at hand, predicting a weakly coupled TeV-scale
axial-vector mediator and a vector mediator, denoted as 𝑍 ′

𝐷𝑀,𝑎𝑥 and 𝑍 ′
𝐷𝑀,𝑣𝑒𝑐, proposed

within a framework of simplified models by the LHC Dark Matter Working Group[32]. The
five free parameters of the mediators are chosen as follows to serve as comparable signal
for the analysis at hand:

• 𝑔𝑞: The coupling to quarks is set to 0.25, to represent a weak coupling strength
• 𝑔𝑙: The coupling to leptons is set to 0, resulting in a leptophobic 𝑍 ′

• 𝑔𝐷𝑀 : The coupling to Dark Matter is set to 1, representing a strong coupling strength
• 𝑚𝐷𝑀 The Dark Matter mass is set to 10 GeV, following the benchmarks A1 and V1

defined in Ref.[32].
• 𝑚𝐷𝑀 : The Dark Matter mass is varied between 0.5 TeV an 5 TeV

The width of the two 𝑍 ′
𝐷𝑀 mediators is 5.6% of their masses, with the 𝑍 ′

𝐷𝑀,𝑎𝑥 width
kinematically limited to 5.3% at 0.5 TeV.
This model has not been tested so far in searches for top quark pair resonances in the
lepton+jets decay channel.

2.3.2 Spin-2 color singlet 𝐺𝐾𝐾

The large discrepancy of the Planck and weak scale is denoted as Planck-weak hierarchy
problem of the SM and one of the unsolved riddles in particle physics. Many theories
exist to propose solutions. One of them is the here presented model based on the Randall-
Sundrum (RS) framework with a warped extra dimension [33]. The postulation of an
extra dimension of space leads to the Kaluza-Klein excitation of the graviton and produces
a spin-2 color singlet boson, denoted as 𝐺𝐾𝐾 (Kaluza-Klein graviton). The considered
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graviton 𝐺𝐾𝐾 is referred to as a Bulk RS graviton, since the SM fields in the warped bulk
and the fermions are localized appropriately[34, 35]. Characterized by a dimensionless
coupling constant 𝑘/𝑀𝑃 𝑙 ∝ 1, where 𝑘 is the curvature of the warped extra dimension
and 𝑀𝑃 𝑙=𝑀𝑃 𝑙/

√
8𝜋 is the reduced Planck mass, the decay of 𝐺𝐾𝐾 into light fermions is

suppressed, since the KK gravitons are localized near the TeV brane, whereas the light
fermions (1st/2nd generation) are localized near the Planck brane. The primary production
mode is gluon-gluon fusion as shown in figure 2.4(b).
The width of the gravitons, searched for within this thesis, varies from 3% to 6% in the
mass range 0.4-3 TeV. The branching ratio of 𝐺𝐾𝐾 , decaying into a top and antitop quark
pair, increases rapidly from 18% to 50% for masses between 400 and 600 GeV, reaching a
plateau at 68 % for masses larger than 1 TeV.
A search for 𝐺𝐾𝐾 has been performed previously by the ATLAS and CMS collaboration
in the 𝐺𝐾𝐾 → 𝑍𝑍/𝑊𝑊 decay channel, resulting in an exclusion of Bulk RS 𝐺𝐾𝐾 with
masses less than 1.3 TeV at 95% CL [36–38].

2.3.3 Spin-1 color octet 𝑔𝐾𝐾

Similar to the spin-2 color singlet 𝐺𝐾𝐾 in section 2.3.2, the spin-1 color octet bosons
are produced in RS models with a single warped extra dimension in space leading to
Kaluza-Klein excitations of the gluons[39]. The primary production mode is 𝑞𝑞 annihilation
as shown in figure 2.4(c).
The Bulk RS Kaluza-Klein gluons, 𝑔𝐾𝐾 , considered for the direct search, have a width
varying between 10% and 40% of the 𝑔𝐾𝐾 mass. Characteristic for the chosen setting is
the strong coupling of the hypothetical gluons to light quarks with 𝑔𝑞 = −0.2𝑔𝑠, with the
SM gluon coupling 𝑔𝑠. In addition to that the left-handed coupling to top quarks is fixed
to 𝑔𝐿(𝑡) = 𝑔𝑠 and the right-handed coupling to top quarks, 𝑔𝑅(𝑡), is varied to achieve the
desired width.
Previous searches of the ATLAS Collaboration exclude a 𝑔𝐾𝐾 (15% width) with a mass
below 2.1 TeV[40]. Using slightly different benchmark models the CMS Collaboration sets
exclusion limits for 𝑔𝑘𝑘 masses of less than 3.3 TeV at 95% CL[41].

2.4 𝑊 +/𝑊 − boson production ratio

Production of a 𝑊 boson with associated jets is the largest background in the top quark
related analyses in this thesis. The theoretical prediction of the 𝑊 +jets cross-section is not
as precise as the ratio of the 𝑊 + to 𝑊 − cross-sections, since the cross-section ratio benefits
from significant cancellations of correlated uncertainties, e.g. PDF uncertainties[42]. In
chapter 7 the ratio of the asymmetric 𝑊 +/𝑊 − production is utilized for a data-driven
background estimation. The theoretical background of the asymmetric production of W+

and W− bosons is introduced in this section.

The predominant production mechanism of W bosons without associated jets at proton-
proton colliders is the quark-antiquark annihilation, see figure 2.5, where 𝑊 + bosons are
produced primarily via 𝑢𝑑 → 𝑊 + or 𝑐𝑠 → 𝑊 + and 𝑊 − bosons in the corresponding
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charge inverted processes. The production rate of 𝑊 + is significantly higher than for
𝑊 −, since the 𝑊 +/𝑊 − ratio reflects the 𝑢/𝑑 ratio of PDFs, due to the proton being a
composite state of (𝑢𝑢𝑑)[42]. The production process with 𝑐 and 𝑠 quark is symmetric,
since only sea quarks are available.

𝑢

𝑑

𝑊 +

(a) 𝑊 +

�̄�

𝑑

𝑊 −

(b) 𝑊 −

Figure 2.5: Feynman diagrams for leading order 𝑊 ± boson production via quark-antiquark
annihilation.

The production of a W boson with associated jets consists of three subprocesses, with
the quark-gluon production (𝑄𝑔) as the dominant process, see table 2.5 and figure 2.6.

𝑞 𝑊

𝑞′ 𝑔

(a) QQ: W+1 jet

𝑞 𝑊

𝑔 𝑞′

(b) Qg: W+1 jet

𝑔

𝑔

𝑞

𝑊

𝑞′

𝑔

𝑞

(c) gg: W+2 jets

Figure 2.6: Exemplary Feynman diagrams for 𝑊 +jet production at LO via quark-antiquark
annihilation (a), quark gluon scattering (b) and gluon-fusion (c). The 𝑊 -boson charge depends
on the quark type. Additional jets may result from initial and final state radiation.

The expected ratios 𝑅± for the 𝑊 +/𝑊 − production without and with up to 4 jets
exclusive is summarized in table 2.6. The ratio drops from 𝑛 = 0 to 𝑛 = 1 and increases
steadily with 𝑛 afterwards. This demonstrates the impact of the different subprocesses,
which are present at associated jet production only. The leading 𝑄𝑄 and 𝑄𝑔 subprocesses
are dominated by 𝑢𝑑 and 𝑔𝑢 as well as 𝑑�̄� and 𝑔𝑑, respectively, for 𝑊 + and 𝑊 −, following
the u/d ratio of the proton PDF. For 𝑛 = 1 a non negligible contribution of 𝑄 + 𝑔 → 𝑊 +
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n QQ in [%] Qg [%] gg [%]
0 100 0 0
1 18 82 0
2 21 73 6
3 23 70 7
4 25 67 8

Table 2.5: W+jets production subprocess breakdown (in percent) of leading order 𝑊 ± +n
jet production at the LHC (

√
𝑠 = 14 TeV) and 𝑄 = 𝑞 or 𝑞 and 𝑞 ∈ {𝑢,𝑑,𝑐,𝑠}[43]

(𝑄′ + 𝑔 → 𝑊 −)with 𝑄 ∈ {𝑑,𝑐,𝑠} (𝑄′ ∈ {�̄�,𝑠,𝑐}) arises and decreases the ratio by its
symmetric production of 𝑊 + and 𝑊 − due to the initial quarks being sea quarks.

n R±

0 1.31 ± 0.01 (scl) ± 0.01 (pdf)
1 1.27 ± 0.01 (scl) ± 0.01 (pdf)
2 1.33 ± 0.02 (scl) ± 0.01 (pdf)
3 1.45 ± 0.03 (scl) ± 0.02 (pdf)
4 1.55 ± 0.04 (scl) ± 0.02 (pdf)

Table 2.6: Prediction for the 𝑊 +/𝑊 − production ratio 𝑅± at the LHC. The ratios are
calculated at NLO for 𝑛=0,1,2 and estimated at LO for 𝑛=3,4. The scale (scl) and PDF
uncertainties are displayed. [43]

For the preparation of the 𝑊+jets background estimation method in chapter 7 the
production subprocesses are distinguished by the flavor of the quark in the final state.
This splitting is necessary to estimate the flavor fractions from data, since the theoretical
predictions for heavy flavor fractions suffer from large uncertainties. The following four
final states are considered:

• 𝑊 + 𝑏𝑏: The final state contains a 𝑏�̄� quark pair besides the 𝑊 boson.

• 𝑊 + 𝑐𝑐: The final state contains a 𝑐𝑐 quark pair besides the 𝑊 boson and no 𝑏�̄�
quark pair.

• 𝑊 + 𝑐: The final state contains a single 𝑐 or 𝑐 quark besides the 𝑊 boson, and no 𝑏�̄�
quark pair or additional 𝑐 quarks.

• 𝑊+light quarks (𝑊 + 𝑙𝑓): The final state contains only light quarks, with as light
defined flavors, besides the 𝑊 boson.

Additional light flavor quarks in the final states are allowed for all four defined subprocesses.
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W+c production

The main production channel for 𝑊+𝑐 production are the processes 𝑠𝑔 → 𝑊 − + 𝑐 and
𝑠𝑔 → 𝑊 − + 𝑐, since 𝑑𝑔 and 𝑑𝑔 are Cabibbo suppressed1. Overall the 𝑊 − + 𝑐 yield is
expected to be slightly larger than the 𝑊 + + 𝑐 yield, due to the 𝑑 valence quark in the
proton.

𝑠,𝑑 𝑊 −

𝑔 𝑐

𝑐

(a) 𝑊 −+𝑐

𝑠,𝑑 𝑊 +

𝑔 𝑐

𝑐

(b) 𝑊 ++𝑐

Figure 2.7: Feynman diagrams for 𝑊 + 𝑐 production for 𝑊 − + 𝑐 (a) and 𝑊 + + 𝑐 (b).
Additional jets may result from initial and final state gluon radiation.

Of all the different final states, only for the 𝑊 + 𝑐 production channel dedicated
measurements of the 𝑊 +/𝑊 − ratio have been conducted. Previous publications at

√
𝑠 = 7

TeV at ATLAS[44] and CMS[45] measured a value of 𝑅± in agreement with the theoretical
prediction of 𝑅±=0.953+0.009

−0.007 for NLO[46]

W+bb production

The 𝑏�̄� pair within 𝑊 + 𝑏�̄� production is the result of gluon splitting and according to the
𝑊 +/𝑊 − ratio identical to 𝑊 + 𝑐𝑐, where a 𝑐𝑐 quark pair is produced similar to the 𝑏�̄�
quark pair.

𝑑

�̄� 𝑊 −

𝑏

�̄�

𝑔

𝑑

(a) 𝑊 −+𝑏𝑏

𝑢

𝑑 𝑊 +

𝑏

�̄�

𝑔

𝑢

(b) 𝑊 ++𝑏𝑏

Figure 2.8: Exemplary Feynman diagrams for 𝑊 + 𝑏�̄� production for 𝑊 − + 𝑏�̄� (a) and
𝑊 + + 𝑏�̄� (b). Additional jets may result from initial and final state gluon radiation.

1 Transitions within one quark generation are favored and transitions across generations suppressed, see
CKM matrix in section 2.10.
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The experimental setup of the analyses described in this thesis is provided by the ATLAS
detector[47] at the Large Hadron Collider (LHC)[48] situated at CERN in Geneva, Switzer-
land. The ATLAS detector is one of the four experiments at collision points of the proton
beams, accelerated by the LHC.
The collaboration running the ATLAS detector comprises of about 3000 scientific authors,
representing 38 countries. CERN itself was founded in 1953 by 12 founding states. In 2020
23 member states are providing contributions to capital and operational costs and build
the CERN Council, responsible for steering the operation of current experimental setups
and future plans.

A general overview over the LHC accelerator complex is provided in section 3.1, followed
by a short introduction into the ATLAS detector and its components in section 3.2.

3.1 The Large Hadron Collider

The historic origins of the Large Hadron Collider (LHC) go back to 1994, when the construc-
tion of a new accelerator was approved by the CERN Council. Build within the circular
tunnel of its predecessor LEP1 the LHC has a circumference of 27 km and is located on av-
erage 100 m below ground level near Geneva in the border region of Switzerland and France.

Before high energetic proton-beams collide in the ATLAS detector, protons are extracted
from hydrogen and accelerated within pre-accelerators, before reaching their final energies
within the LHC, see figure 3.1(a).

The accelerator chain starts with LINAC2, a linear accelerator, in which the protons
reach an energy of 50 MeV at a total accelerator length of 33 m. Before entering the
LHC the energy is increased in steps up to 450 GeV by a chain of circular accelerators,
i.e. the BOOSTER, the Proton Synchrotron (PS) and the Super Proton Synchrotron
(SPS). These accelerators were upgraded to meet the very stringent needs of the LHC:
many high intensity proton bunches (up to 2.808 per beam) with small transverse and
well defined longitudinal emittance. Within the LHC the protons reach their maximum
energy of 7 TeV, resulting in a center of mass energy of 14 TeV. The magnetic field of
the 1232 superconducting dipole magnets keeps the protons on their circular trajectory
in the course of a length of 27 km. The dipoles are operated at a temperature of 1.9 K,
colder than outer space, and provide a magnetic field of up to 8.3 T. The protons circle the
LHC in two beam pipes in opposite directions, are focused by 392 quadrupole magnets and

1 The Large Electron Positron Collider (LEP) was running at CERN from 1989 until 2000.
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(a) Overview of the layout of the CERN accelerator complex

(b) LHC dipole

Figure 3.1: Overview of the CERN accelerator complex in (a), showing the pre-accelerators,
providing proton beams with step-by-step increasing beam energy up to 7 TeV within the
Large Hadron Collider for the four collision points. Simplified version based on [49]. In (b) a
3D cut of the LHC dipole is presented[50].

brought into collision at four distinct interaction points. At these four interaction points
the experiments ATLAS[47], CMS[51], LHCb[52] and ALICE[53] are located, fulfilling their
purpose in lifting the veil in particle physics and beyond.

3.2 The ATLAS experiment

ATLAS, originally an acronym from A Toroidal LHC ApparatuS now considered as proper
name, is a multi-purpose experiment and together with its independent partner/rival, the
CMS detector (Compact Muon Solenoid), it is designated for the search for new physics
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and the precise measurement of the Standard Model of Particle Physics. At 46 m long,
25 m high and 25 m wide, the 7.000-tonne ATLAS detector is the largest volume particle
detector ever constructed. It is situated in a cavern 100 m below ground near the main
CERN site, at one of the interaction points of the proton beams within the LHC.

The detector consists of an inner detector (Pixel Detector, SCT Tracker and TRT
Tracker) for tracking and vertexing, an electromagnetic and hadronic calorimeter system
and last a muon spectrometer, as shown in figure 3.2. A solenoid magnetic field of 2 T
in the inner detector enables to measure the transverse momentum of charged particles,
besides the measurement of vertices. A more detailed description of the inner detector
can be found in section 3.2.2. The electromagnetic calorimeter is realized as a Liquid
Argon (LAr) calorimeter, while the hadronic calorimeter is based on the principle of a
Tile calorimeter, see section 3.2.3. The outer layer of the detector is formed by the muon
spectrometer, including a toroidal magnet system, separated into a barrel and two end-caps,
see section 3.2.4 for details. To reduce the rate of proton-proton collisions from 40 MHz
to a manageable rate of 1 kHz a trigger system is deployed, see section 3.2.6, before the
collision data can be stored and analyzed all over the world via GRID-computing, see
section 3.2.7.

Figure 3.2: Cut-away view of the ATLAS detector and its components[54]

The geometry and the detector components as well as the trigger and data acquisition
system described in the following sections are based on the technical design report for
ATLAS [55, 56] and [47].
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3.2.1 ATLAS Coordinate System

Throughout this thesis the standard ATLAS definition of coordinates is used, a right-handed
system with the 𝑧-axis defined by the beam axis within the detector, the 𝑥-axis pointing
towards the center of the LHC ring and the 𝑦-axis pointing towards the surface. As origin
of the system the primary interaction vertex is chosen. The part of the detector described
by the positive 𝑧-axis is called A-side, while the opposite side is defined as C-side. The
polar angle 𝜃 is defined relative to the 𝑧-axis and the azimuthal angle 𝜑 is defined in the
𝑥 − 𝑦 plane around the beam axis. The pseudorapidity 𝜂 is defined via the 𝜃 as

𝜂 = − ln(tan(𝜃/2)) (3.1)

and in case of massive objects the rapidity 𝑦 = 1
2 ln

(︁
𝐸+𝑝𝑧

𝐸−𝑝𝑧

)︁
is used, where 𝐸 is the total

energy and 𝑝𝑧 the component of the momentum in 𝑧 direction. Angular separation is
defined as 𝛥𝑅 =

√︀
𝛥𝜑2 + 𝛥𝜂2. Furthermore the transverse momentum 𝑝𝑇 , the transverse

energy 𝐸𝑇 and the missing transverse energy 𝐸𝑚𝑖𝑠𝑠
𝑇 defined by

𝑝𝑇 =
√︁

𝑝2
𝑥 + 𝑝2

𝑦, (3.2)

𝐸𝑇 =
√︁

𝑝2
𝑇 + 𝑚2 (3.3)

and
𝐸𝑚𝑖𝑠𝑠

𝑇 =
√︁

(𝐸𝑚𝑖𝑠𝑠
𝑥 )2 + (𝐸𝑚𝑖𝑠𝑠

𝑦 )2 (3.4)

are used to describe an event based on its kinematical properties.

3.2.2 Inner Detector

The inner detector is the first part of the ATLAS detector to register the decay products of
the collision, therefore it is compact and close to the beam line, as well as highly sensitive
by simultaneously being resistant to high radiation. It consists of three different systems
of sensors covering the range |𝜂| ≤ 2.5. The inner detector is immersed in a magnetic field
parallel to the beam axis, generated by the solenoid magnet, see figure 3.2 and 3.3. With
the capability to identify primary and secondary vertices due to delayed decay processes,
the inner detector provides necessary information to identify jets from bottom quarks
within the top quark decay process.

Of the three subsystems the Pixel detector with its modules builds the innermost com-
ponent of the inner detector, with the Insertable B-Layer (IBL)[58] closest to the beamline
at a radius of 3.3 cm. The IBL is surrounded by three concentric layers of Pixel modules
at a radius of 4 cm, surrounding the beam axis and further. This innermost layer is called
the B-layer and it is, combined with the IBL, vital for good vertexing, since it contributes
to the reconstruction of the secondary vertices of B-hadrons. The concentric pixel modules
are complemented by three disks at either side of the inner detector. In total the pixel
modules are build of about 80 million pixels (readout channels), covering a total area of 1.7
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Figure 3.3: Cut-away view of the ATLAS inner detector[57].

m2 with a power consumption of 15 kW. A single pixel is of the size 50×400 𝜇m2, providing
a high resolution of 14×115 𝜇m2. Since the high instantaneous luminosity of the LHC
leads to multiple interactions per bunch crossing, a high spatial resolution for vertex and
track reconstruction is necessary to ensure a sufficient reconstruction and identification of
physics objects, see chapter 4.

The Semi-Conductor Tracker (SCT), surrounding the Pixel detector, is arranged in
four double-layers of silicon microstrip detectors, each strip of the size 80 𝜇m×12 cm. In
total the detector component consists of over 4.000 silicon microstrip detectors, cover-
ing 60 m2, and over 6 million readout strips, distributed over 4 cylindrical barrel layers
and 18 planar endcap discs. The SCT represents the main part of the ATLAS tracking
system and provides an accuracy of 17 𝜇m per layer in the direction transverse to the strips.

The outermost subsystem of the inner detector is the Transition Radiation Tracker
(TRT), consisting of densely packed straw tubes filled with a Xenon based gas mixture
and containing polypropylene fibers (in the barrel region) or foils (in the endcap region),
which serve as transition radiation material. In case of highly relativistic charged particles
traversing the straw tubes, transition radiation is emitted proportional to the Lorentz
factor 𝛾 = 𝐸/𝑚. Electrons can be identified by their transition radiation being above a
certain threshold compared to the lower transition radiation generated by heavy objects
like hadrons. More than 350.000 read-out channels are utilized for the 50.000 straws in the
barrel and 250.000 straws in both end-caps, resulting in an accuracy of 130 𝜇m in 𝑅 − 𝜑
per straw. In contrast to Pixel detector and SCT, which cover a range up to |𝜂|<2.5, the
TRT is limited to |𝜂|<2.0.
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3.2.3 Calorimeter System

The calorimeter system within ATLAS measures the energy loss of particles passing the
detector. With its multiple layers of passive material, i.e. high density material to absorb
energy, and active material, such as liquid argon, it is a sampling calorimeter, designated
to absorb most of the particles from the collision. Traversing particles, such as electrons,
photons or hadrons, interact with the passive material, causing particle showers. The
energy of a particle shower can be measured in the active layers as a so called cluster of
energy, providing information about the energy of the incident particle.
The ATLAS calorimeter consists of two subcomponents, the electromagnetic (EMCal) and
the hadronic calorimeter (HCal), specialized in different particles. The coverage of the
calorimeter system is up to 4.9 in |𝜂|, facing a wide range of different radiation conditions.
To accommodate these individual requirements the detector is split into different sections,
each adapted to the 𝜂 dependent conditions. The central region covers the inner detector
and has the finest granularity within the electromagnetic calorimeter to measure electrons
and photons with high precision. The remaining parts are supporting the reconstruction of
jets and missing 𝐸𝑇 . A schematic view of the ATLAS calorimeter is provided in figure 3.4.
During the reconstruction of top decay products the calorimeter system provides the energy
information for electrons and jets as well as the input for the neutrino reconstruction, see
chapter 4.

The electromagnetic calorimeter surrounding the inner detector and the solenoid magnet
is optimized to measure the energy of electrons or photons as they interact with the detector
layers electromagnetically. Electrons and positrons radiate photons via bremsstrahlung,
which further produce electron-positron pairs via pair production until the ionization stops
the cascade of particles. Photons produce electron-positron pairs first via pair-production.

Figure 3.4: Cut-away view of the ATLAS calorimeter system[59]
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The EMCal consists of lead layers as passive material, arranged in an accordion like
structure, and liquid argon as an active material, providing a homogeneous response, that
allows the determination of the energy of the incident particles. The accordion geometry
provides complete 𝜑 symmetry without azimuthal cracks. Within the 𝜂 range of the
EMCal, the thickness of the lead absorber plates varies as a function of 𝜂 to achieve optimal
performance results regarding the energy solution. The calorimeter itself is divided into a
barrel part, |𝜂| < 1.475, and two end-caps (EMEC), covering 1.375 < |𝜂| < 3.2.

The hadronic calorimeter surrounds the electromagnetic calorimeter and is designated
to measure the energy deposits of hadrons. The hadronization of quarks and gluons
via strong interaction produces hadronic parton showers, which are absorbed within the
HCal. Covering a pseudorapidity range of up to 4.9 in |𝜂|, different techniques are used to
accommodate the various requirements. The tile calorimeter over the range of |𝜂| < 1.7
is a sampling calorimeter using iron as passive material and scintillating tiles as active
material. It consists of the tile barrel and two tile extended barrel sections. The next
subsystem within the hadronic calorimeter is the LAr hadronic end-cap calorimeter along
the 𝑧-axis at both sides of the barrel, build with copper plates as absorber material and
liquid argon as active material. The end-caps cover an |𝜂| range up to 3.2, overlapping
the forward calorimeter thereby. The forward calorimeter (FCal), also using LAr as active
material, faces high level of radiation due to its position about 4.7 m from the interaction
point along the beamline. It consists of three sections, varying in the choice of the passive
material: the first is build from copper, while the other two are made out of tungsten.

3.2.4 Muon Spectrometer

Muons pass the described calorimeter system in the previous section 3.2.3 nearly without
loss, since their energy loss by bremsstrahlung or ionization of the calorimeter material
during transition is minimal1. The muons track and energy is measured within the muon
spectrometer surrounding the hadronic calorimeter. The muon spectrometer consists of
precision-tracking chambers and trigger chambers, see figure 3.5.
Tracking chambers measure and reconstruct the muon momentum via the curvature of the
track, bend by the toroidal magnetic field of the superconducting air core toroid magnets,
arranged in separate coils. In the range |𝜂| < 1.4 the magnetic field is provided by the
barrel toroid, while in the region 1.6 < |𝜂| < 2.7 smaller end-cap magnets generate the
field. In the transition region 1.4 < |𝜂| < 1.6 the combined magnetic field of the two
systems provide the deflection of the muon tracks. The magnetic field is inhomogeneous
with an average of 0.5 T. As precision-tracking chambers Monitored Drift Tubes (MDT)
are arranged in cylindrical shells around the hadronic calorimeter in the central region,
|𝜂| < 2.0, while Cathode Strip Chambers (CSC) are installed in the forward and backward
region, 2.0< |𝜂| <2.7. The MDTs measure the curves of the muon tracks and are built of
about 1200 chambers with a total of 350k tubes, each tube 3 cm in diameter and between

1 The energy loss per transition depth of swift charged particles is described by the Bethe formula,
estimating the energy deposition per flight distance within a given material.
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0.85 m and 6.5 m long, providing a tube resolution of 80 𝜇m. The CSCs consist of about
70k channels with a resolution of 60 𝜇m and provide a precise measurement of the particle
transition point at the end of the muon spectrometer.
The second component of the muon spectrometer, the trigger chambers, are utilized to
provide a fast signal, about 15-25 ns after the passage of a particle, which allows to identify
and tag a beam crossing. Besides that the trigger chambers, in form of Resistive Plate
Chambers (RPC) in the barrel region (|𝜂| < 1.05) and Thin Gap Chambers (TGC) in
the end-cap region (1.05 < |𝜂| < 2.4), measure the coordinates of the tracks in 𝜂 and 𝜑.
The RPCs have a resolution of 10 mm in 𝜂 and 𝜑 direction, while the TGCs provide a
resolution of 2-6 mm in 𝜂 and 3-7 mm in 𝜑.
Based on the track reconstruction provided by the inner detector and the information of
the muon spectrometer, an efficient muon identification and reconstruction can take place
as described in section 4.2.2.

Figure 3.5: Cut-away view of the ATLAS muon subsystems[60]

3.2.5 Luminosity Detectors

The estimation of the integrated luminosity is a source of uncertainty in every analysis,
highly important in cross-section measurements but not negligible in the analysis at hand
either, see section 8.1. The luminosity measurement for ATLAS is based on an absolute
calibration of the primary luminosity-sensitive detectors, i.e. LUCID21 [61] and BCM2[62]

1 LUCID2: LUminosity measurement using Cherenkov Integrating Detector, further referred to as LUCID
2 BCM: Beam Condition Monitor
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for ATLAS, in low luminosity runs with special tailored LHC conditions using the van
der Meer (vdM) method1[63]. The calibration settings obtained by the vdM scans once
per year are extrapolated to the physics data-taking regime at high luminosities while
relative comparisons to identify possible luminosity changes are measured trough the year
by LUCID and BCM.

For the ATLAS detector the primary bunch-by-bunch luminosity measurement is provided
by the LUCID Cherenkov detector, complemented by bunch-by-bunch measurements from
the ATLAS beam condition monitors (BCM) diamond detectors.
LUCID contains 16 photomultipliers tubes (PMTs) on each side of the ATLAS detector
along the 𝑧-axis, placed approximately 17 m from the interaction point. Cherenkov light
is produced in the quartz window of the PMTs, which are coated with 207Bi radioactive
sources, which provide a calibration signal. The read-out electronic is designated to measure
the luminosity counts for all 3564 nominal LHC bunch slots, where a colliding bunch pair
could be present. The raw hit count is converted into a visible interaction rate per bunch
crossing, which is proportional to the instantaneous luminosity.
The BCM detector consists of two stations, i.e. forward and backward in direction of
𝑧-axis, with four modules each. These modules are build of radiation-hard diamond sensors
located around the beam pipe on each side of the ATLAS detector, placed approximately at
𝑧 = ± 184 cm and |𝜂| = 4.2. They provide a measurement of bunch-by-bunch luminosity by
counting in-time and out-of-time collisions. Besides the luminosity measurement the BCM
is designated to measure the beam quality in real time. In case of anomalies caused e.g.
by beam loss BCM triggers a beam dump to protect the ATLAS detector from radiation
damage.

3.2.6 Trigger System

The Trigger and Data Acquisition system (TDAQ)[64] is responsible for deciding whether
or not an event from a given bunch crossing is stored for later analysis. Due to the high
instant luminosity of 𝐿 = 1.2 · 1034 cm−2s−1 an efficient and reliable trigger system is
required to cope with the high occupancy in the detector, caused by a mean number of
< 𝜇 >≈ 35 interactions per bunch crossing with a bunch spacing of 25 ns. The aim of this
trigger is to reduce the flow of data to manageable levels by selecting only events with
distinguishable characteristics, interesting for the physics program.
The ATLAS trigger system is build of a two level online event selection system, the so
called Level-1 hardware trigger (L1) and the High Level Trigger (HLT). The first stage
retrieves information from the calorimeter and muon systems, identified as Regions of
Interest, and reduces the incoming LHC interaction rate of 40 MHz to approximately 100
kHz. Within a time window of 2.5 𝜇s L1 decides to trigger or not, while in the mean time
the detector information is stored in a temporary pipeline memory.
During the second stage within the HLT, offline like reconstruction algorithms run in large
computer farms and perform decisions within typically 300 ms. The total event rate is

1 In a vdM scan the two beams are shifted relative to each other step by step and the reaction is measured
to determine information about the beam dimension 𝜎𝑥,𝑦.
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reduced from 100 kHz to 1 kHz by processing the previously identified Regions of Interest
or even the full detector data.
A well functioning and dedicated trigger system is mandatory to identify interesting event
signatures at an early stage, e.g. a potential top pair decay with a single lepton, to identify
the relevant data for a specific analysis by dismissing the events without significance for
any analysis, which would otherwise fill up the data storage.

3.2.7 Data Acquisition and Grid Computing

Following a positive trigger decision events will be recorded and fully reconstructed by the
Data Acquisition system (DAQ) at the Tier-0 center, i.e. the computer cluster forming
the base of the ATLAS computing system, part of the worldwide LHC Computing Grid
(LCG)[65]. Data is stored corresponding to individual LHC runs, where each run is assigned
a unique run number. Runs are further divided into luminosity blocks to minimize data
loss in case of detector failure. The luminosity blocks are flagged according to the detector
performance, where the overall status of a luminosity block can be considered as good for
physics and summarized in good run lists (GRL) for use in physics analyses.
The LCG consists of different clusters of computing centers, organized in 4 levels or tiers.
After the reconstruction of the data within the Tier-0 computing center, copies of the raw
and reconstructed events are transferred to several large computing centers worldwide,
the so called Tier-1 cluster. These centers have the prime responsibility of managing the
storage of the raw data, as backup to Tier-0, further processed data, created at Tier-1
with its computational capacity designated for reprocessing and analyzing, and simulated
Monte Carlo events, generated at Tier-2 centers. Besides the generation of events, the
Tier-2 centers process the analyses, mathematical calculations and the final selections of
data for the specialized physics groups, such as the Exotics or Top group. Computing
facilities at universities and research centers build the Tier-3 centers, where scientists can
access the GRID and request data or process calculations.



4 Reconstruction of physics objects

While the previous chapter 3 describes in detail the individual components of the ATLAS
detector and their role, the current chapter focuses on the identification of physical objects
for the later reconstruction of the top-antitop quark pair. The objects in question, the
products of the top quark pair decay, see section 2.2.2, are:

• leptons: muon or electron
• jets: reconstructed from tracks or energy deposits in the calorimeter
• b-tagged jets: jets fulfilling b-tagging requirements
• neutrinos: estimated based on missing transverse energy

As the reconstruction of physics objects is of major concern for every analysis, the methods
and algorithms used in the process need to maintain a robust and optimal performance
under the challenging working conditions. The first section in this chapter, section 4.1,
describes the process of track and vertex reconstruction, the second section deals with the
individual physics objects required for the analysis, see section 4.2. This chapter follows
the substantial descriptions in [66], updated studies are indicated at the corresponding
sections. The ATLAS recommendations regarding common objects for top reconstruction,
see [67], are followed for the presented analysis.

4.1 Charged particle reconstruction

The basic constituents of an event and clearly visible in an event display are tracks, primary
vertices and the energy deposits in the calorimeter, which form the basic concepts for
higher level physic object reconstruction. With these information the origin and the charge
of the particles created during the collision can be estimated as well as the direction and
the momentum of the particles.

4.1.1 Track reconstruction

Tracks are the reconstructed trajectories of charged particles flying through the inner de-
tector and their traces are reconstructed with information from the subsystems Pixel, SCT
and TRT, see section 3.2.2. For muons the information from the designated spectrometer
is considered additionally and discussed in section 4.2.2. Tracks provide the basic input
for many higher level objects, e.g. electrons and muons, and for the identification of jets,
origination from a bottom quark.

Applying local and global pattern recognition algorithms the measurements from the
same charged particle are identified and track parameter are estimated using a track fit.

29
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The inner detector track reconstruction consists of several sequences with different track
strategies, where the pattern finding and track fitting modules are not clearly distinguish-
able in modern procedures[68].
The main sequence is referred to as inside-out track finding as it starts with forming seeds
from the silicon detector measurements (SCT and Pixel), followed by a window search in
the direction determined by the seed. The resulting very high number of track candidates
needs to be cleared out of fake or incomplete tracks and overlapping track segments with
shared hits before extending the reconstruction into the outer TRT. Scoring the tracks
in a reward/penalty schema with respect to another achieves the best track collection.
Based on the surviving track candidates extensions in the TRT are identified, fitting to the
original tracks in the silicon module. The reconstructed tracks are selected by applying
track quality criteria cuts, where the so called Tight Primary selection, used in the hand
at work, is build on the Loose quality selection. The cuts rely on 𝑝𝑇 , 𝜂 and the number of
hits in the inner detector.

Loose:

• 𝑝𝑇 >400 MeV
• |𝜂|<2.5
• number of silicon hits1 ≥ 7
• maximum of 1 shared hit2

• maximum of 2 silicon holes, i.e. missing hits in SCT and Pixel
• maximum of 1 hole in the pixel detector

Tight Primary (in addition to Loose selection criteria):

• number of silicon hits ≥ 9 if |𝜂| ≤ 1.65
• number of silicon hits ≥ 11 if |𝜂| ≥ 1.65
• at least one hit on one of the two innermost pixel layers3

• no pixel holes

Shared hits are defined as hits used by more than one track and holes are intersections
of the reconstructed trajectory with a sensitive detector element lacking a hit. Inactive
modules or problematic regions, such as edge areas, are excluded from the hole definition.
The tracking efficiency for the Loose and Tight Primary track selection is shown in figure
4.1.

1 hits in Pixel and SCT combined
2 1 shared pixel hit or 2 shared SCT hits
3 IBL and B-layer
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(a) Track efficiency as a function of 𝜂 (b) Track efficiency as a function of 𝑝𝑇

Figure 4.1: Track reconstruction efficiency evaluated by using minimum bias events, as a
function of 𝜂 (a) and 𝑝𝑇 (b) for Loose and Tight Primary track selection. Bands indicate total
syst. uncertainty [69].

4.1.2 Vertex reconstruction

The interaction point in particle collisions is defined as vertex, with primary vertex
referring to the reconstructed location of an individual collision. Pile-up1 complicates
the identification of the most valuable hard scattering vertex per event for analysis and
complex vertex finding algorithms are necessary to separate the particles coming from a
hard scattering from those from pile-up collisions.
The vertexing process consists of the track selection and the primary vertex reconstruction.
For the track selection a sub-set of the reconstructed tracks with Tight Primary quality
criteria, see section 4.1.1, is used by applying the following additional impact parameter
cuts

• |𝑑0|< 4mm
• 𝜎(𝑑0)< 5mm
• 𝜎(𝑧0)< 10mm
• number of SCT hits ≥4
• maximum of 1 SCT hole if |𝜂| ≥1.65

to reduce the contamination from tracks origination from secondary interactions. The
parameters 𝑑0 and 𝑧0 describe the transverse and longitudinal impact parameters of the
tracks with respect to the center of the luminous region and 𝜎(𝑑0), 𝜎(𝑧0) represent the
according uncertainties.

1 The superposition of multiple inelastic proton-proton interactions reconstructed as a single physical
event with many primary vertices is called pile-up. They build the dominant part of the total cross
section and are usually soft-QCD interactions[70]
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From this track selection a seed position for the first vertex is estimated based on the 𝑧0
of all tracks using an iterative vertex finding approach, see [71] for details, to find the
most likely value. The position of a vertex is afterwards estimated with an iterative fit
procedure, where in each turn less compatible tracks are down-weighed and the vertex
position is recomputed. Once the vertex position is determined, incompatible tracks are
removed and are available for other vertices. The procedure is repeated until all tracks are
assigned to a primary vertex.
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Figure 4.2: Comparison of 2016 data and simulation for the distribution of the average
number of reconstructed vertices as a function of the number of interactions 𝜇 [72] (a) and the
number of tracks per reconstructed primary vertex[73] (b).

4.2 Object reconstruction

Build on the reconstructed tracks and additional information from the measured energy
deposited in the electromagnetic calorimeter and muon spectrometer, more complex physical
objects are feasible. At first the reconstruction of two lepton types, i.e. electron and
muon, is introduced in section 4.2.1 and 4.2.2, as they are a selection criterion for the
in this analysis considered ℓ+jets top quark pair decay channel, in contrast to the third
lepton flavor, i.e. tauons. The cone shaped calorimeter showers originating from strongly
interacting particles, the so called jets, and the calculation of missing transverse energy
to seize the otherwise for the detector invisible neutrinos, are completing this chapter in
section 4.2.3 and 4.2.4.
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4.2.1 Electrons

For the reconstruction of electrons1 with transverse energies of the order of a few GeV up
to 5 TeV in the central part of the detector, i.e. |𝜂| < 2.47, energy deposits from the EM
calorimeter are matched to reconstructed tracks of charged particles in the inner detector.
A brief overview is provided in the following section, for details see [74–77].

Electron reconstruction

The electron reconstruction algorithm is based on two consecutive steps, the building of
cluster in the EM calorimeter and the association of a reconstructed track to a particular
cluster.
From the energy deposits in the 𝜂-𝜑-plane of the electromagnetic calorimeter towers
of the fixed size2 𝛥𝜂 × 𝛥𝜑= 0.025 × 0.025 are built by summing up the energies of
the calorimeter cells of all longitudinal layers3. For the clustering the sliding-window
algorithm[78] is used to combine towers within a fixed-size window4 around a central tower,
here 𝑁𝑤𝑖𝑛𝑑𝑜𝑤

𝜂 × 𝑁𝑤𝑖𝑛𝑑𝑜𝑤
𝜑 =3×5. Within this algorithm the central tower is defined as a seed

in case of fulfilling the condition, that the position of the window secures a local maximum
concerning the contained transverse energy and the sum is above the threshold of 𝐸𝑡ℎ𝑟𝑒𝑠ℎ

𝑇 >
2.5 GeV[76]. Based on a seed, a cluster is formed using a clustering algorithm[78], which
includes a duplicate seed removal. The kinematics of the cluster are reconstructed using an
extended window depending on the position of the cluster in the calorimeter. The efficiency
of this cluster search ranges from 95% at 𝐸𝑇 = 7 GeV to above 99% for 𝐸𝑇 ≥15 GeV[76].
To form electron candidates the tracks are loosely matched to the identified clusters
using the distance in 𝜂 and 𝜑 between the position of the track, extrapolated into the
calorimeter middle layer, and the barycenter of the cluster. Details on the matching
procedure, including a refit of tracks associated to electron clusters, can be found in [79].
The efficiency to reconstruct an electron in Data and Monte Carlo simulated events as a
function of 𝐸𝑇 and 𝜂 is shown in figure 4.3.

Electron identification

To achieve a large efficiency for the electron reconstruction at the previous step a significant
contamination, e.g. with converted photons, is accepted. Algorithms for electron identifica-
tion (ID) are applied to distinguish between signal like objects and background. Besides
quantities related to EM clusters and tracks, information from the TRT and variables
measuring bremsstrahlung effects are used. Table 4.1 presents the complete list of variables

1 Electrons and their positive counterpart, the positrons, are treated equally as they differ only in the
sign of their electric charge. Therefore electron can be replaced by electron or positron throughout this
text if not explicitly provided.

2 The provided sizes correspond to the granularity of the EM calorimeter middle layer.
3 The energy of a cell spanning several towers is distributed according to the fraction of the area belonging

to the different towers
4 The size of the window is provided in units of tower size.
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Figure 4.3: Measured reconstruction efficiency for electrons as a function of 𝐸𝑇 integrated
over the full 𝜂 range (a) and as a function of 𝜂 for 15 GeV <𝐸𝑇 <10 GeV(b) for the 2015
dataset[76].

with discrimination power.
The baseline ID algorithm is the likelihood-based (LH) approach[76], i.e. a multivariate
analysis technique that simultaneously evaluates all input variables when making a de-
cision. For the LH method signal and background probability density functions of the
discriminating variables are used and combined into a single discriminant. Simple selection
cuts on the number of hits in the track complete the identification algorithm.
Three levels of identification operating points are provided with increasing background
rejection power and including the previous selection criteria:

• LooseLH
• MediumLH
• TightLH

The variables 𝐸/𝑝, 𝑤𝑠𝑡𝑜𝑡 and 𝛥𝜑2 are only used as rectangular cuts in the Tight operating
point for high 𝐸𝑇 and are not included as discriminating variables in the LH algorithm.
Figure 4.4 shows the combined reconstruction and identification efficiencies for the LooseLH,
MediumLH and TightLH workingpoint. In the work at hand MediumLH and TightLH
electrons are utilized for different requirements, see section 6.1.1.

4.2.2 Muons

The reconstruction of muons is based on the independently reconstructed hit and track
information from the inner detector, the muon spectrometer and in exceptional cases from
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𝐸𝑇 integrated over the full 𝜂 range (a) and as a function of 𝜂 over the full 𝐸𝑇 range (b) for
the 2015 dataset[76].

the electromagnetic calorimeter. Within the muon spectrometer a pseudorapidity range
up to |𝜂| <2.7 can be reached and a momentum measurement with a relative resolution
above 3% over a wide 𝑝𝑇 range and up to 10% at 𝑝𝑇 ≈ 1 TeV provided[80]. After the
reconstruction the identification process is used to suppress background, i.e. mainly pion
and kaon decays1.

Muon reconstruction

Muon track candidates in the muon spectrometer are built using a segment-seeded com-
binatorial search beginning with seeds from the middle layer and extending afterwards
to include the outer and inner layers. For the track measurement hits in at least two
matching segments, except in the barrel/end-cap transition region where a single hit in the
high-quality segment is sufficient, are required. A global 𝜒2 fit is applied to relate the hits
to the track candidates.
Different combined reconstruction approaches are in application, varying in the choice of
the detector components providing the cluster and track information, see [80] for details.

• Standalone/Extrapolated (ME) muon:
The muon track is reconstructed within the muon spectrometer only and fulfills
loose requirements for originating from the interaction point. A general criterion is
the traversing of at least two layer of muons spectrometer chambers, three in the

1 Pion and Kaon describe two groups of light mesons, with similar attributes within each group
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Type Description Name

Hadronic leakage

Ratio of 𝐸𝑇 in the first layer of the
𝑅ℎ𝑎𝑑1hadronic calorimeter to 𝐸𝑇 of the EM cluster

(used over the range |𝜂|<0.8 or |𝜂|<1.37)

Ratio of 𝐸𝑇 in the hadronic calorimeter to 𝐸𝑇 𝑅ℎ𝑎𝑑of the EM cluster (used over range 0.8<|𝜂|<1.37)

Back layer of Ratio of the energy in the back layer to the total
𝑓3EM calorimeter energy in the EM accordion calorimeter5

Lateral shower width
√︀

(
∑︀

𝐸𝑖𝜂2
𝑖 )/(

∑︀
𝐸𝑖) − ((

∑︀
𝐸𝑖𝜂𝑖))2,

𝑤𝜂2energy 𝐸𝑖 and pseudorapidity 𝜂𝑖 of cell 𝑖 and
Middle layer the sum is calculated within a window of 3 ×5 cells

of Ratio of the energy in 3×3 cells over the energy in
𝑅𝜑EM calorimeter 3×7 cells centered at the electron cluster position

Ratio of the energy in 3×7 cells over the energy in
𝑅𝜂7×7 cells centered at the electron cluster position

Shower width,
√︀∑︀

𝐸𝑖(𝑖 − 𝑖𝑚𝑎𝑥)2)/(
∑︀

𝐸𝑖), where 𝑖 runs

𝑤𝑠𝑡𝑜𝑡

over all strips in a window of 𝛥𝜂 × 𝛥𝜑 ≈0.0625×0.2,
corresponding typically to 20 strips in 𝜂, and 𝑖𝑚𝑎𝑥

Strip layer of is the index of the highest-energy strip

EM calorimeter Ratio of the energy difference between largest and second
𝐸𝑟𝑎𝑡𝑖𝑜largest energy deposits in the cluster over sum of energies

Ratio of the energy in the strip layer to the total energy
𝑓1in the EM accordion calorimeter

Number of hits in the innermost pixel layer; discriminates
𝑛𝐵𝑙𝑎𝑦𝑒𝑟against photon conversion

Number of hits in the pixel detector 𝑛𝑃 𝑖𝑥𝑒𝑙

Track Number of total hits in the pixel and SCT detectors 𝑛𝑆𝑖

conditions Transverse impact parameter with respect to the beam-line 𝑑0

Significance of 𝑑0 defined as the ratio of 𝑑0 and ist uncertainty 𝑑0/𝜎𝑑0

Momentum lost by the track between the perigee and the last
𝛥𝑝/𝑝measurement point divided by the original momentum

TRT Likelihood probability based on transition radiation in TRT
eProbabil-

ityHT

𝜂 between cluster position in strip layer and extrapolation track 𝛥𝜂1

𝛥𝜑 between cluster position in middle layer and track
𝛥𝜑2Track- extrapolated from the perigee

cluster Defined as 𝛥𝜑2, but track momentum is rescaled to the cluster
𝛥𝜑𝑟𝑒𝑠

matching energy before extrapolating the track from the perigee to the
midddle layer of the calorimeter

Ratio of the cluster energy to the track momentum 𝐸/𝑝

Table 4.1: Definition of electron discriminating variables[76]
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forward region, to provide a track measurement. Standalone muons are mainly used
to extend the acceptance into the region 2.5<|𝜂|<2.7, which is not covered by the
inner detector.

• Combined (CB) muon:
The tracks found in the inner detector and the muon spectrometer are combined via
a global fit to improve the quality. An outside-in pattern recognition, starting with a
reconstructed muon in the muon spectrometer followed by an inward extrapolation, or
the complementary inside-out approach, starting with inner detector tracks followed
by an extrapolation of these to the muon spectrometer hits outside, are possible.

• Calorimeter-Tagged (CT) muon:
A track in the inner detector can be identified as muon, in case it can be matched
to an energy deposit in the electromagnetic calorimeter, which is compatible with a
minimum-ionizing particle. This reconstruction algorithm comes with a low purity,
but it recovers acceptance in regions, where the muon spectrometer is only partially
instrumented (|𝜂|<0.1). CT muons are optimized for that region and a 𝑝𝑇 range of
15<𝑝𝑇 <100 GeV.

• Segment-Tagged (ST) muon:
Muons leaving a track in the inner detector are defined as ST muons, if the extrapo-
lated track into the muon spectrometer can be matched to at least one local track
segment in the MDT or CSC chambers, see section 3.2.4. Covering muons when they
only cross one layer of these chambers due to low 𝑝𝑇 or regions of reduced acceptance
is the main application of the ST muon definition.

Overlap between the different muons types is resolved by giving preferences in case of
shared inner detector tracks, listed from high to low: CB, ST and CT muon.
While the ME and CB muons are used for the signal region within the work at hand,
the control regions to estimate the multijet background are filled with all four types of
reconstructed muons.

Muon identification

Muon identification quality cuts are applied to suppress background while aiming for
a high efficiency for selecting prompt muons and a robust momentum measurement.
General selection criteria on the number of hits and holes in the inner detector are used in
combination with track specific variables for the combined muons, listed below.

• 𝑞/𝑝 significance:
the absolute value of the difference between the ratio of the charge and momentum
of the muons measured in the inner detector and the muon spectrometer divided by
the sum in quadrature of the corresponding uncertainties

• 𝜌′: the absolute value of the difference between the transverse momentum measure-
ments in the inner detector and the muon spectrometer divided by the 𝑝𝑇 of the
combined track
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• normalized 𝜒2 of the combined track fit

Three inclusive level of quality criteria are introduced to meet the requirements of different
analysis, ranging from low to high background rejection power: Loose, Medium and
Tight, while the Loose and Medium muons are selected for the thesis fulfilling different
requirements, see section 6.1.2.

• Medium:
CB or ME muons fulfilling specific hit criteria and with loose selection cuts applied
to the compatibility between inner detector and muon spectrometer momentum
measurements. The latter suppresses the contamination by hadrons by requiring
𝑞/𝑝 significance <7. The selection is optimized for minimal systematic uncertainties
associated with muon reconstruction and calibration.

• Loose:
To maximize the reconstruction efficiency all muons types are used, combining Medium
CB and ME muons with CT and ST muons restricted to the |𝜂|<0.1 region.

• Tight:
To achieve a high purity at the cost of efficiency, only CB muons passing the medium
selection criterion with a modified 𝑞/𝑝 significance cut <8 are considered. In addition
to that a two-dimensional cut in 𝜌′ and 𝑞/𝑝 significance is applied as a function of
the muon 𝑝𝑇 to achieve a stronger background rejection for muon momenta below 20
GeV.
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Figure 4.5: Muon reconstruction efficiency as a function of 𝜂 measured in 𝑍 → 𝜇𝜇 for muons
with 𝑝𝑇 >10 GeV for the Medium and the Loose muon selection in (a) and for the Tight
selection in (b). The error bars indicate the statistical uncertainty[80]
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The reconstruction efficiency for muons of the Medium and Tight selections are displayed
in figure 4.5.

4.2.3 Jets

Jets are the representatives of quarks and gluons, as the former produce hadronization
induced cone-shaped particle showers mostly in the hadronic calorimeter. In addition to
that hits in the inner detector can be used for the reconstruction as well as energy deposits
registered in the electromagnetic calorimeter. Jets are assigned a radius parameter and
a total energy, which needs to be calibrated before further usage. Jets originating from
b-quarks exhibit significant properties used for b-tagging. With increasing center of mass
energy heavy particle decays tend to be boosted, requiring reconstruction in large jets with
substructure analyzing techniques to fulfill the aggravated conditions. All these individual
aspects are discussed in the following part of the section, starting with the foundation of
the jet reconstruction process, the topocluster.

Topocluster

Before any jet finding algorithms can start its work, the individual hits from the calorimeter
system are unified with a topological clustering algorithm[78] into so-called topoclusters.
The key idea is to group neighboring cells into a cluster if they fulfill a specific criterion.
Contrary to the sliding-window algorithm, topoclusters do not have a fixed size, but they
start from seed cells as well. The topological cluster algorithm consists of two steps, the
cluster maker and the cluster splitter.
Accountable for the finding of seeds is the cluster maker. Here seeds are defined by having
a signal to noise ratio above a certain (high) threshold, 𝑡𝑠𝑒𝑒𝑑, and noise is estimated as the
expected RMS of the electronics noise for the current gain and conditions plus additional
pile-up contributions. For each seed, starting with the highest signal-to-noise ratio and
continuing in descending order, a proto-cluster is formed by considering all neighboring
cells and evaluating their signal-to-noise ratio in comparison to a new threshold, 𝑡𝑛𝑒𝑖𝑔ℎ𝑏𝑜𝑟,
lower than the seed threshold. Passing this threshold, the neighboring cell is added to the
proto-cluster and the seed list. This iterative procedure ends if the tested cells do not pass
the threshold 𝑡𝑛𝑒𝑖𝑔ℎ𝑏𝑜𝑟, but pass a third even lower threshold, 𝑡𝑐𝑒𝑙𝑙, which results in adding
the cell to the proto-cluster, but dismissing its neighbors as potential candidates. Failing
the third threshold 𝑡𝑐𝑒𝑙𝑙 also ends the procedure for the tested neighbouring cell. This
approach results in forming clusters of individual size and shape in the process. In case
of a cell belonging to more than one proto-cluster, the corresponding clusters are merged.
The remaining proto-clusters are converted to clusters, sorted in descending order of 𝐸𝑇

and dismissed below a certain threshold.

As individual jets are usually not isolated, single cluster can cover large areas at this
stage, especially in the end-caps and forward calorimeter region, the cluster splitter searches
for local maxima within a cluster, originating from individual particles. A local maximum
is defined by having a total energy above a certain threshold and above the energy of
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any neighboring cell in combination with the number of neighboring cells within the
parent cluster being above a threshold. The number of local maxima found defines the
final number of clusters, as clusters with several maxima are being split into the same
number of individual clusters and cluster without a local maximum stay untouched. At
this point a topological cluster represents energy deposits in three dimensions throughout
the calorimeter. The number of topocluster within a jet in a specific 𝑝𝑇 range is shown
in figure 4.6. The energy of the topocluster is either reconstructed in electromagnetic
(EM) scale or LC scale, i.e. the hadronic scale, using the local cluster weighting method to
calibrate the topocluster, see [81] for details.

Jet reconstruction

The main jet algorithms used within ATLAS are sequential clustering algorithms. Following
the theoretical guidelines regarding infrared safety, collinear safety and order indepen-
dence[83] these algorithms introduce distances 𝑑𝑖𝑗 between input objects 𝑖, 𝑗 and 𝑑𝑖𝐵

between the beamline and the object 𝑖 as described in equations 4.1 and 4.2, see [84] for
details.

𝑑𝑖𝑗 = 𝑚𝑖𝑛(𝑝2𝑝
𝑇,𝑖,𝑝

2𝑝
𝑇,𝑗)

𝛥𝑅2
𝑖𝑗

𝑅2 with 𝛥𝑅2
𝑖𝑗 = (𝜂𝑖 − 𝜂𝑗)2 + (𝜑𝑖 − 𝜑𝑗)2 (4.1)

𝑑𝑖𝐵 = 𝑝2𝑝
𝑇,𝑖 (4.2)

In an iterative calculation over a list of input objects the minimal distance 𝑑𝑚𝑖𝑛 of all 𝑑𝑖𝑗

and 𝑑𝑖𝐵 is found and if 𝑑𝑚𝑖𝑛 is the distance between two objects 𝑖 and 𝑗, the corresponding
objects are replaced by their combination. In the second case, the minimal distance is
between an object 𝑖 and the beamline, 𝑖 is considered as a jet and removed from the list.
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The algorithm is repeated until all elements from the input list are removed. The size of a
jet is defined by the radius parameter 𝑅, with 𝑅 = 0.4 and 𝑅 = 1.0 for small and large
jets, respectively.
The main difference of the available algorithms lies within the parameter 𝑝, see table 4.2.
Within the anti-k𝑡 algorithms input objects with large momentum are combined first, they
are combined last in the k𝑡 algorithm. While the anti-k𝑡 algorithm is the main algorithm for

parameter p algorithm
1 k𝑡 algorithm
-1 anti-k𝑡 algorithm

Table 4.2: Differentiation of jet algorithm by choice of parameter 𝑝 in 4.1

the reconstruction of small and large radius jets, 𝑘𝑡 is used for trimming and top tagging,
so are in this thesis different input objects for different requirements used, see figure 4.7:
tracks for b-tagging, topocluster at EM scale for small radius jets and at LC scale for large
radius jets.

Figure 4.7: Overview of jet reconstruction. The jet four momentum is defined as the four
momentum sum of its constituents (based on [81])

Jet calibration

For the calorimeter jets with topoclusters as input, the following correction and calibration
is applied, see [85, 86] for details:

• Origin correction:
corrects the jet direction to point to the selected primary vertex for the analysis

• Pile-up correction:
corrects for the energy offset introduced by pile-up using an area-based subtraction
procedure and residual corrections. The latter is a function of the number of primary
vertices, 𝑁𝑃 𝑉 , and the average number of interactions per bunch crossing < 𝜇 >,
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and captures residual in-time and out-of-time effects1. Derived from Monte Carlo
simulated events.

• Energy and 𝜂 calibration:
calibrates the jet energy by applying 𝑝𝑇 and 𝜂-dependent corrections derived from
Monte Carlo simulated events. Biases in 𝜂 due to different calorimeter technologies
in different regions are corrected for, too.

• Global sequential corrections:
reduce the dependence of the jet energy on the longitudinal and transverse structure
of the jet and additionally correct for jets that are only partially contained in the
calorimeter. Derived from data events.

• Residual in situ corrections: calibrating remaining (residual) issues, derived in
situ, i.e. from data events

Jet trimming

Jet trimming is a grooming method applied to large radius jets to reduce the impact of
contained energy from underlying events and pile-up contamination. The constituents of
the jet are reclustered into subjets with the 𝑘𝑡 algorithm2 and the radius parameter 𝑅𝑠𝑢𝑏 is
the first step. In a second step all subjets within a jet with 𝑝𝑇 of less than a fraction 𝑓𝑐𝑢𝑡

of the ungroomed jet are discarded[87]. The trimming parameters used for the presented
analysis are 𝑅𝑠𝑢𝑏=0.2 and 𝑓𝑐𝑢𝑡=5%.

B-tagging

The identification of jets originating from b-quarks within an event is an important tool to
distinguish 𝑡𝑡 signal events from background events with light-flavor jets. Several algorithms
to tag jets containing a b-hadron as b-jets exist and use the significant decay length resulting
in a secondary vertex and/or the significance of the transverse and longitudinal impact
parameters of the charged particle tracks. In ATLAS the multivariate-based algorithm
(MV2) is the the main algorithm for b-jet identification and it combines the results from
impact parameter based algorithms (IP2D and IP3D), a secondary vertex finding algorithm
(SV1) and a decay chain multi-vertex algorithm (JetFitter) on jets reconstructed from
tracks within the inner detector. A detailed description of the method can be found in [88].
The application of a boosted decision tree achieves a better discrimination than any basic
b-jet finding algorithm individually.

1 In-time effects are caused by multiple interactions within one events, while out-of-time effects are effects
from preceding/subsequent interactions

2 The 𝑘𝑡 algorithm is a sequential clustering algorithm for jet reconstruction, same as anti-k𝑡, but with a
difference in the distance calculation 𝑑𝑖𝑗 = 𝑚𝑖𝑛(𝑝−2

𝑇,𝑖,𝑝
−2
𝑇,𝑗) 𝛥𝑅2

𝑖𝑗

𝑅2 , compare to equation 4.1
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Top-tagging

The identification of heavy particle decays, in particular top decays, discriminates signal
from background and can be achieved via jet substructure techniques. For the thesis a so
called Smooth Top Tagger, see [89], is used, which applies cuts on one or two substructure
observables only. As the latter are in general depending on the jet momentum an important
algorithm criterion is its stability concerning the signal efficiency for a wide range of jet 𝑝𝑇 .
A flexible procedure has been developed to find the optimal two variable combination with
smoothed jet 𝑝𝑇 dependent cuts at fixed signal efficiency working points. The following
substructure variables are used for the Smooth Top Tagger:

• kt splitting scales:
𝑘𝑡 splitting scales[90] are determined by re-clustering a large R-jet using the 𝑘𝑡

algorithm, which tends to cluster high 𝑝𝑇 constituents with large distances last. They
are defined as the distance

√︀
𝑑𝑖𝑗 4.3 between the subjets 𝑖 and 𝑗 in the 𝑘𝑡 history

starting with its last step. √︀
𝑑𝑖𝑗 = 𝑚𝑖𝑛(𝑝𝑇,𝑖,𝑝𝑇,𝑗) × 𝛥𝑅𝑖𝑗 (4.3)

The splitting scale
√

𝑑23 is determined from the second-to-last clustering step, expected
to cover subjets originating from the W boson decay with

√
𝑑23 ≈ 𝑚𝑊

2 (
√

𝑑12 ≈ 𝑚𝑡
2 )

• N-subjetiness:
The N-subjetiness variables 𝜏𝑁 [91, 92] are an indicator of the subjet multiplicity
of a large-R jet. To calculate 𝜏𝑁 the 𝑘𝑡 algorithm is applied to a jet, merging the
constituents until 𝑁 subjets are formed. 𝜏𝑁 is defined as the sum of all 𝑝𝑇 weighted
distances between the constituent 𝑘 and the closest subjet axis and can be interpreted
as a measure of how well the substructure of the jet is described with 𝑁 subjets. The
N-subjetiness ratio 𝜏32 = 𝜏3

𝜏2
is used to discriminate top events against soft gluons,

light quark jets or W bosons.

The signal efficiency and the background rejection regarding dijet events for the Smooth
Top Tagger used in the presented analysis with 𝜏32 and

√
𝑑23 as discriminating substructure

variables is presented in figure 4.8.

4.2.4 Missing transverse energy

Not all particles created in proton-proton collisions interact with the detector material to
deposit energy or leave a track hit. For these undetected particles the missing transverse
energy (𝐸𝑚𝑖𝑠𝑠

𝑇 ) serves as an experimental proxy to estimate the transverse momentum.
The reconstruction is challenging as it involves all detector subsystems for the precise
reconstruction of all detectable particles of the hard interaction of interest. As the sum of
all transverse momentum of all particles involved is zero, due do momentum conservation,
a deviation points to a contribution from undetectable particles. Successful strategies have
been developed by ATLAS for a high-quality 𝐸𝑚𝑖𝑠𝑠

𝑇 estimation, focusing on minimizing the
disturbing contribution of pile-up[94].
The reconstruction procedure of 𝐸𝑚𝑖𝑠𝑠

𝑇 is based on two contributions, see equation 4.4:
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Figure 4.8: Comparison of signal efficiency (a) and background rejection regarding dijet
events (b) as a function of the truth jet 𝑝𝑡 of the 80% signal efficiency Smooth Top Tagger for
different pile-up conditions by using 𝜇 bins[93]

• hard-event signals:
fully reconstructed, calibrated particles and jets, so called hard objects.

• soft-event signals:
reconstructed but unused charged particle tracks (soft signals) within the inner
detector, associated with the hard scatter vertex assigned to the event.

The basic input for the estimation of the 𝐸𝑚𝑖𝑠𝑠
𝑇 are its components 𝐸𝑚𝑖𝑠𝑠

𝑥 and 𝐸𝑚𝑖𝑠𝑠
𝑦 derived

from the hard-event and soft-event signals, 4.4.

𝐸𝑚𝑖𝑠𝑠
𝑥(𝑦) = 𝐸𝑚𝑖𝑠𝑠,𝑒

𝑥(𝑦) + 𝐸𝑚𝑖𝑠𝑠,𝛾
𝑥(𝑦) + 𝐸𝑚𝑖𝑠𝑠,𝜏ℎ𝑎𝑑

𝑥(𝑦) + 𝐸𝑚𝑖𝑠𝑠,𝜇
𝑥(𝑦) + 𝐸𝑚𝑖𝑠𝑠,𝑗𝑒𝑡

𝑥(𝑦)⏟  ⏞  
hard term

+ 𝐸𝑚𝑖𝑠𝑠,𝑠𝑜𝑓𝑡
𝑥(𝑦)⏟  ⏞  
soft term

(4.4)

From the components the magnitude of 𝐸𝑚𝑖𝑠𝑠
𝑇 can be calculated via 4.5.

𝐸𝑚𝑖𝑠𝑠
𝑇 =

√︁
(𝐸𝑚𝑖𝑠𝑠

𝑥 )2 + (𝐸𝑚𝑖𝑠𝑠
𝑦 )2 (4.5)
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Datasets of particle collisions, collected with the ATLAS detector, are evaluated by compar-
ison with theoretical expectations within the thesis at hand. Based on the known and well
established Standard Model or by modeling new theory predictions, simulated events are
the foundation of the theoretical expectation. These simulated events are first produced
using Monte Carlo (MC) generators, with the transition to physical objects taking place
within a full simulation of the ATLAS detector, based on GEANT4 [95]. Pile-up, an
occurring effect of several collisions per event in the recorded data, is reproduced within
the simulated collisions by overlaying individually generated events.
The choice of simulated signal and background samples is consistent with the published
analysis in [3], complemented by the artificial charge asymmetric 𝑡𝑡 quark pair samples for
the top charge asymmetry measurement in chapter 10, related to [4]. The explicit listing
of Monte Carlo samples and the triggers for the collected data are attached in appendix A.
If no reference is provided the Feynman diagrams are created with TikZ[96].

The recorded datasets, evaluated for the direct and indirect search for new physics,
are described in section 5.1, while the simulated samples for the signal prediction are
presented in section 5.2 (indirect search) and 5.3 (direct search), followed by the simulated
background samples in section 5.4 and the multijet estimation in section 5.5.

5.1 Dataset

The direct and indirect search for new physics, presented within the thesis at hand, uses
the full data sample collected by the ATLAS detector during the proton-proton collisions
in 2015 and 2016 at a center of mass energy of 13 TeV. In total an integrated luminosity
of 42.7 fb−1 has been delivered with an average of < 𝜇 >= 23.7 interactions per bunch
crossing, see figure 5.2. Quality criteria are applied to the collected collision data in order
to remove the fraction of recorded data, which is unusable due to downtime of individual
detector subsystems or identified malfunctions. In 2015 87.1% of the delivered data passed
the quality criteria check of the individual subsystems providing

´
L=3.2 fb−1 of data

tagged as Good for Physics, while the downtime of the IBL, see section 3.2.2, caused
a decrease of 6%, see figure 5.1(a). In 2016 an integrated luminosity of

´
L=32.9 fb−1

compared to 38.5 fb−1 was defined as Good for Physics, see section 3.2.7, resulting in a
combined total integrated luminosity of 36.1 fb−1.

Interesting events for the considered analysis at hand are selected from the collision
data tagged as Good for Physics by requesting a specific triggers or combinations thereof,
see section 3.2.6 for the ATLAS trigger system. Since the signature characteristic of the
𝑡𝑡 quark pair decay in the lepton+jets channel is a single lepton, a trigger to distinguish
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Figure 5.1: Integrated luminosity delivered to (green) and recorded by (yellow) ATLAS
during stable beams for proton-proton collisions at a center-of-mass energy of 13 TeV in 2015
in (a) and 2016 in (b). In blue the data considered as Good for Physics is visualized for 2015
only [97].
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Figure 5.2: Shown is the weighted luminosity distribution of the mean number of interactions
per crossing for the combined 13 TeV proton-proton collision data. All data delivered to
ATLAS during stable beams is visualized and the integrated luminosity and the mean 𝜇 value
are provided in the figure [97].

between events with and without a lepton following the basic requirements can be used to
decrease the sample size by removing non-relevant collision events. There is no advantage
for this analysis in additional triggers, for e.g. jet triggers, since the single-lepton trigger
provides the best efficiency for the here considered decay channel. All the variations of
single-lepton triggers, utilized for this analysis, are high level triggers, based on Level 1
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seeds.
The individual single-lepton triggers are listed in appendix A.1 and are based on individu-
ally combined selection criteria on the lepton. Every trigger applies a cut on the lepton
𝑝𝑡. In addition to that some single-lepton triggers apply a criterion based on the lepton
identification process and/or on the isolation, and/or on the track information.
For example the single-electron trigger HLT_e24_lhmedium_L1EM20VH applies a cut on
the electron 𝑝𝑡 of 24 GeV, requests the ID selection MediumLH, see section 4.2.1, and uses
the so-called EM20VH seed, corresponding to an electromagnetic trigger with 𝑝𝑡>20 GeV
(EM20) and applied hadronic core isolation (H) criterion and a 𝑝𝑡 threshold, which varies
with 𝜂 to account for energy loss (V).

5.2 Signal simulation for indirect search for new physics

Monte Carlo samples of the 𝑡𝑡 process are generated to estimate the expected signal events
for the validation of the analysis setup as well as to model the uncertainties driven by the
choice of the Monte Carlo generator. The Feynman diagram for the corresponding process
of 𝑡𝑡 production is displayed in figure 2.1. For the top quark mass a value of 𝑚𝑡𝑜𝑝=172.5
GeV is assumed for all 𝑡𝑡 samples, except for the mass variation samples.

5.2.1 Standard 𝑡𝑡 samples

The Standard model process is simulated by the Powheg+Pythia6 generators. The pro-
cessing of the hard scattering is described by the Powheg v2[98–100] generator using the
CT10[101, 102] parton distribution function (PDF) set. Parton shower, fragmentation and
underlying events are simulated using Pythia v6.428[103] with the CTEQ6L1[104] PDF set
and the corresponding Perugia 2012[105] set of tune parameters. Tuning is done with the
ℎ𝑑𝑎𝑚𝑝 parameter1 being set to the reference top quark mass of 172.5 GeV.
Mass slices are added orthogonally to the standard 𝑡𝑡 sample to increase statistics in the
following five ranges, beginning at a truth 𝑚𝑡𝑡 above 1.1 TeV:

• 1.1 TeV < 𝑚𝑡𝑡 ≤ 1.3 TeV
• 1.3 TeV < 𝑚𝑡𝑡 ≤ 1.5 TeV
• 1.5 TeV < 𝑚𝑡𝑡 ≤ 1.7 TeV
• 1.7 TeV < 𝑚𝑡𝑡 ≤ 2 TeV
• 2 TeV < 𝑚𝑡𝑡 ≤ 14 TeV

An electroweak correction is applied to account for higher order electroweak processes, see
[106] for details.

1 ℎ𝑑𝑎𝑚𝑝 is the parameter used in modeling to control matrix element(ME)/parton shower matching in
POWHEG and effectively regulates the high-𝑝𝑡 radiation by controlling the transverse momentum of
the first additional emission beyond the Born configuration.
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5.2.2 𝑡𝑡 samples for modeling studies

With the standard 𝑡𝑡 sample defined in 5.2.1, the following sections describe the exploration
of different MC generators, considered for the semi-leptonic 𝑡𝑡 event production. The impact
of individual generator choices is estimated with respect to the selected standard sample.
The resulting modeling uncertainty, see section 8.3.1, provides a dominant contribution to
the total uncertainty in the direct and indirect search for new physics, see chapter 9 and
10.

Variation of parton shower generator

To estimate the impact of the parton shower simulation, the standard 𝑡𝑡 sample of this
analysis is compared to a 𝑡𝑡 sample with a different generator for the parton showering. In
agreement with the standard sample, the hard scattering is processed with the Powheg
v2 generator using CT10, while the parton shower, fragmentation and underlying events
are simulated using Herwig++ v2.7.1[107] with the same CTEQ6L1 PDF set, but the
corresponding CTEQ6L1-UE-EE-5[108] set of tune parameters.

Variation of hard scattering generator

The uncertainty provided by the choice of the hard scattering generator is estimated
by comparing the MadGraph5_aMC@NLO v2.2.3 [109] hard scattering generator with
the Powheg generator, used within the standard sample. The parton showering for the
comparison is in both samples simulated by Herwig++ v2.7.1.

Variation of initial/final state radiation

The variation of the initial and final state radiation is evaluated by selecting different
Perugia2012[105] sets of tune parameters, i.e. Perugia2012radLo for a decreased radiation
and Perugia2012radHi for an increased radiation, for a 𝑡𝑡 sample otherwise identical to
the standard 𝑡𝑡 sample in section 5.2.1. Low radiation is defined by the renormalization
(R) and factorization (F) scale 𝜇𝑅,𝐹 varied by a factor of 2.0 and ℎ𝑑𝑎𝑚𝑝 = 𝑚𝑡𝑜𝑝, while the
scale for high radiation is altered by a factor of 2 and ℎ𝑑𝑎𝑚𝑝=2𝑚𝑡𝑜𝑝.

5.3 Signal simulation for direct search for new physics

For the direct approach to search for physics beyond the Standard Model the previously in
section 5.2.1 defined 𝑡𝑡 sample is considered as background while theoretical BSM models
are declared signal and tested for explaining potential deficits/excesses in the data and
SM expectation comparison. Interference between the new signal models and the SM
𝑡𝑡 production are not considered, since no strongly interference between the dominant
component of the SM 𝑡𝑡 background and the potential signal models is to be expected. For
further information see [3, 110].
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5.3.1 Spin-1 color singlet - 𝑍 ′

For the production of a BSM spin-1 color singlet particle decaying into 𝑡𝑡 the 𝑍 ′ →𝑡𝑡
process is simulated with Pythia v8.165[111] with the NNPDF23LO[112] PDF set and the
A14[113] set of tune parameters.
For the topcolor-assisted technicolor 𝑍 ′

𝑇 𝐶2 the samples were normalized to cross-section
calculations performed at NLO in QCD[114] using PDF4LHC2015[115].
The hypothetical dark matter mediator particles 𝑍 ′

𝐷𝑀,𝑣𝑒𝑐 and 𝑍 ′
𝐷𝑀,𝑎𝑥 are estimated

from the same sample, reweighted to the appropriate resonance width as simulated in
MadGraph5_aMC@NLO[109]. The leading order process is displayed in figure 2.4(a).

5.3.2 Spin-2 color singlet - G𝐾𝐾

The production of a BSM spin-2 color singlet particle was simulated using Madgraph5_-
aMC@NLO with the NNPDF2.3 LO PDF set for the process G𝐾𝐾 →𝑡𝑡 . The parton
showering was performed by Pythia v8.165 with the A14 set of tune parameters. The
leading order process is displayed in figure 2.4(b).

5.3.3 Spin-1 color octet g𝐾𝐾

The decay process of the spin-1 color octet particle g𝐾𝐾 into 𝑡𝑡 is modeled by Pythia
v8.165 at leading order with the NPDF2.3 LO PDF set and the A14 set of tune parameters.
The leading order process is displayed in figure 2.4(c).

5.4 Simulated background samples

The characteristic decay signature for 𝑡𝑡 processes, i.e. a single lepton, a neutrino and four
jets, can be mimicked by different non-top quark related particles or with single top quark
events. Therefore the dataset collected by ATLAS is corresponding to a combination of
expected signal and background samples generated by Monte Carlo detectors. The relevant
backgrounds regarding the signal signature are described in the following subsections.

5.4.1 V+jets and diboson production

The background consisting of a boson V∈{𝑊 ,𝑍} with additional jets or two bosons (𝑊𝑊 ,
𝑊𝑍 or 𝑍𝑍) is generated with Sherpa 2.2.1 [116], using the NNPDF 3.0 PDF set at NNLO.
Decay processes similar to the signal with at least one leptonically decaying boson per
event are considered as contributing to the background, including all three lepton flavors.
For the diboson production 𝑊𝑊 , 𝑊𝑍 or 𝑍𝑍, with different decay channels (ℓ𝜈𝑞𝑞, ℓℓ𝑞𝑞)
orthogonal cuts for the lepton 𝑝𝑡 within the individual samples and the heavy flavor of the
additional jets are applied by default to guarantee enough statistics for the analysis in all
variations.
The leading order Feynman diagrams for the V+jets and diboson processes are visualized
in figure 5.3 and figure 5.4 respectively.
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(c) W+jets (𝑞𝑔)

Figure 5.3: Feynman diagrams for V+jets processes for 𝑍+jets (a) and 𝑊+jets production
(b),(c). The main production channels are visualized, charge conjugation can be applied.
Additional jets may result from initial and final state radiation.
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Figure 5.4: Feynman diagrams for VV processes with V=𝑊 ,𝑍 in t-channel (a) and s-channel
(b). The main production channels are visualized, charge conjugation can be applied.

W+jets flavor filter

Filters to the jet flavor, i.e. the flavor of the quark producing the jet during hadronization,
are applied in the production process of the samples. These heavy flavor filters are a
combinations of 𝑐 quark-veto and 𝑏 quark-veto filters and not suitable to distinguish between
𝑊+𝑐 and 𝑊+𝑐𝑐 events, which is necessary for the estimation of the W+jets background
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based on the 𝑊 +/𝑊 − cross-section ratio, see chapter 7. Therefore a second filter has been
implemented and included into the processing of the generated W+jets samples within the
Top Analysis framework, to tag the event with the corresponding category, based on the
jet flavor.
The four categories deduced from theory, see section 2.4, are

• 𝑊+𝑏𝑏

• 𝑊+𝑐𝑐

• 𝑊+𝑐

• 𝑊+lf

The new filter has been developed within the thesis to accommodate the need first for the
publication of the direct search and second for the W+jets estimation comparison in the
top charge asymmetry measurement.

5.4.2 𝑡𝑡 +V

The production of a 𝑡𝑡 quark pair with an associated boson V ∈{𝑍,𝑊} with up to two
additional jets is generated using the MadGraph5_MC@NLO v2.2.2, interfaced with
Pythia8.186. The A14 set of tune parameters and the NNPDF23LO PDF set is used. The
leading order Feynman diagrams are visualized in figure 5.5

𝑔

𝑔

𝑡

𝑡

𝑍
𝑔

(a) 𝑡𝑡 +Z

𝑡

𝑡

𝑞

𝑞′ 𝑊

𝑔

(b) 𝑡𝑡 +W

Figure 5.5: Feynman diagrams for 𝑡𝑡 +V processes for V=𝑍 (a) and V=𝑊 production (b).
The main production channels are visualized, charge conjugation can be applied.

5.4.3 Single top

The hard scattering processes of single top events in the Wt-[117] and s-channel[118] are
simulated with the Powheg v2 generator with CT10 PDF set, similar to 𝑡𝑡 production.
Overlap between 𝑡𝑡 and Wt-channel is treated within the diagram removal scheme[119].
The third single top production channel, t-channel, is generated with Powheg-Box v1[120],
using the four-flavor scheme for NLO matrix element calculations together with the four
flavor PDF set CT10f4. While for Wt- and s-channel the parton showering is simulated with
Pythia v6.428 and the CTEQ6L1 PDF set with the Perugia 2012 set of tune parameters,
t-channel events are processed with Madspin[121], preserving all spin correlations. The
leading order Feynman diagrams for single top processes are provided in figure 5.6.
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Figure 5.6: Feynman diagrams for single top processes in s-channel (a), t-channel (b) and
Wt-channel (c). The main production channels are visualized, charge conjugation can be
applied.

5.5 Data driven multijet background estimation

For the background arising from non-prompt leptons1, mainly from QCD multijet pro-
duction, the normalization, kinematic distributions and the statistical and systematic
uncertainties are estimated from data with a technique called matrix method. The particu-
lar matrix method used in the thesis at hand is a variation of the one used in previous
ATLAS analyses, described in detail here [122].
The idea of the matrix method is to use the lepton misidentification probability and lepton
identification efficiency to estimate the contribution of non-prompt leptons in the signal
selection. The efficiency 𝜀 is defined as the probability, that a prompt lepton, e.g. from a
𝑊 or 𝑍 boson, fulfills the loose lepton identification criteria, see sections 6.1.1 (el) and
6.1.2 (𝜇), as well as the tight identification criteria. The efficiency 𝑓 , the so called fake
rate, is defined as the probability, that a non-prompt lepton fulfills those two categories as
well. With 𝑓 and 𝜀 derived from or validated with data within dedicated control regions,
see [110], the estimation of 𝑓 and 𝜀 was provided externally for the publication, see [3],
and the thesis at hand.

1 A non-prompt lepton is either a lepton not originating from the main collision, e.g. produced within
jets or from heavy particles, or a jet, mis-identified as a lepton



5.5 Data driven multijet background estimation 53

The number of events with leptons fulfilling the loose identification criterion , see section
4.2.1 and 4.2.1 respectively, 𝑁𝑙𝑜𝑜𝑠𝑒, is defined in equation 5.1 with 𝑁𝑝𝑟𝑜𝑚𝑝𝑡 and 𝑁𝑄𝐶𝐷 equal
the number of events satisfying those criteria with prompt and non-prompt leptons from
QCD multijet events respectively.

𝑁𝑙𝑜𝑜𝑠𝑒 = 𝑁𝑝𝑟𝑜𝑚𝑝𝑡 + 𝑁𝑄𝐶𝐷 (5.1)

The number of events fulfilling the tight lepton identification criteria, 𝑁𝑡𝑖𝑔ℎ𝑡, is defined as

𝑁𝑡𝑖𝑔ℎ𝑡 = 𝜀 · 𝑁𝑝𝑟𝑜𝑚𝑝𝑡 + 𝑓 · 𝑁𝑄𝐶𝐷. (5.2)

The number of anti-tight events 𝑁𝑎𝑛𝑡𝑖−𝑡𝑖𝑔ℎ𝑡, where leptons passing the loose identification
criterion fail the tight lepton selection, can be defined similarly via

𝑁𝑎𝑛𝑡𝑖−𝑡𝑖𝑔ℎ𝑡 = (1 − 𝜀) · 𝑁𝑝𝑟𝑜𝑚𝑝𝑡 + (1 − 𝑓) · 𝑁𝑄𝐶𝐷. (5.3)

Solving the two equations 5.2 and 5.3 for 𝑁𝑝𝑟𝑜𝑚𝑝𝑡 and 𝑁𝑄𝐶𝐷 in equation 5.4 enables the
assessment of the QCD contribution in the signal region. The QCD multijet background is
estimated from data events, that pass all the signal selection criteria, except that the loose
lepton definition is used instead of the tight one. Data contains events from prompt-lepton
sources and QCD multijet events both. The multijet contribution in the signal region can
be estimated as

𝑓 · 𝑁𝑄𝐶𝐷 = 𝜀 − 1
𝜀 − 𝑓

𝑁𝑡𝑖𝑔ℎ𝑡 + 𝜀 × 𝑓

𝜀 − 𝑓
𝑁𝑎𝑛𝑡𝑖−𝑡𝑖𝑔ℎ𝑡. (5.4)

In addition to the overall yield estimation kinematic distributions, necessary for the mass
spectrum and the W+jet background estimation method, can be provided for the multijet
background by applying a weight 𝑤(𝑁𝑡𝑖𝑔ℎ𝑡,𝑁𝑎𝑛𝑡𝑖−𝑡𝑖𝑔ℎ𝑡) to each event. Equation 5.4 provides
the weight 𝑤(𝑁𝑡𝑖𝑔ℎ𝑡,𝑁𝑎𝑛𝑡𝑖−𝑡𝑖𝑔ℎ𝑡), where the tuple (𝑁𝑡𝑖𝑔ℎ𝑡,𝑁𝑎𝑛𝑡𝑖−𝑡𝑖𝑔ℎ𝑡) is either (1,0) or (0,1)
depending on whether the data event passes the tight or fails the tight selection, but passes
the loose selection.
A good modeling of the shape of the kinematic distributions, in the signal region for the
analysis as well as in the the control region within the W+jets background estimation
is mandatory. The best modeling with focus on the search for resonances in the 𝑡𝑡 mass
spectrum is achieved by parameterizing the efficiencies 𝑓 and 𝜀 as a function of relevant
kinematic variables. For the electron channel a two-dimensional function of the lepton
𝑝𝑡 and a calorimeter based isolation variable provides the best result, while for the muon
channel an additional parameter, the angular separation between the lepton and the closest
jet is necessary to achieve satisfying result, see [110] for details.
The modeling has been validated externally in separate dedicated regions, where one of
the multijet excluding selection criteria of the signal selection cuts, see section 6.2 , i.e.
𝐸𝑚𝑖𝑠𝑠

𝑇 or 𝐸𝑚𝑖𝑠𝑠
𝑇 + 𝑚𝑊

𝑇 , is inverted. For further information see [3]. For the thesis at hand
the provided 𝑓 and 𝜀 from [3] have been used to estimate the QCD multijet background
for the pre-tag control region within the 𝑊+jet background estimation as well as for the
signal region for the direct and indirect search for BSM physics.





6 Analysis

Focusing on the lepton+jets topology, this chapter describes the core aspects of the analysis:
the object selection in section 6.1, the event selection and reconstruction for the top quark
pair candidates in section 6.2. The event yields are presented in section 6.2.3. The presented
cuts and selections are applied to the direct and indirect search for new physics, described
in this thesis. The analysis in the context of the search for 𝑡𝑡 resonances has been published
in [3], with auxiliary material in [110].

6.1 Object selection

Before reconstructing the top and antitop candidates, the necessary building blocks, the
physical objects, see chapter 4, are selected requiring specific quality criteria. This object
selection is defined by the setup of the top-antitop resonance search presented in [3]
and follows the recommendations of the ATLAS TopReconstruction group[67]. These
prescriptions are used for a wide range of analyses involving 𝑡𝑡 decays in order to ensure
a common standard and compatibility, besides gaining an advantage from the optimized
selection based on previous experience.

6.1.1 Electrons

Besides a general selection, two electron quality criteria are introduced in this section:
Loose, for multijet background estimation only, and Tight otherwise. The electrons passing
the corresponding object selection will be called selected electrons further on.
General quality cuts, see table 6.1, are applied to ensure the basic kinematic coverage
in the central region of the detector regarding the transverse momentum, 𝑝𝑇 , and the
pseudo rapidity, 𝜂. The association of the electron candidate track to the collision vertex
is handled via a requirements to the significance of the transversal, 𝑑0, and restrictions to
the longitudinal, 𝑧0, impact parameter. To ensure a fully functional detector environment
electrons with clusters affected by dead front end boards in the liquid argon calorimeter
or dead high-voltage (HV) regions, so called BADCLUSELECTRONS, are removed via
bitwise comparison to an object quality map.
The loose and tight electrons differ from each other in the electron identification, see section
4.2.1, and the isolation criterion. For the tight selection isolated electrons are required,
where the total transverse momentum of all tracks, excluding the track belonging to the
electron, within a variable-cone size with radius 𝛥𝑅

𝛥𝑅 = min
(︂

10GeV
𝑝𝑇

,𝑅𝑚𝑎𝑥

)︂
, (6.1)

55



56 6 Analysis

is below a certain threshold, defined via a fraction of transverse momentum of the electron.
For the tight electron selection criteria a reconstruction efficiency of 90% at 𝑝𝑇 =25 GeV
and 99% at 𝑝𝑇 𝑡=60 GeV is reached [4].

General selection

Transverse momentum 𝑝𝑇 >25 GeV

Pseudo rapidity
|𝜂|<2.47,
excluding calorimeter transition region:
1.37<|𝜂|<1.52

Impact parameters |𝑑0|/𝜎(𝑑𝑜)<5
|𝑧0 sin 𝜃|<0.5 mm

Dead calorimeter regions BADCLUSELECTRON removal

Loose selection

Identification MediumLH

Tight selection

Identification TightLH
Isolation

∑︀
𝑝𝑇 in 𝛥𝑅 of 0.2/𝑝𝑇 <0.06

Table 6.1: Electron quality requirements applied to the electron selection to identify suitable
electrons for the multijet estimation (Loose) and the analysis (Tight)

6.1.2 Muons

The muon selection follows a similar procedure as for electrons described in the previous
section 6.1.1, with the specific cuts listed in table 6.2. The general selection requires the
Combined Muon reconstruction criteria, see section 4.2.2, and suppresses muons with a
high probability to have a bad momentum resolution, by flagging those as "bad". The
Loose and Tight muons are distinguished via the identification and the isolation criterion.
For the tight selection the average identification efficiency for muons is 98% [4].

6.1.3 Jets

Looking at top pair decays with a resolved topology, small-R jets are a requirement to
reconstruct the at least four jets in total from the hadronic W decay, and the two b-quark
jets directly from the top decay, see section 2.2.2. With a center-of-mass energy of 13 TeV,
the 𝑡𝑡 system can be boosted, i.e. the decay products of the hadronically decaying top
collimate in one large-R jet and can not be reconstructed individually anymore. Identifying
jets originating from the hadronization process of the b-quark improves the signal clarity



6.1 Object selection 57

General selection

Reconstruction combined
Transverse momentum 𝑝𝑇 >25 GeV
Pseudorapidity |𝜂|<2.7,

Impact parameters |𝑑0|/𝜎(𝑑0)<3
|𝑧0 sin 𝜃|<0.5 mm

Veto isBadMuon

Loose selection

Identification Loose

Tight selection

Identification Medium
Isolation

∑︀
𝑝𝑇 in 𝛥𝑅 of 0.3)/𝑝𝑇 <0.06

Table 6.2: Quality requirements applied to the muon selection to identify suitable muon for
the multijet QCD estimation (Loose) and the analysis (Tight)

and acquires a better track resolution by using track instead of calorimeter jets. Therefore
three different jet collections are defined within the analysis:

• small-R jets, R=0.4
• large-R jets, R=1.0
• small-R track jets, R=0.4

All jet collections are clustered via the anti-k𝑡 algorithm with the applied kinematic
cuts listed in table 6.3. For the small radius jets the Jet Vertex Tagger (JVT)[123] is a
supplementary quality criterion to suppress pile-up applied to jets within the kinematic
range of 𝑝𝑇 <60 GeV and |𝜂|<2.4. The chosen medium working point has an average
efficiency of 92% and a rejection rate for pile-up and noise of 98%. For the large-R jets the
reduction of pile-up effects is achieved with the trimming procedure described in section
4.2.3. The anti-k𝑡 and k𝑡 algorithms have been implemented using FastJet[124].

To the small-R track jets b-tagging requirements are applied, see section 4.2.3, using the
MV2 algorithm at a working point with 77% efficiency for the tagged jet being a b-jet. A
purity of 95% and a rejection1 of c- (light-) jets of 6.2 (134.3) respectively is achieved[125,
126].

1 The rejection is the inverse of the probability, that a given non-𝑥 jet is tagged as 𝑥, 𝑥 ∈(c, light). A
rejection of 100 means that one in 100 jets will be mistagged.
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Small radius jets

Clustering algorithm anti-k𝑡 on EM topocluster
Jet radius R=0.4
Transverse momentum 25 GeV
Pseudorapidity 2.5
JVT𝑚𝑖𝑛 JVT>0.59

Small radius track jets

Clustering algorithm anti-k𝑡 on tracks
Jet radius R=0.4
Transverse momentum 10 GeV
Pseudorapidity 2.5

Large radius jet

Clustering algorithm anti-k𝑡 on LC topocluster
Jet radius 1
Transverse momentum 100 GeV
Pseudorapidity 2.0
Trimming 𝑅𝑠𝑢𝑏=0.2, 𝑓𝑐𝑢𝑡=0.05

Table 6.3: Quality requirements for the three jet containers used during the analysis

6.1.4 Overlap removal

With a reconstruction procedure based on tracks and energy deposits in the calorimeter,
electrons and muons are also reconstructed as jets or might share the same information
in their reconstruction process. To discard duplicates of the same physical object and to
isolate electrons and muons from jets, an overlap removal procedure is applied.
In case of shared tracks between selected muons and electrons, the electron is rejected as it
is most likely a bremstrahlung photon. For the duplicate removal between electrons and
jets, the closest jet within 𝛥𝑅<0.2 of the electron is removed and in a consecutive step
electrons within a distance of 𝛥𝑅 <0.4 to a jet are discarded.
For the muon-jet overlap removal the distance parameter is depending on the muon’s
transverse momentum with 𝛥𝑅<0.04+10 GeV/𝑝𝜇

𝑇 to target the removal of jets faked by
muons through bremsstrahlung. If the nearest jet to the muon within this range has
fewer than three associated tracks, the jet is removed, otherwise the muon is discarded
instead, because it is likely to be non-prompt from hadron decays in a real jet. This
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procedure avoids inefficiencies for high energetic muons with a significant energy loss in
the calorimeter, registered as jets[3].

6.2 Event selection and reconstruction

After the description of a common event selection in section 6.2.1 to achieve a high data
quality and utilizing fundamental cuts to ensure a 𝑡𝑡 event signature the events are further
categorized into a resolved and a boosted decay topology. In section 6.2.2 the reconstruction
mechanism for the neutrino is described, as it is independent of the event categorization.
The necessary cuts implying a boosted decay are described in subsection 6.2.3, the second
category, the resolved decay topology, is detailed in subsection 6.2.4.
For the search for new particles decaying into top-pairs and for the measurement of the
charge asymmetry in top-pair decays, a precise reconstruction of the decay products is
fundamental for the analysis. The top-quark-pair reconstruction method is presented
combined with the selection cuts in the sections for resolved and boosted accordingly.

6.2.1 Common event selection

Following the initial pre-selection applied by the choice of single-lepton triggers in section
5.1, the event selection applied to all events consists of the following steps.

Event quality

At this selection stage only events recorded while all parts of the detector operated correctly
are allowed. A centrally provided Good Runs List flags events with e.g. incomplete
information, turned off detector components or corrupted calorimeter cells to be excluded
from any analysis and the remaining events are flagged "good for physics", see section 3.2.7.
Only events without any noise bursts detected in the EM or magnetic calorimeter are
considered for the analysis, ensured by a so-called "GOODCALO" flag[110]. In addition
to that a primary vertex, i.e. the vertex with the highest sum of squared transverse
momentum of the tracks assigned to it and at least two tracks, is required.

Charged Lepton selection

With the focus on the lepton+jets decay mode, a single lepton (electron or muon) is used as
a signal criterion to identify the corresponding events next. At first the lepton has to have
a transverse momentum of at least 30 GeV, second no additional electrons or muons with
𝑝𝑇 ≥ 25 GeV are allowed. With the event passing the single-lepton trigger, the selected
lepton has to to match the trigger decision to fully pass the charged lepton selection.

Leptonic W selection

Due to the required leptonic decay of one of the W-bosons, the event is expected to have a
charged lepton and missing transverse momentum. Additionally a jet cleaning event veto,
see [127] for details, is applied, preventing jets defined as bad from affecting the 𝐸𝑚𝑖𝑠𝑠

𝑇
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calculation. This is not only affecting the jets in the chosen three jets containers, but all
jets considered for the 𝐸𝑚𝑖𝑠𝑠

𝑇 calculation.
The event selection based on the leptonic W kinematics is achieved by the following two
criteria

• 𝐸𝑚𝑖𝑠𝑠
𝑇 > 20 GeV

• 𝐸𝑚𝑖𝑠𝑠
𝑇 +𝑚𝑊

𝑇 > 60 GeV

with the transverse mass of the W, 𝑚𝑊
𝑇 , being defined as

𝑚𝑊
𝑇 =

√︁
2𝑝ℓ

𝑇 𝐸𝑚𝑖𝑠𝑠
𝑇 (1 − cos 𝛥𝜑(ℓ,𝐸𝑚𝑖𝑠𝑠

𝑇 )) (6.2)

using the transverse momentum of the lepton,𝑝ℓ
𝑇 and the angular distance in 𝜑 between

lepton and the missing transverse momentum.

b-tagging

The b-tagging requirement is vital to separate signal events from background events with
only light flavor jets, multijet background and 𝑍+jets,. Although the 𝑡𝑡 decay contains
two b-jets, the condition is loosened to at least 1 b-tagged jet to take into account the
comparatively low efficiency of the method of 77%[125].

Classification into Boosted or Resolved selection

Fulfilling the later selection criteria the event is afterwards tested against the boosted
selection and - in case of failure - against the resolved selection. Double counting of events
is avoided with the preference set to boosted. The specific selection criteria are described
in the following sections 6.2.3 and 6.2.4.

6.2.2 Common reconstruction: Neutrino

Neutrinos can not be detected directly within the ATLAS detector, because the are unlikely
to interact with the detector material. The transverse momentum of the single neutrino
within the 𝑡𝑡 decay can be estimated from the missing transverse momentum of the event.
With the 𝑥- and 𝑦-component of the neutrino momentum acquired from 𝐸𝑚𝑖𝑠𝑠

𝑇 , a solution
for the 𝑧-component has to be found.
Under the assumption that neutrino and lepton originate from an on-shell W-boson decay
and including a W-mass constraint, an equation system can be formed to estimate the
𝑧-component of the neutrino. Are both solutions real, the choice depends on the topology,
see the corresponding choice for the boosted and resolved topology in subsections 6.2.3
and 6.2.4. In case of no real solution a mis-measurement of 𝐸𝑚𝑖𝑠𝑠

𝑇 is assumed and 𝐸𝑚𝑖𝑠𝑠
𝑇 is

minimally rescaled and rotated until a real solution is found. For a detailed description of
the procedure see [128].
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6.2.3 Boosted selection and reconstruction

Boosted 𝑡𝑡 decays are characterized by the decay products of the hadronically decaying
top being collimated into a single large jet, while the leptonically decaying partner is fully
resolved and under ideal circumstances back to back with the boosted jet. This topology
is more likely with a high mass of the 𝑡𝑡 system.

Leptonic-top b-jet:

To pass the boosted selection, the event is required to contain at least one small-R jet with
𝛥𝑅(jet,𝑙)<1.5. In case of more than one jet matching this criterion, the jet highest in
𝑝𝑇 is chosen and further on defined as selected jet. This jet represents the b-jet from the
leptonically decaying top, although no b-tagging requirement is enforced.

Hadronic-top jet:

The boosted jet candidate representing the hadronically decaying top quark is a large-R
jet, which passes the following criteria:

• 𝑝𝑇 >300 GeV
• 𝛥𝜑(jet𝑅=1.0,ℓ)>2.3
• 𝛥𝑅(jet𝑅=1.0, selected jet)>1.5

Additionally top-tagging is applied using 𝑝𝑇 and |𝜂| dependent cuts on the subjetiness
𝜏32 and the splitting scale

√
𝑑32, see section 4.2.3, at a working point with an expected

efficiency of 80%.

Boosted top candidates reconstruction

In the boosted topology the large-R jet represents the hadronic top, while the selected jet,
lepton and neutrino form the leptonic top. They are distinctly identified during the event
selection. In case of more than one large-R jet passing the top-tagging requirements, the
highest transverse momentum large-R jet is taken. With a possibility of having two real
solutions for the z-component of the neutrino, the smallest absolute |𝑝𝑧| is chosen. The
reconstruction of the top quark candidates is achieved by combining the four-vectors of
the reconstructed objects respectively, while the top-pair system is formed by combining
the two top-candidates, providing the invariant mass 𝑚𝑡𝑡.

6.2.4 Resolved selection and reconstruction

If the boosted selection fails, the event is tested against the criteria for the resolved
selection. The event must contain at least four small-R jets and the 𝜒2 algorithm for the
reconstruction of the 𝑡𝑡 system, see section 6.2.4, has to yield a value of log10(𝜒2)<0.9, to
pass the resolved selection.
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Resolved top candidates reconstruction

The resolved topology consists of a lepton, a neutrino and a small-R jet, representing the
leptonic top decay identical to the boosted topology. In addition to that three small-R
jets, two of them originating from the W-boson and one from the b-quark of the top decay,
form the hadronic top candidate In contrast to the boosted topology these small-R jets are
expected to be resolved individually. To assign the at least four small-R jet candidates
from the resolved event selection to the respective top quark candidate a minimal 𝜒2 is
constructed to find the best combination, see

𝜒2 =
[︂

𝑚𝑗𝑗 − 𝑚𝑊

𝜎𝑊

]︂2

⏟  ⏞  
hadronic W

+
[︂

𝑚𝑗𝑗𝑏 − 𝑚𝑗𝑗 − 𝑚𝑡ℎ−𝑊

𝜎𝑡ℎ−𝑊

]︂2

⏟  ⏞  
hadronic top

+
[︂

𝑚𝑗ℓ𝜈 − 𝑚𝑡ℓ

𝜎𝑡𝑙

]︂2

⏟  ⏞  
leptonic top

+
[︂

(𝑝𝑇,𝑗𝑗𝑏 − 𝑝𝑇,𝑗ℓ𝜈) − (𝑝𝑇,𝑡ℎ
− 𝑝𝑇,𝑡ℓ

)
𝜎𝛥𝑝𝑇

]︂2

⏟  ⏞  
top quark transverse momentum

. (6.3)

The first term represents the constraint from the hadronically decaying W-boson, while
the second one represents the hadronic top decay, with the W-boson being subtracted to
decouple it from the first term. Next is the constraining term formed by the leptonic top
quark followed by the constraint of the top quark candidates to have similar transverse
momenta. For the b-jet candidate only jets passing the b-tag requirement are considered.
The parameter values for the central-values 𝑚𝑊 , 𝑚𝑡ℎ−𝑊 , 𝑚𝑡ℓ

, 𝑚𝑡ℓ
and the width values

𝜎𝑊 , 𝜎𝑡ℎ−𝑊 , 𝜎𝑡ℓ
and 𝜎𝛥𝑝𝑇

are estimated from Gaussian fits to the distributions of relevant
reconstructed variables, using MC events for which the reconstructed objects can be
matched to partons with the MC truth information1, see[3].

6.3 Yields and comparison

With the events selection, see section 6.2, applied, table 6.4 presents the event yields for
the resolved topology and table 6.5 for the boosted topology. Here only the statistical
uncertainties are displayed for the base of the in-situ calibration of the backgrounds used
in the direct and indirect search presented in the work at hand.
In figures 6.1 and 6.2 exemplary MC-Data comparisons are presented for relevant dis-
tributions for the 𝑡𝑡 resonance and top charge asymmetry analysis including the total
uncertainties. The so called total uncertainties here represent the dominant uncertainties
for the top charge asymmetry measurement and combine the statistical uncertainty and
the systematic uncertainties of the cross-sections, 𝑡𝑡 modeling and 𝑊+jets scale factors,
see chapter 8. Further uncertainties, which are identified as significant in the search for
resonances in the 𝑡𝑡 mass spectrum, see table 9.2, are not included. The distributions for

1 The parameter values are: 𝑚𝑊 = 80.51 GeV, 𝑚𝑡ℎ−𝑊 = 85.17 GeV, 𝑚𝑡ℓ = 167.36 GeV, 𝜎𝑊 = 12.07
GeV, 𝜎𝑡ℎ−𝑊 = 16.05 GeV, 𝜎𝑡ℓ = 25.41 GeV, (𝑝𝑇,𝑡ℎ − 𝑝𝑇,𝑡ℓ ) = 0.23 GeV and 𝜎𝛥𝑝𝑇 = 18.85 GeV[110]
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observed data and Standard Model expectations agree within the covered uncertainties for
both channels.

Source 𝑒+jets 𝜇+jets combined
tt̄ 443600 ± 400 439200 ± 400 882800 ± 600
single top 21530 ± 90 21340 ± 90 42870 ± 130
W + bb,cc 19640 ± 290 23000 ± 400 42600 ± 500
W + c 4880 ± 140 4840 ± 130 9720 ± 190
W + lf 2060 ± 130 1990 ± 140 4050 ± 190
Z+jets 7470 ± 100 3680 ± 60 11150 ± 120
diboson 1480 ± 40 1450 ± 40 2930 ± 50
tt̄ +V 1010 ± 10 990 ± 10 2000 ± 10
multijet 58200 ± 800 24500 ± 700 82700 ± 1000
Total 559900 ± 1000 521000 ± 900 1080900 ± 1300
Data 580194 569977 1150171

Table 6.4: Event yields for data and Standard Model expectation after the application of the
event selection for the resolved topology, including only stat. uncertainties.

Source 𝑒+jets 𝜇+jets combined
tt̄ 35750 ± 120 32740 ± 110 68490 ± 170
single top 2220 ± 40 1910 ± 30 4120 ± 40
W + bb,cc 1750 ± 20 2000 ± 20 3750 ± 30
W + c 620 ± 10 600 ± 10 1220 ± 20
W + lf 250 ± 10 230 ± 10 480 ± 10
Z+jets 370 ± 10 250 ± 10 620 ± 10
diboson 460 ± 20 370 ± 20 830 ± 20
tt̄ 𝑡𝑡 +V 320 ± 10 300 ± 10 620 ± 10
multijet 4680 ± 290 1400 ± 160 6070 ± 330
Total 46410 ± 320 39790 ± 200 86200 ± 370
Data 40649 35701 76350

Table 6.5: Event yields for data and Standard Model expectation after the application of the
event selection in the boosted topology, including only stat. uncertainties.
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Figure 6.1: Comparison of data and Standard Model expectation for the reconstructed
invariant mass of the 𝑡𝑡 system and the 𝛥|𝑦| distribution in the 𝑒+jets channel ,(a) and (c),
and the 𝜇+jets channel ,(b) and (d). Total uncertainties are the combination of statistical
uncert. and systematic uncert.
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2000

4000

6000

8000

10000

12000

14000

16000

18000

20000

22000

ev
en

ts

+jets, Boostedµ

-1 = 13 TeV, 36.1 fbs

4− 3− 2− 1− 0 1 2 3 4

)t|y|(t,∆

0.5

1

1.5

D
at

a/
M

C

 

 

 

 

 

ATLAS Data 

t t 

W+jets 

other SM 

multijet 

total uncert.

(d) 𝛥|𝑦| distribution in 𝜇+jets channel

Figure 6.2: Comparison of data and Standard Model expectation for reconstructed invariant
mass of the 𝑡𝑡 system and 𝛥|𝑦| distribution in the 𝑒+jets channel, (a) and (c), and the 𝜇+jets
channel, (b) and (d). The small peak at low masses in the 𝑡𝑡 mass spectrum in the 𝑒+jets
channel originates in jet miss-assignment or miss-reconstruction and is well modeled in the
simulation. A further investigation is evaluated as redundant.





7 Data driven W+jets background estimation with flavor scale factors

Since the total amount of 𝑊 -bosons produced with associated jets, 𝑊 +jets, is not precisely
predicted in Monte Carlo, a data-driven approach is used to estimate this background.
The chosen method is based on an overall normalization factor and an individual heavy
flavor scale factor for the different flavors of the additional jets. First descriptions of the
method used for

√
𝑠 = 8 TeV can be found in [129], an improved method for the search for

𝑡𝑡 resonances is published in [130] and [131].
In this study the estimation method is adapted to the conditions of data taken with

√
𝑠

= 13 TeV. The final scale factors represent the main contribution to the published analysis
for the direct search for new particles [3] and are further used in the study of additional
use cases within the 𝑡𝑡 charge asymmetry measurement in chapter 10.

The overall normalization of the 𝑊+jets background is based on the theoretically well
understood ratio of the cross sections for 𝑊 + and 𝑊 −, see section 2.4. A short description
of the normalization procedure via charge asymmetry is presented in section 7.1. In
section 7.2 the extraction of the individual flavor scale factors from a control region within
the resolved event selection is described and the resulting combined scale factors are
presented in 7.3. 𝑊+jets specific uncertainties and the treatment of general uncertainties
are discussed in 7.4. The final section 7.5 is dedicated to closure tests for the individual
scaling factors.

7.1 W+jets normalization

The data driven charge asymmetry normalization deduces the estimated total amount of
𝑊+jets in data, 𝑁𝑊,𝐷𝑎𝑡𝑎 and corrects the amount of simulated 𝑊+jets events, 𝑁𝑊,𝑀𝐶

accordingly. This is achieved by comparing the asymmetry in the corrected data yields,
𝐷𝑎𝑠𝑦𝑚,𝑝𝑚, which remain after the subtraction of asymmetric non-𝑊 +jets MC backgrounds,
to the expected asymmetry of 𝑊 +jets in MC, 𝑟𝑀𝐶 , see equation 7.1. While a contribution
to the asymmetry is expected from the MC samples 𝑡𝑡 +V, single top (s-,t-channel) and
diboson, the remaining backgrounds, 𝑡𝑡 , single top (Wt-channel), multi-jet and Z+jets,
are treated as charge symmetric.

𝑁𝑊,𝐷𝑎𝑡𝑎 =
(︂

𝑟𝑀𝐶 + 1
𝑟𝑀𝐶 − 1

)︂
(𝐷𝑎𝑠𝑦𝑚,+ − 𝐷𝑎𝑠𝑦𝑚,−) (7.1)

with 𝑟𝑀𝐶 =
𝑁𝑊 +,𝑀𝐶

𝑁𝑊 −,𝑀𝐶
= 𝜎(𝑝𝑝 → 𝑊 +)

𝜎(𝑝𝑝 → 𝑊 −)

As a consequence of this a factor for the so called charge asymmetry normalization, 𝐶𝐴,
can be extracted as

𝐶𝐴 = 𝑁𝑊,𝐷𝑎𝑡𝑎

𝑁𝑊,𝑀𝐶
. (7.2)

67
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Separating the MC samples into symmetric and asymmetric with respect to the lepton
charge is based on the asymmetry value, 𝐴𝑐

1, compatible with zero, see table 7.1. Contri-
butions of the symmetric MC processes to the asymmetry in data are considered as an
uncertainty, see section 7.4.

excl. 4-jets ¯-channel Ac ΔAc asymmetric
𝑊 + 𝑏𝑏 13.7% 0.3% X
𝑊 + 𝑐𝑐 12.4% 0.8% X
𝑊 + 𝑐 5.8% 0.7% X
𝑊 + 𝑙𝑓 15.6% 0.7% X

single top (s,t) 22.7% 0.5% X
𝑡𝑡 +V 5.4% 0.3% X
diboson 1.9% 0.7% X

QCD 0.4% 0.9%
single top (Wt) 0.1% 0.3%
𝑡𝑡 0.0% 0.1%
𝑍+jets 0.0% 0.7%

Table 7.1: The asymmetry 𝐴𝑐 of all MC samples is listed for events with exactly four jets in
the 𝑚𝑢-channel in the pretag region, including the statistical uncertainty.

The 𝑊 +jets normalization is obtained from a sample of events selected without b-tagging
requirement, so called pretag, and before the application of topology specific selection cuts,
see sections 6.2.3 and 6.2.4. Three different control regions are defined, based on the jet
multiplicity: 2 exclusive, 4 exclusive and 5 inclusive jets. For these the events are split
according to their lepton charge.

The total input for the charge asymmetry normalization procedure of the 𝑊+jets MC
samples is listed in table 7.2 (𝑒) and table 7.3 (𝜇).

CA normalization control region e+jets
jet flavor 2ex 4ex 5in

W+bb 738100 ± 2000 91600 ± 400 46010 ± 170
W+cc 507400 ± 3200 90400 ± 600 50150 ± 300
W+c 1624000 ± 7000 140000 ± 1000 53600 ± 400
W+lf 4870000 ± 40000 326900 ± 2800 122200 ± 800

Table 7.2: Event yields in the 𝑒+jets channel of the W+jets MC sample in the charge
asymmetry (CA) normalization control region, statistical uncertainties only.

1 The asymmetry 𝐴𝑐 is based on event counts of events with positive, 𝑁 𝑙+, or negative lepton charge,
𝑁 𝑙−, with 𝐴𝑐 = 𝑁𝑙+−𝑁𝑙−

𝑁𝑙++𝑁𝑙− .
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CA normalization control region 𝜇+jets

jet flavor 2ex 4ex 5in

W+bb 722800 ± 2100 94640 ± 330 49700 ± 170
W+cc 550000 ± 4000 97500 ± 800 54430 ± 300
W+c 1770000 ± 9000 149600 ± 1100 57500 ± 400
W+lf 5570000 ± 40000 380600 ± 2500 139200 ± 800

Table 7.3: Event yields in the 𝜇+jets channel of the W+jets MC sample in the charge
asymmetry (CA) normalization control region, muon channel, statistical uncertainties only

7.2 Flavor scale factors

For the different jets flavors in the 𝑊+jets samples individual flavor scale factors are
estimated in a b-tagged (tag), lepton charge separated control region and extrapolated to
the signal region. The control region for the flavor scale factors the same as for the charge
asymmetry normalization, except for the additional b-tag requirement.
Due to a large contamination with multijet background in the flavor control region with an
absolute uncertainty (50%) larger than the total W+c jets contribution, a correction factor
for the QCD background is used in the 2 exclusive tag control region only. While the charge
contribution difference can be used to quantify the 𝑊 +𝑏𝑏, 𝑊 +𝑐𝑐 and 𝑊 + 𝑙𝑓 contribution,
the 𝑊 + 𝑐 jets and the multijet contribution are both (almost) charge symmetric and
therefore indistinguishable. This procedure can not estimate the 𝑊 + 𝑐 jets contribution
while simultaneously fitting the QCD contribution. As a consequence of this the 𝑊 + 𝑐
flavor scale factor 𝐾𝑐 is confined to 1.00 during the fit. The 𝑏𝑏 and 𝑐𝑐 flavored 𝑊+jets
contributions are combined and treated with a single flavor scale factor, 𝐾𝑏𝑏,𝑐𝑐, because
their asymmetric behavior is similar, due to identical production mechanisms, see section
2.4, and are estimated together with 𝐾𝑙𝑓 and 𝐾𝑄𝐶𝐷 within this method.
The flavor scale factors and the QCD correction factor are estimated by solving the equation
system described in equation7.3. There the number of 𝑊 +jets MC events for the individual
subsamples, 𝑁 ℓ 𝑐ℎ𝑎𝑟𝑔𝑒

𝑀𝐶,<𝑓𝑙𝑎𝑣.>, scaled with the charge asymmetry normalization factor 𝐶𝐴 and
the flavor scale factors 𝐾𝑖, is compared to the corrected data yields 𝐷𝑐𝑜𝑟𝑟, i.e. the data
yields minus all non-𝑊 MC samples, but including QCD. In addition the sum of the flavor
fractions 𝑓<𝑓𝑙𝑎𝑣.>, with 𝑓𝑙𝑎𝑣.(𝑓𝑙𝑎𝑣𝑜𝑟) ∈ {𝑏𝑏𝑐𝑐,𝑐, 𝑙𝑓}, estimated from 𝑊+jets MC yields in
the 2 excl. pretag region, is forced to be equal 1 after scaling with 𝐾𝑖, so that it does not
change the total 𝑊+jets yields, as this is the purpose of the normalization factor. The
third line in equation 7.3 is dedicated to the 𝑊 + 𝑐 flavor scale factor, which is fixed to
1.00 in the control region. After 10 iterations of solving the equation system, including the
recalculation of the CA normalization factor, the results have proven to be stable within
the uncertainties.
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After the estimation of the flavor scale factors 𝐾<𝑓𝑙𝑎𝑣> for the 2 excl. region the new
flavor fractions can be calculated via

𝑓2𝑒𝑥,𝑓𝑖𝑛𝑎𝑙
<𝑓𝑙𝑎𝑣> = 𝑓2𝑒𝑥

<𝑓𝑙𝑎𝑣> · 𝐾<2𝑒𝑥
<𝑓𝑙𝑎𝑣>. (7.4)

The flavor scale factors are extrapolated to the 4 exclusive and 5 inclusive jet region,
which are representing the common signal region for analysis with top-pair decays. For
the resulting flavor scale factors 𝐾<#𝑗𝑒𝑡𝑠>

<𝑓𝑙𝑎𝑣> the flavor fractions 𝑓𝑓𝑖𝑛𝑎𝑙,<#𝑗𝑒𝑡𝑠>
<𝑓𝑙𝑎𝑣> need to be

normalized within each jet multiplicity, which can be achieved via the following equation

𝑓𝑓𝑖𝑛𝑎𝑙,<#𝑗𝑒𝑡𝑠>
<𝑓𝑙𝑎𝑣> = 𝑓<#𝑗𝑒𝑡𝑠>

<𝑓𝑙𝑎𝑣> ·
𝑓𝑓𝑖𝑛𝑎𝑙,2𝑒𝑥𝑐𝑙

<𝑓𝑙𝑎𝑣>

𝑓2𝑒𝑥𝑐𝑙
<𝑓𝑙𝑎𝑣>

and 𝐾<#𝑗𝑒𝑡𝑠>
<𝑓𝑙𝑎𝑣> =

𝑓𝑛𝑜𝑟𝑚,<#𝑗𝑒𝑡𝑠>
<𝑓𝑙𝑎𝑣>

𝑓<#𝑗𝑒𝑡𝑠>
<𝑓𝑙𝑎𝑣>

. (7.5)

The final set of heavy flavor scale factors are listed in section 7.3 with statistical
uncertainties listed in 7.4. The correcting factors for the multijet background only used
within the control region for the flavor scale factor estimation are presented in table 7.4.

channel KQCD stat. uncertainties
𝑒 1.05 ± 0.03 (Data) ± 0.10 (MC W) ± 0.01 (MC asym)
𝜇 1.07 ± 0.06 (Data) ± 0.21 (MC W) ± 0.1 (MC asym)

Table 7.4: Correcting factors for the multijet background in the resolved control region (2
exclusive jets) for heavy flavor scale factor extraction, including statistical uncertainties only.

7.3 Final scale factors for W+jets and application

In this section the final normalization and heavy flavor scale factors are presented. To
visualize the optimization concerning the agreement with data, the control regions for the
heavy flavor scale factors are presented before and after the application of the scale factors,
including the QCD correction factor for demonstration purpose.
For the boosted region in the 𝑡𝑡 resonance search analysis, see chapter 9, the flavor scale
factors from the resolved region are used in combination with the charge asymmetry
normalization estimated in the resolved region, since a lack of statistics prevents individual
control regions for the boosted topology.

Two sets of heavy flavor scale factors are obtained for the final analysis, depending on
the jet multiplicity: 4 exclusive jets and 5 inclusive jets, which cover the signal region with
a 4 inclusive jet requirement. For reference the 2 exclusive jet bin results, the bin in which
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the flavor scale factors are estimated from, are listed additionally. The extrapolation from
control to signal region is done via equation 7.5.

#jets Kbb, Kcc Kc Klf CA
2 1.28 ± 0.18 1.00 ± 0.30 0.93 ± 0.05 1.06 ± 0.06
4 1.22 ± 0.17 0.96 ± 0.29 0.89 ± 0.04 1.02 ± 0.05

≥5 1.20 ± 0.17 0.94 ± 0.28 0.87 ± 0.04 0.78 ± 0.04

Table 7.5: W+Jets scale factors for each 𝑊+jets flavor and the charge asymmetry normal-
ization in different jet multiplicity bins for the 𝑒+jets channel in resolved topology. Combined
statistical uncertainties are listed.

#jets Kbb, Kcc Kc Klf CA
2 1.51 ± 0.17 1.00 ± 0.30 0.88 ± 0.04 1.15 ± 0.05
4 1.41 ± 0.16 0.93 ± 0.28 0.82 ± 0.04 0.95 ± 0.03

≥5 1.35 ± 0.15 0.89 ± 0.27 0.79 ± 0.03 0.80 ± 0.03

Table 7.6: 𝑊 +jets scale factors for each 𝑊 +jets flavor and the charge asymmetry normaliza-
tion in different jet multiplicity bins for the 𝜇+jets channel in the resolved topology. Combined
statistical uncertainties are listed.

 E
nt

rie
s 

200
400
600
800

1000
1200
1400
1600
1800
2000

 

prefit,  tag
tot lepton charge
el+jets

 jetbin 
2ex 3ex 4ex 5in

 D
at

a 
/ B

kg
 

0.8

1

1.2
 

W+lf 

single top 

MC stat. uncert.

×103                  s = 13 TeV Lint = 36.1 fb-1

ATLAS data 

W+c 

Other

t t 

W+bb/cc 

multijet

(a) prefit

 E
nt

rie
s 

200
400
600
800

1000
1200
1400
1600
1800
2000

 

 jetbin 
2ex 3ex 4ex 5in

 D
at

a 
/ B

kg
 

0.8

1

1.2
 

postfit,  tag
tot lepton charge
el+jets

t t 

W+bb/cc 

multijet

W+lf

single top 

MC stat. uncert.

×103                                       s = 13 TeV Lint = 36.1 fb-1

ATLAS data 

W+c 

other

(b) postfit

Figure 7.1: Jet multiplicity in the resolved electron channel, before application of the scale
factors (a), and afterwards (b), including QCD correction factor in 2 exclusive bin only.
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Figure 7.2: Jet multiplicity in the resolved muon channel, before application of the scale
factors (a), and afterwards (b), including QCD correction factor in 2 excl. bin only.

7.4 Uncertainties

Concerning the W+jets scale factors one can distinguish between two different kind of
uncertainties:

• uncertainties affecting the estimation of the scale factors, resulting in uncertainties
on the scale factors

• effect of other systematic uncertainties on the scale factors, resulting in respective
scale factors

7.4.1 Uncertainties affecting the estimation of W+jets scale factors

Statistical uncertainties

In order to estimate the influence of the statistic of the collected data sample as well as the
size of the Monte Carlos samples, 10.000 sets of scale factors are calculated with varied data
yields in the pretag and tag control region under the assumption of a Poisson distribution.
For the 𝑊+jets yields and the asymmetric Monte Carlo samples, the size of the variation
is based on the square root of the quadratic sum of the event weights. The impact of the
symmetric Monte Carlos samples is neglected due to its size being smaller than the one
from the asymmetric Monte Carlo samples.

Method uncertainties

As an uncertainty of the method itself, the as symmetric defined samples have been checked
thoroughly and it has been exposed, that their asymmetry value, see section 7.1, is varying
within different jet multiplicity bins, see appendix B.

An impact on the charge asymmetry normalization could be traced back during the
closure tests, see section 7.5, to the single top s- and t-channel as well as the 𝑍+jets
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sample, depending on the lepton channel. To allow for this, a set of scale factors has been
estimated, where all MC samples are considered as asymmetric and extracted from data
before the charge asymmetry normalization is calculated. This is treated as a separate
uncertainty in the 𝑡𝑡 resonance search analysis, with a minor impact only.

For the 𝑊+jets with c flavor, the uncertainty can not be estimated, as the flavor scale
factor is set to 1.0 in the control region. Therefore a conservative uncertainty of 30% has
been chosen, based on the uncertainty on the cross-section measurement for 𝑊 + 𝑐 with 2
additional jets.

7.4.2 Affect of other systematic uncertainties on the W+jets scale factors

For every other systematic uncertainty, listed in chapter 8, an individual set of scale factors
is estimated and used for the overall uncertainty in the final result in the direct search.

7.5 Closure tests for W+jets estimation

The W+jets estimation has been tested with different pseudo data sets, consisting of the
multijet estimate and the expected Monte Carlo background with varied fractions of the
W+jets components 𝑊 + 𝑏𝑏, 𝑊 + 𝑐𝑐, 𝑊 + 𝑐 and 𝑊+light flavor jets (𝑊 + 𝑙𝑓).

The variations tested are based on the 𝑊+jets flavor and normalization scale factors
estimated for the analysis:

• W+jets total yields + 10%
• W+bb, W+cc fraction + 40%
• W+bb, W+cc fraction - 40%
• W+lf fraction + 15%
• W+lf fraction - 15%

The 𝑊 + 𝑐 scale factor is not included in the closure tests, since the 𝑊 + 𝑐 fraction can not
be estimated in parallel to the multijet correcting factor in the control region of exclusive
2 jets and without b-tag jet requirement.

In a so called Asimov data sample pseudo data equals the sum of Monte Carlo samples
and the multijet background. The extracted 𝑊 +jets scale factors differ from the expected
scale factors, 1.00 for all flavors and CA normalization, see Table 7.7, but are within the
statistical uncertainties1. This can be explained by the sensitivity of the normalization
to the charge asymmetry in the Asimov data set. The contributions from 𝑡𝑡, 𝑍+jets and
single top Wt-channel are expected to be symmetric, but their asymmetries in Monte Carlo

1 For the analysis the statistical uncertainties of data and Monte Carlo W+jets and charge asymmetric
Monte Carlo backgrounds are combined, with the uncertainties on W+jets dominating.
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are partially above statistical fluctuations. For the analysis this is covered by the lepton
charge mis-identification uncertainty in the electron channel and by introducing a new
uncertainty, which corresponds to a CA normalization calculated with all Monte Carlo
samples subtracted from the data sample.

2ex bin K𝑏𝑏,K𝑐𝑐 K𝑐 K𝑙𝑓 QCD CA
expected 1.0 1.00 1.00 1.00 1.00
HFSF e-channel 0.96±0.06 1.00 1.01±0.01 0.99 1.03±0.01
HFSF 𝜇-channel 0.95±0.05 1.00 1.01±0.01 0.97 1.04±0.01

Table 7.7: Charge asymmetry normalization CA and heavy flavor scale factors 𝐾𝑖, i ∈
[bb,cc,c,lf] for an Asimov pseudo-dataset, scaled to the integrated luminosity of 36.1 fb−1,
statistical uncertainties on data only, expected and estimated heavy flavor scale factors with
QCD scale factor and CA normalization in control region.

For the closure tests an ideal environment is defined, with symmetric yields for 𝑡𝑡, 𝑍+jets,
single top (Wt-channel) and the multijet background, resulting in a perfect agreement for
the Asimov data set.

Within the closure test several variations, i.e. variations of the total W+jets yields
and individual flavor fraction variations, have been checked and they all agree within
expectations, se appendix C.
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Within the analysis, different sources of uncertainty affect the significance of the measure-
ment. In this section the uncertainties, that are considered as relevant for the search for a
resonance within the 𝑡𝑡 mass spectrum[3], are detailed.
The personal contribution to these uncertainties regarding the W+jets estimation within
the thesis at hand is described in 7.4.2. The dominant systematic uncertainties for the
measurement of the top charge asymmetry are presented in section 10.7.
An overview over the final uncertainties for the direct search for new physics is presented
combined with the final results in section 9.2.

At first the uncertainty on the luminosity and the pile-up is presented in section 8.1,
followed by the uncertainties divided into affecting reconstructed objects, see section 8.2,
and backgrounds in section 8.3.
For details and further information regarding the systematic uncertainties evaluated within
the analysis at hand see [3, 110].

8.1 Systematic uncertainty on integrated luminosity and pile-up

The uncertainty in the combined integrated luminosity for data taken in 2015 and 2016
is 2.1 % [132], obtained using the LUCID-2 detector [61] for the primary luminosity
measurements, see section 3.2.5. The uncertainty is applied as a constant shift to each
simulated background.
In addition to that an uncertainty for the pile-up in collision events is estimated and
applied by reweighting the MC samples in order to achieve the same luminosity profile as
in data. The uncertainty is extracted from the official tool [133]. The luminosity induced
uncertainty on the event yields in the 𝑡𝑡 resonance measurement varies between 1.9 and
2.1% in the different signal regions.

8.2 Systematic uncertainty on reconstructed objects

Uncertainties originating from the identification and reconstruction methods of physics
objects affect the event yields and measured 𝑡𝑡 mass in the analysis at hand, since the
reconstruction of the top quark pair from physics objects provides the input for the mass
spectrum, i.e. the figure of merit for the search for resonances within the spectrum.

8.2.1 Electron and muon

For the electron and the muon the following sources for systematic uncertainties are
considered:

75
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• trigger efficiencies
• identification efficiencies
• energy scale
• energy resolution

The modeling of these sources is studied by using leptonic Z boson decays in data and
simulation at

√
𝑠=13 TeV. The identified corrections for the simulation, to better model

the performance seen in data, have associated uncertainties that are propagated to the
estimated signal and background yields. The combined systematic uncertainties associated
to electron or muon are smaller than 2% in the event yields within the individual signal
regions.

8.2.2 Small-R jets

Within the different uncertainties regarding small-R jets, the jet energy scale (JES) is
estimated using a combination of simulations, test-beam data and in situ measurements.
The jet energy resolution (JER) is derived with an in situ measurement of the jet response
in di-jet events. With additional contributions from jet flavor composition, calorimeter
response to different jet flavors, pile-up and more, a set of 19 eigenvectors is defined to
describe the systematic uncertainty subcomponents [134]. The JES and JER uncertainties
for small-R jets are one of the dominant uncertainties within the presented direct search
for new physics within the 𝑡𝑡 mass spectrum, with the largest uncertainty from JES with
5.8% in the resolved channel, see figure 9.2.

8.2.3 Large-R jets

The systematic uncertainties on the large-R jet energy, mass and 𝜏32 scales are derived from
Run-1 in situ uncertainties for

√
𝑠= 8 TeV, extrapolated to

√
𝑠=13 Tev and complemented

by additional Run-2 uncertainties[89]. The method used for estimating the uncertainties
in Run-1 is the calorimeter-to-tracker response double-ratio method, or 𝑅𝑡𝑟𝑘 method, see
[135] for details.
The considered uncertainties also have a minor impact on the resolved selection, since
the uncertainty on the large-R jet can have an impact on the decision, whether the event
passes the boosted or the resolved selection. JES and JER are the dominant large-R
jet uncertainties with a significant impact on the final yields of up to 6.0% for the JES
uncertainty in the boosted channel, see figure 9.2.

8.2.4 b-tagging on the track jets

To compensate for differences between data and simulation within the b-tagging efficiency
for b-, c- and light jets [88, 136] correction factors are applied. The correction factors
are derived from flavor enriched data samples, i.e. 𝑡𝑡 events with di-leptonic final states.
An additional uncertainty term is considered to extrapolate the measured uncertainty for
various variables affecting the b-tagging performance, such as track multiplicity per jet
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and impact parameter resolution, to the high 𝑝𝑇 regions of interest. Within the b-tagging
uncertainties and overall, the b-tagging efficiency and extrapolation uncertainty are within
the dominant uncertainties regarding the analysis with up to 3.2% for the b-tagging
efficiency in the resolved channel, see figure 9.2.

8.2.5 Missing transverse momentum

For the uncertainty on the 𝐸𝑚𝑖𝑠𝑠
𝑇 two different sources are considered: variations due

to the systematic uncertainty of the 𝐸𝑚𝑖𝑠𝑠
𝑇 inputs, such as small-R jets or leptons, and

the uncertainties assigned to the soft term of the 𝐸𝑚𝑖𝑠𝑠
𝑇 calculation, see section 4.2.4,

recommended by the JetEtMiss group[137]. The 𝐸𝑚𝑖𝑠𝑠
𝑇 uncertainty is of minor relevance

for the analysis compared to the dominant systematics, since it is below 2%.

8.3 Systematic uncertainties on the background

Uncertainties can be specific to individual processes, such as 𝑡𝑡 or 𝑊+jets. The following
subsections address these subcategory of uncertainties.

8.3.1 Uncertainties affecting only 𝑡𝑡

Since the search for new physics takes place within the mass spectrum of 𝑡𝑡 events, a deep
understanding of the uncertainties in the 𝑡𝑡 process is of utter importance.

Cross-section

One sources of uncertainty for 𝑡𝑡 processes is the uncertainty on the cross-section. At a
center-of-mass energy of

√
𝑠= 13 TeV the cross section is estimated as 𝜎𝑡𝑡=832+46

−52 pb for a
top mass of 172.5 GeV. It has been calculated at next-to-next-to-leading order (NNLO)
in QCD including resummation of next-to-next-to-leading logarithmic (NNLL) soft gluon
terms with top++2.0 [22, 138–143].

Modeling

Since different 𝑡𝑡 models are available, distinguished by the choice of the individual genera-
tors for simulating hard scattering and parton shower as well as the degree of radiation,
uncertainties are estimated to cover those variations. To account for those variations the
nominal Powheg+Pythia 𝑡𝑡 sample are compared to Powheg+Herwig to estimate the effect
of different parton showering generators, while MC@NLO+Herwig and Powheg+Herwig
are considered for an estimation of the hard scattering process simulation. For the radiation
uncertainty two additional Powheg+Pythia samples with increased (decreased) radiation
are compared to the nominal 𝑡𝑡 sample, see section 5.2.2 for a short sample description.
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Parton distribution functions (PDF)

The choice of the parton distribution functions is evaluated using the PDF4LHC15 PDF
prescription, providing 30 separate uncertainty eigenvectors[115], with the MSTW2008
68% CL NNLO [144, 145], CT10 NNLO [101, 102] and NNPDF2.3 5f FFN [112] PDF
prescriptions, added in quadrature to the scale uncertainty. This uncertainty is taken as a
systematic uncertainty in the nominal Powheg+Pythia 6 𝑡𝑡 sample.

Electroweak corrections

Electroweak corrections to 𝑡𝑡 production add an uncertainty of 10% of their deviation from
unity[3]. The corrections for higher order electroweak effects are applied to the nominal 𝑡𝑡
sample as a weight. The weight depends on the flavor and energy of the initial partons in
the center of mass frame, and on the angle of the top quark in the same frame. The value
of the correction decreases with the invariant mass of the 𝑡𝑡 system.

Next-to-next-to-leading order QCD corrections

NNLO QCD uncertainties are derived from theoretical calculations [146] and applied
as a function of the top quark 𝑝𝑇 and the transverse momentum of the 𝑡𝑡 system, as
recommended in reference [146]. The effect of this uncertainty in the 𝑚𝑡𝑡 mass spectrum is
very small in the low mass region, but increases up to 7% for a mass of 2 TeV and higher
in the resolved and up to 20% above 3 TeV in the boosted selection.

8.3.2 Uncertainties affecting only single top

The cross-section uncertainty for the single top background is estimated to be ±5.3%,
corresponding to the theoretical uncertainty in the dominant Wt-channel contribution at
NNLO in QCD [147–149]. Differences between the predictions from diagram removal and
diagram subtraction approaches [119] are represented by an according uncertainty, since
both methods lead to different results with respect to the interference between 𝑡𝑊 and 𝑡𝑡
production.

8.3.3 Uncertainties affecting only W+jets

The uncertainties for W+jets are described within the estimation procedure in section 7.4.

8.3.4 Uncertainties affecting only QCD multijet

Various definitions of multijet control regions are utilized to estimate the systematic
uncertainty for the multijet background, resulting in slightly different values for the
efficiency rate 𝑓 . Including systematic uncertainties associated with object reconstruction
and MC simulation, a total normalization uncertainty of 50% is assigned to the QCD
multijet background, lepton flavor independent.



9 Search for resonances in 𝑡𝑡 decay mass spectrum - a direct search for
BSM physics

A search for new heavy particles decaying into top quark pairs has been performed using
36.1 𝑓𝑏−1 of data at

√
𝑠= 13 TeV by the ATLAS detector at the LHC. Since no excesses

have been found in the 𝑡𝑡 mass spectrum beyond background expectation exclusion limits
on cross-section times branching ratio for different signal models have been set. The tested
signal models are the hypothetical Z’ boson, Kaluza-Klein gluons (g𝐾𝐾) and Kaluza Klein
gravitons (G𝐾𝐾).
This chapter presents the results of the publication [3] of the 𝑡𝑡 resonance search group,
while the providing of the W+jets estimate with heavy flavor scale factors, explained in
detail in chapter 7, represents the main contribution to the group effort.

With the analysis procedure described in chapter 6, the following section 9.1 focuses
on the adaption regarding the event selection and the acceptance of the tested models,
followed by the considered systematic uncertainties in section 9.2, the results in section 9.3
and a short discussion in section 9.4.

9.1 Event categorization and acceptance

To improve the sensitivity, see [110], of the 𝑡𝑡 resonance search analysis with respect to the
limit results, a splitting into four different b-tag categories is introduced after the event
selection presented in chapter 6. For the categorization, the reconstructed hadronic and
leptonic top, as described in section 6.2, as well as the b-tagged jet(s) are considered.
The events are sorted into one of the following four b-tag categories:

Category 0: @ b-tagged jet matching the hadronic or leptonic top candidate

Category 1: only the leptonic top candidate has a matching b-tagged jet

Category 2: only the hadronic top candidate has a matching b-tagged jet

Category 3: both top candidate have a matching b-tagged jet

A b-tagged jet is considered as a match, if it is reconstructed within 𝛥𝑅 = 0.4 to the
small-R jet assigned to the leptonic top candidate or within 𝛥𝑅 = 1.0 of the large-R jet of
the hadronic top candidate. The resolved equivalent of the large-R jet is the one small-R
jet assigned as a b quark by the 𝜒2 algorithm, described in section 6.2.4. All events within
category 0 are rejected for the signal regions.
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For these final signal regions the acceptance1 times efficiency2 (𝐴 × 𝜀) is shown in figure
9.1, including the branching ratio for simulated BSM particles decaying into 𝑡𝑡 , described
in section 2.3, in the detector acceptance, since other decay channels than 𝑡𝑡 are possible.
For the separated acceptances in the individual lepton channels and b-tag category split
into 1,2 and 3 see [110].
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Figure 9.1: Acceptance times efficiency (𝐴 × 𝜀), including the branching ratio for MC
simulated BSM particles decaying into 𝑡𝑡 , as a function of the 𝑡𝑡 invariant mass 𝑚𝑡𝑡 for
simulated signal events. The 𝑒 and 𝜇 channel efficiencies are combined[3]

9.2 Resulting systematic uncertainties

For the analysis the effect of the systematic uncertainties described in 8 is estimated and the
largest contributions are shown in figure 9.2. The 𝑡𝑡 modeling and jet energy uncertainty
provide the largest contribution to the overall uncertainties.

1 Acceptance: The fraction of the signal events, that is visible to and recorded by the detector systems.
2 Efficiency: The fraction of signal events, that pass the selection.
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Systematic Uncertainty Background [%] Z ′
TC2, 2 TeV [%] Z ′

TC2, 3 TeV [%]
resolved boosted resolved boosted resolved boosted

tt̄ extra QCD radiation 4.0 2.4 – – – –
tt̄ QCD NNLO 0.8 7.4 – – – –
tt̄ cross-section 5.2 – – – – –
tt̄ generator 1.7 3.8 – – – –
tt̄ parton shower 0.6 3.2 – – – –
Multi-jet 2.6 2.7 – – – –
Anti-kt R = 0.4 JER 1.1 0.2 3.2 0.2 1.2 0.2
Anti-kt R = 0.4 JES 5.8 0.9 7.0 0.7 3.6 0.6
Anti-kt R = 1.0 JER 0.1 4.0 5.3 3.7 2.0 4.2
Anti-kt R = 1.0 JES 0.3 6.0 3.7 4.7 2.8 6.0
b-tagging efficiency 3.2 1.8 1.8 1.9 2.3 2.7
b-tagging extrapolation 2.4 2.3 2.0 0.6 1.2 1.8
Luminosity 1.9 1.9 2.1 2.1 2.1 2.1
Pile-up 4.4 0.5 4.4 0.8 3.9 0.5
Total 11.6 12.8 11.7 7.1 7.6 8.7

Figure 9.2: The systematic uncertainties in the yields in the background, as well as in the 2
TeV and 3 TeV Z’𝑇 𝐶2 signal models, in percentage. Only rows with at least one column with
an uncertainty larger than 2% are shown individually.

9.3 Results

After the reconstruction of the 𝑡𝑡 mass spectra, a model independent search for excesses
in form of bumps or deficits is performed, described in section 9.3.1. Since no deviations
beyond expected fluctuations were found, model dependent upper limits have been set in
section 9.3.2 for each of the tested BSM models.

9.3.1 Compatibility with the SM-only hypothesis

The here presented search for new particles is performed using the 𝑡𝑡 mass spectra dis-
tributions of data and expected SM background with BumpHunter[150], a hypothesis
testing tool sensitive to local excesses of data. This tool also takes the look-elsewhere effect
(LEE)[151] over the full mass range into account, requiring a significant bump at roughly
the same mass in all spectra, to avoid a bias by random fluctuation. The detailed SM-only
hypothesis test procedure performed by BumpHunter is described in the following section,
based on [110].

Common to all kind of hypothesis tests is the consistency check between some data
D and a hypothesis, typically "Null" or in this case "SM-only", represented by the MC
background following SM predictions. Three steps summarize the estimation of potential
excesses or deficits in data:

1. quantification of the discrepancy between data and background by a single number,
the test statistic 𝑡

2. generation of pseudo-data based on the SM-only hypothesis and repetition of step 1
between pseudo-data and background
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3. consistency check of data and SM-only hypothesis with the p-value

The quantification of the discrepancy between data and background in a 𝑡𝑡 mass spectrum
is performed in sliding windows of variable size, with a minimum width of two bins, through
the full mass spectrum in boosted (480 GeV to 6 TeV) and resolved (390 GeV to 2 TeV)
topology. In order to estimate the test statistic 𝑡 for each window the Poisson probability
𝑃 (𝑑𝑖,𝑏𝑖), defined in equation 9.1 with data yields 𝑑𝑖 and background yields 𝑏𝑖, is estimated
while searching for an excess1.

𝑃 (𝑑𝑖,𝑏𝑖) =
{︃

𝛤 (𝑑𝑖,𝑏𝑖) =
∑︀∞

𝑛=𝑑𝑖

𝑏𝑛
𝑖

𝑛! 𝑒
−𝑏𝑖 if 𝑑𝑖 ≥ 𝑏𝑖

1 − 𝛤 (𝑑𝑖 + 1,𝑏𝑖) if 𝑑𝑖 < 𝑏𝑖

(9.1)

The smallest 𝑃 (𝑑𝑖,𝑏𝑖) value of all windows within one mass spectrum, defined as 𝑃 𝑚𝑖𝑛
𝑖 ,

hereby represents the window containing the most interesting candidate for an excess.
Including the total systematic uncertainty 𝜃𝑖 for window 𝑖, equation 9.1 is redefined as 9.2
with 𝜆𝑖 ∈ {−8,8} being the real number that maximizes 𝑏𝑛

𝑖
𝑛! 𝑒

−𝑏𝑖𝑒− 𝜆2
𝑖

2 .

𝑃 (𝑑𝑖,𝑏𝑖) → (𝑑𝑖,𝑏𝑖 + 𝜆𝜃𝑖)𝑒− 𝜆2
𝑖

2 (9.2)

From 𝑃 𝑚𝑖𝑛
𝑖 the BumpHunter test statistic 𝑡 can be calculated as

𝑡 =
{︃

0 if𝑑𝑖 ≤ 𝑏𝑖

− log 𝑃 𝑚𝑖𝑛
𝑖 otherwise

(9.3)

After the quantification of the differences in the mass spectra of data and SM background
expectation, at least 𝑁 = 10.000 pseudo experiments have been generated by Poisson
fluctuation of the expected background.
The figure of merit to decide, whether the "SM-only" hypothesis can be rejected, is the
p-value, defined in equation 9.4, where 𝑓(𝑡) is the distribution of the test statistic values
derived from the pseudo-data and 𝑡𝑜𝑏𝑠 is the test statistic obtained from data.

𝑝 − value =
´∞

𝑡𝑜𝑏𝑠
𝑓(𝑡)´∞

0 𝑓(𝑡)
(9.4)

The 𝑝-value lies within 0 and 1 and can be considered a false-discovery probability, with a
value of 0 representing a deviation in data of a larger size than any corresponding excess
in the pseudo-data.
All 12 distinct channels, divided by lepton flavor (𝑒,𝜇), topology (resolved, boosted) and the
three b-tagging categories (1,2,3), have been evaluated with BumpHunter for excesses and
deficits in the 𝑡𝑡 mass spectrum. Without finding any significant deviations the "SM-only"

1 For the search for deficits the inequality signs are reversed
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hypothesis could not be rejected. Therefore no hints for the existence of a BSM particle
decaying into a top-antitop quark pair could be identified.

9.3.2 Upper limit setting on cross-sections

The search for excesses or deficits in the 𝑡𝑡 mass spectra was accomplished in a model-
independent way. In order to exclude mass ranges for hypothetical particles benchmark
models of specific processes need to be defined. Therefore upper limits are set on the
cross-section times branching ratio for each tested signal model, defined in section 2.3,
using a profile likelihood-ratio test. Within this test confidences are derived from the pdfs
of −2 ln 𝑄, with 𝑄 representing the ratio of likelihoods for the two hypothesis of interest,
see equation 9.5, i.e. 𝑏 for background (SM-only) and 𝑠 + 𝑏 for signal+background.

𝑄 = 𝐿(𝑠 + 𝑏)
𝐿(𝑏) (9.5)

A frequentist approach with the CL𝑠 prescription[152] is used to derive one-sided 95%
confidence level (CL) cross-section limits on the hypothesis, that data agrees with the
expected SM background and signal samples. The 𝐶𝐿𝑠 procedure provides conservative
limits on the signal hypothesis and is described by

𝐶𝐿𝑠 = 𝐶𝐿𝑠+𝑏

𝐶𝐿𝑏
(9.6)

Statistical and systematic uncertainties in the expected distributions are included as
nuisance parameters, constrained by Gaussian pdfs in the likelihood fits. For details see [3].
Exemplary the mass distributions after the likelihood fit under the background-only
hypothesis for the resolved 𝑒+jets and the boosted 𝜇+jets channel are displayed in figure
9.4.

The expected and observed limits on the cross-section for the different tested BSM
models versus the particle mass are shown in figure 9.5, 9.6, 9.7 and 9.8. In these figures
the regions between the extracted limits for the individual mass points are interpolated
with straight lines. The summary of the excluded mass limits for the BSM particles can be
found in figure 9.3.

Summary of 95 % Confidence Level mass exclusion ranges on benchmark models
Model Observed excluded mass [TeV] Expected excluded mass [TeV]

Z ′
TC2 (1% width) < 3.0 < 2.6

Z ′
DM,ax < 1.2 < 1.4

Z ′
DM,vec < 1.4 < 1.6

GKK [0.45, 0.65] [0.45, 0.65]
gKK (15% width) < 3.8 < 3.5
gKK (30% width) < 3.7 < 3.2

Figure 9.3: Summary of excluded mass ranges for the signals studied in the analysis[3].
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(a) resolved 𝑒+jets, cat. 1
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(b) resolved 𝑒+jets, cat. 2
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(c) resolved 𝑒+jets, cat. 3

 [GeV]reco
tt

m

1000 2000 3000 4000 5000 6000

D
at

a 
/ P

re
d.

 

0.5

0.75

1

1.25

1.5

E
ve

nt
s 

/ 1
00

 G
eV

2−10

1−10

1

10

210

310

410
ATLAS

-1 = 13 TeV, 36.1 fbs
 

 (cat. 2)µBoosted 
Post-Fit

Data tt

W+jets Multi-jet
Others Uncertainty

(d) boosted 𝜇+jets, cat. 1
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(e) boosted 𝜇+jets, cat. 2
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(f) boosted 𝜇+jets, cat. 3

Figure 9.4: The 𝑚𝑟𝑒𝑐𝑜
𝑡𝑡

distributions for the resolved 𝑒, (a),(b),(c), and boosted 𝜇, (d),(e), (f).
The shaded areas indicate the total systematic uncertainties, The ratio of the data to the final
fitted expectations is shown in the lower panel, open triangles indicate that the ratio point
would appear outside the panel[3].
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Figure 9.5: The observed and expected cross-section 95% CL upper limits on the Z’𝑇 𝐶2
signal. The theoretical predictions for the production cross-section times branching ratio of
Z’𝑇 𝐶2 →𝑡𝑡 at the corresponding masses are also shown[3].

Mediator mass [TeV]
0.5 1 1.5 2 2.5 3 3.5 4 4.5 5

 B
 [p

b]
× σ

4−10

3−10

2−10

1−10

1

10

210

310

Expected 95% CL upper limit
Observed 95% CL upper limit

σ 1 ±Expected 95% CL upper limit 
σ 2 ±Expected 95% CL upper limit 

Dark Matter simplified model, axial-vector mediator

ATLAS -1 = 13 TeV, 36.1 fbs

(a) Axial-vector mediator
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Figure 9.6: The observed and expected cross-section 95% CL upper limits on the (a) Z’𝐷𝑀,𝑎𝑥

and (b) Z’𝐷𝑀,𝑣𝑒𝑐 signals. The theoretical predictions for the cross-section times branching
ratio of Z’𝐷𝑀 →𝑡𝑡 at the corresponding masses are also shown[3].
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Figure 9.7: The observed and expected cross-section 95% CL upper limits on the G𝐾𝐾 signal.
The theoretical predictions for the production cross-section times branching ratio of G𝐾𝐾 →𝑡𝑡
at the corresponding masses are also shown[3].
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(a) 30% width
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Figure 9.8: The observed and expected cross-section 95% CL upper limits on the g𝐾𝐾

signal for resonances with widths of 30% (a) and 15% (b). The theoretical predictions for the
cross-section times branching ratio of g𝐾𝐾 →𝑡𝑡 at the corresponding masses are also shown[3].



9.4 Discussion 87

9.4 Discussion

Since no evidence has been observed for the existence of new particles decaying into top
quarks for the here considered models for 𝑍’, 𝑔𝐾𝐾 and 𝐺𝐾𝐾 at masses up to 3.8 TeV,
the frontier needs to be pushed further. This can be achieved on one hand by decreasing
systematic uncertainties affecting only the SM background, especially 𝑡𝑡 modeling and
multi-jet estimation. On the other hand the impact on the overall uncertainty for signal
and background is dominated by JES and JER uncertainties as well as b-tagging related
uncertainties and the effect of uncertainties by measuring the total luminosity and estimating
the pile-up. Since the analysis is not in particular sensitive to statistics, using the full
2017-2018 dataset is not expected to improve the analysis in a significant way. Contrary
the increase in the center of mass energy would gain statistics in the higher 𝑡𝑡 mass region
and extend the range for the search.
A representative summary over the current effort regarding the search for new physics
is provided in figure 9.9, containing the limits estimated in the here presented analysis
[3]. Supersymmetry for example is not included in this summary, since the focus lies on
comparable models to the considered examples in the 𝑡𝑡 resonance search.
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ADD GKK + g/q 0 e, µ 1 − 4 j Yes 36.1 n = 2 1711.033017.7 TeVMD

ADD non-resonant γγ 2 γ − − 36.7 n = 3 HLZ NLO 1707.041478.6 TeVMS

ADD QBH − 2 j − 37.0 n = 6 1703.091278.9 TeVMth

ADD BH high
∑
pT ≥ 1 e, µ ≥ 2 j − 3.2 n = 6, MD = 3 TeV, rot BH 1606.022658.2 TeVMth

ADD BH multijet − ≥ 3 j − 3.6 n = 6, MD = 3 TeV, rot BH 1512.025869.55 TeVMth

RS1 GKK → γγ 2 γ − − 36.7 k/MPl = 0.1 1707.041474.1 TeVGKK mass
Bulk RS GKK →WW /ZZ multi-channel 36.1 k/MPl = 1.0 1808.023802.3 TeVGKK mass
Bulk RS GKK →WW → qqqq 0 e, µ 2 J − 139 k/MPl = 1.0 ATLAS-CONF-2019-0031.6 TeVGKK mass
Bulk RS gKK → tt 1 e, µ ≥ 1 b, ≥ 1J/2j Yes 36.1 Γ/m = 15% 1804.108233.8 TeVgKK mass

2UED / RPP 1 e, µ ≥ 2 b, ≥ 3 j Yes 36.1 Tier (1,1), B(A(1,1) → tt) = 1 1803.096781.8 TeVKK mass

SSM Z ′ → ℓℓ 2 e, µ − − 139 1903.062485.1 TeVZ′ mass
SSM Z ′ → ττ 2 τ − − 36.1 1709.072422.42 TeVZ′ mass
Leptophobic Z ′ → bb − 2 b − 36.1 1805.092992.1 TeVZ′ mass
Leptophobic Z ′ → tt 1 e, µ ≥ 1 b, ≥ 1J/2j Yes 36.1 Γ/m = 1% 1804.108233.0 TeVZ′ mass
SSM W ′ → ℓν 1 e, µ − Yes 139 CERN-EP-2019-1006.0 TeVW′ mass
SSM W ′ → τν 1 τ − Yes 36.1 1801.069923.7 TeVW′ mass
HVT V ′ →WZ → qqqq model B 0 e, µ 2 J − 139 gV = 3 ATLAS-CONF-2019-0033.6 TeVV′ mass
HVT V ′ →WH/ZH model B multi-channel 36.1 gV = 3 1712.065182.93 TeVV′ mass
LRSM WR → tb multi-channel 36.1 1807.104733.25 TeVWR mass
LRSM WR → µNR 2 µ 1 J − 80 m(NR) = 0.5 TeV, gL = gR 1904.126795.0 TeVWR mass

CI qqqq − 2 j − 37.0 η−LL 1703.0912721.8 TeVΛ

CI ℓℓqq 2 e, µ − − 36.1 η−LL 1707.0242440.0 TeVΛ

CI tttt ≥1 e,µ ≥1 b, ≥1 j Yes 36.1 |C4t | = 4π 1811.023052.57 TeVΛ

Axial-vector mediator (Dirac DM) 0 e, µ 1 − 4 j Yes 36.1 gq=0.25, gχ=1.0, m(χ) = 1 GeV 1711.033011.55 TeVmmed

Colored scalar mediator (Dirac DM) 0 e, µ 1 − 4 j Yes 36.1 g=1.0, m(χ) = 1 GeV 1711.033011.67 TeVmmed

VVχχ EFT (Dirac DM) 0 e, µ 1 J, ≤ 1 j Yes 3.2 m(χ) < 150 GeV 1608.02372700 GeVM∗
Scalar reson. φ→ tχ (Dirac DM) 0-1 e, µ 1 b, 0-1 J Yes 36.1 y = 0.4, λ = 0.2, m(χ) = 10 GeV 1812.097433.4 TeVmφ

Scalar LQ 1st gen 1,2 e ≥ 2 j Yes 36.1 β = 1 1902.003771.4 TeVLQ mass
Scalar LQ 2nd gen 1,2 µ ≥ 2 j Yes 36.1 β = 1 1902.003771.56 TeVLQ mass
Scalar LQ 3rd gen 2 τ 2 b − 36.1 B(LQu

3 → bτ) = 1 1902.081031.03 TeVLQu
3

mass

Scalar LQ 3rd gen 0-1 e, µ 2 b Yes 36.1 B(LQd
3 → tτ) = 0 1902.08103970 GeVLQd

3
mass

VLQ TT → Ht/Zt/Wb + X multi-channel 36.1 SU(2) doublet 1808.023431.37 TeVT mass
VLQ BB →Wt/Zb + X multi-channel 36.1 SU(2) doublet 1808.023431.34 TeVB mass
VLQ T5/3T5/3 |T5/3 →Wt + X 2(SS)/≥3 e,µ ≥1 b, ≥1 j Yes 36.1 B(T5/3 →Wt)= 1, c(T5/3Wt)= 1 1807.118831.64 TeVT5/3 mass

VLQ Y →Wb + X 1 e, µ ≥ 1 b, ≥ 1j Yes 36.1 B(Y →Wb)= 1, cR (Wb)= 1 1812.073431.85 TeVY mass
VLQ B → Hb + X 0 e,µ, 2 γ ≥ 1 b, ≥ 1j Yes 79.8 κB= 0.5 ATLAS-CONF-2018-0241.21 TeVB mass
VLQ QQ →WqWq 1 e, µ ≥ 4 j Yes 20.3 1509.04261690 GeVQ mass

Excited quark q∗ → qg − 2 j − 139 only u∗ and d∗, Λ = m(q∗) ATLAS-CONF-2019-0076.7 TeVq∗ mass
Excited quark q∗ → qγ 1 γ 1 j − 36.7 only u∗ and d∗, Λ = m(q∗) 1709.104405.3 TeVq∗ mass
Excited quark b∗ → bg − 1 b, 1 j − 36.1 1805.092992.6 TeVb∗ mass
Excited lepton ℓ∗ 3 e, µ − − 20.3 Λ = 3.0 TeV 1411.29213.0 TeVℓ∗ mass
Excited lepton ν∗ 3 e,µ, τ − − 20.3 Λ = 1.6 TeV 1411.29211.6 TeVν∗ mass

Type III Seesaw 1 e, µ ≥ 2 j Yes 79.8 ATLAS-CONF-2018-020560 GeVN0 mass
LRSM Majorana ν 2 µ 2 j − 36.1 m(WR ) = 4.1 TeV, gL = gR 1809.111053.2 TeVNR mass
Higgs triplet H±± → ℓℓ 2,3,4 e,µ (SS) − − 36.1 DY production 1710.09748870 GeVH±± mass
Higgs triplet H±± → ℓτ 3 e,µ, τ − − 20.3 DY production, B(H±±

L
→ ℓτ) = 1 1411.2921400 GeVH±± mass

Multi-charged particles − − − 36.1 DY production, |q| = 5e 1812.036731.22 TeVmulti-charged particle mass
Magnetic monopoles − − − 34.4 DY production, |g | = 1gD , spin 1/2 1905.101302.37 TeVmonopole mass
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Figure 9.9: Reach of ATLAS searches for new phenomena. Only a representative selection is
shown. Green bands indicate 8 TeV data results; yellow (orange) bands indicate 13 TeV data
results with partial (full) dataset [153].





10 Measurement of charge asymmetry in top pair production - an
indirect search for BSM physics

In the previous chapter, chapter 9, the direct search for physics beyond the standard model
in form of new particles decaying into top quark pairs has been presented, resulting in
new exclusion limits. Within the following section a different approach to search for new
physics, representing a so called indirect search, is performed.
Measuring the properties of SM particles with increasing precision provides not only a
validation of the modeled processes, but is also sensitive to new particles. In case of hidden
new particles measurable interferences are expected resulting in derivations from the SM
prediction, hence this approach is considered as ’indirect’ search.

The indirect search performed within this thesis is the precision measurement of the
charge asymmetry, 𝐴𝐶 , within the pair production of top quarks in the lepton+jets channel.
The corresponding theoretical background is outlined in chapter 10.1. The challenge of this
analysis is the size of the dominant uncertainties. The main source of uncertainty, the 𝑡𝑡
modeling uncertainty described in section 5.2.2, is sensitive to the statistic of the modeled
events and restricted to the available samples. Within the background uncertainties the
focus here is on the 𝑊+jets estimation. Since a complete rejection of the 𝑊+jets back-
ground is impossible, due to the conformity with the 𝑡𝑡 decay signal, a realistic modeling
of the estimated 𝑊+jets events is necessary to decrease the impact of the asymmetric
production of 𝑊 + and 𝑊 − on the top charge asymmetry measurement as good as possible.
As standard procedure for the 𝑊+jets background estimation an in-situ approach is con-
sidered, where the amount of simulated W+jets events is adapted during the measurement
in the signal region. In contrast to that a second approach is evaluated for potential
improvements.
Physically and technically the analysis at hand follows the recommendations and experience
of the 8 TeV top charge asymmetry analysis, see [154], wheres the event selection is based
on the recommendations from the 𝑡𝑡 resonance search group and the 13 TeV publication [3],
presented in chapter 9. Under these circumstances it is possible to reutilize and investigate
the potential of the already obtained heavy flavor scaling factors, estimated for the 𝑡𝑡
resonance publication, see chapter 7.

Evaluating these two different W+jets estimation approaches regarding the potential to
decrease the corresponding uncertainty is the main purpose of this complementary study.
During the preparation and estimation of the dominant uncertainties, a closer look has
been applied to the largest impact on the total uncertainties for now, the 𝑡𝑡 modeling
uncertainties.
The analysis presented here has provided input to the public results in [4], but is based on a
different set of data and simulation samples, hence yielding results not directly comparable
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with the public ones.
An outlook of the here presented analysis with respect to the published top charge

asymmetry measurement in [4] with the full 13 TeV dataset is provided in section 10.10.

In this chapter advantage of the full 2015 and 2016 statistic is taken within the inclusive
measurement of the top charge asymmetry for resolved topologies. A differential approach
regarding the 𝑡𝑡 mass is presented, motivated by the sensitivity of the 𝐴𝑐 measurement to
various theoretical models, see section 10.1.

The first section 10.1 is dedicated to the theoretical introduction into the phenomenology
of the charge asymmetry, followed by a description of the analysis setup in section 10.2.
The introduction into the analysis methods contains a short description of the Bayesian
Unfolding techniques and the configuration thereof for the measurement in 10.3. The
systematic uncertainty of the unfolding procedure is evaluated in the following section
10.4 regarding its linearity between reconstructed 𝐴𝑐 values from artificially asymmetric
𝑡𝑡 pseudo-datasets with the intrinsic truth values. The general configuration is followed
by a validation of the method in section 10.5. The comparison of the two approaches
for assessing the 𝑊+jets background in discussed in section 10.6. In section 10.7 the
estimation of the considered dominant uncertainties is described. The analysis results for
the inclusive charge asymmetry measurement are presented in section 10.8, the results of
the differential measurement in section 10.9. A discussion of potential improvements of the
presented analysis with respect to the publication with the full dataset and an updated set
of Monte Carlo samples in section 10.10 finalizes this chapter.

10.1 Theoretical description of the top quark pair decay charge asymmetry

The production process of 𝑡𝑡 is described within the perturbative quantum field theory
(QFT) in the SM. Within the theory introduction in section 2.2.1 only the production pro-
cess in leading order Born approximation for gluon fusion and quark-antiquark annihilation
is described, which is symmetric under charge conjugation. For next-to-leading order an
additional production mechanism is considered, the quark-gluon scattering 𝑞𝑔 → 𝑡𝑡𝑔, also
known as flavor excitation.

The origin of the asymmetry in top and antitop production is based on two different
reactions [155], i.e. radiative corrections to 𝑞𝑞 fusion, see figure 10.1, and interference of
higher order amplitudes affecting 𝑞𝑔-scattering, see figure 10.2. Gluon fusion does not
provide a contribution to the charge asymmetry, since it is symmetric for all orders. The
relative QED contribution to the charge asymmetry is about 13%, while weak interactions
are negligible [156].

The interference terms displayed as Feynman diagrams in figure 10.1(a) correspond to
virtual radiation, the complement Feynman diagrams in figure 10.1(b) to real emission.
They contribute with opposite signs, with the virtual radiation contribution always larger
than the real emission contribution, see [157].
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Figure 10.1: Visualization of NLO 𝑞𝑞 annihilation, providing a contribution to charge
asymmetry in 𝑡𝑡 production
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Figure 10.2: Asymmetry in 𝑡𝑡 production due to quark-gluon-scattering (NLO)

The charge asymmetry expresses itself in the tendency of the top quark to be more
likely produced in the direction of the incoming quark in a 𝑞𝑞 production process and
respectively the antitop in the direction of the antiquark. This results in a 𝑝𝑝 collider
like the Tevatron1 in a forward-backward asymmetry, since the direction of quark and
antiquark are defined most likely by the direction of the proton and antiproton beam, see
illustration 10.3(a). Experiments conducted with the ATLAS detector at the proton-proton

1 Tevatron was a particle accelerator used for proton-antiproton collisions running from 1983 to 2011 at
Fermi National Accelerator Laboratory, Chicago.
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collider LHC, such as the work at hand, do not result in an observable forward-backward
asymmetry, due to the symmetric 𝑝𝑝 initial state, but in a forward-central asymmetry.
With the proton consisting of valence quarks (𝑢𝑢𝑑) with relative large proton momentum 𝑥
compared to sea-quarks and gluons, the 𝑞𝑞 production process of the 𝑡𝑡 pair is dominated
by initial quarks with a large 𝑥 and antiquarks with small 𝑥. Thus we expect a broader
rapidity distribution for the top quark than for the antitop quark, since the boost in the
laboratory frame increases the probability of the top quark to be produced in the forward
and backward direction, while the antitop quark is produced more likely in the central
region, see illustration 10.3(b) and 10.3(c). As a conclusion the charge asymmetry leads to
a sizable difference in the differential production cross sections of top and antitop quarks,
first predicted in [157]. The thesis at hand focuses only on the forward-central asymmetry
at the LHC.

(a) 𝑝𝑝 collider (b) 𝑝𝑝 collider I (c) 𝑝𝑝 collider II

Figure 10.3: Not to scale partonic rapidity distributions of top and antitop quark at 𝑝𝑝
colliders like Tevatron (a) and 𝑝𝑝 colliders like ATLAS (b),(c) to illustrate the measurable
charge asymmetry within top-antitop production. Sketches are taken from [158]

Considering BSM physics new particles, e.g. axigluons[159], heavy Z’[160] or colored
Kaluza-Klein gluon excitations [161] are expected to interfere with the SM process due to
additional amplitudes, resulting in a modified asymmetry.

The charge asymmetry of 𝑡𝑡 pair decays at a proton-proton collider can be quantitatively
expressed by 𝐴𝐶 through the rapidity of the top and antitop quark as

𝐴𝑡𝑡
𝐶(𝑦) = 𝑁(𝛥|𝑦| > 0) − 𝑁(𝛥|𝑦| < 0)

𝑁(𝛥|𝑦| > 0) + 𝑁(𝛥|𝑦| < 0) with 𝛥|𝑦| = |𝑦𝑡| − |𝑦𝑡|. (10.1)

Previous measurements with the full statistics of data at 7 and 8 TeV at ATLAS and
CMS have been performed of the top-antitop charge asymmetry in the lepton+jets channel
individually [162–165] and combined [166], both inclusive and differential, see summary
of results in figure 10.4. Additionally at the ATLAS detector the asymmetry in highly
boosted top-quark pairs at

√
𝑠 = 8 TeV has been measured and published in [167]. Recently

ATLAS presented new measurements for the lepton+jets channel for the full statistics of
Run II data at 13 TeV [4].

All of the performed measurements by ATLAS and CMS are consistent with SM
predictions. Since the impact of the studied BSM scenarios increases with the center of
mass energy, while within higher mass regions the significance of the measurement is limited
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by uncertainties, measurements with high statistics reaching for higher mass regions at
the order of 1 TeV and beyond are necessary to break down the borders of our current
understanding of physics.

(a) Summary of single inclusive measurements
and the LHC combinations at 7 and 8 TeV
compared to theory predictions (calculated at
(N)NLO in QCD, incl. NLO electroweak correc-
tions). The inner bars indicate the statistical
uncertainty, the outer bars the total uncertainty.

(b) The combined ATLAS+CMS charge asym-
metry in six bins of the invariant mass of the 𝑡𝑡
system in comparison with theoretical predic-
tions for the SM and two versions of a colour-
octet model. The last bin includes the overflow.
The uncertainties, indicated by the shaded areas,
reported for the SM predictions are dominated
by scale variations and are small, while the un-
certainties reported for the colour-octet model
are statistical uncertainties in the simulation.

Figure 10.4: Combination of inclusive and differential 𝑡𝑡 charge asymmetry measurements
using ATLAS and CMS data at

√
𝑠=7 TeV and 8 TeV [166]

10.2 Analysis description for top charge asymmetry measurement

The motivation of the following study is the question, whether the top charge asymmetry
measurement gains an advantage by using the elaborate estimation of the 𝑊+jets back-
ground with the heavy flavor scale factors in an external control regions. Since the scale
factors have already been provided for the 𝑡𝑡 resonance analysis, see chapter 9, a charge
asymmetry estimation with similar analysis conditions has been set up.
In chapter 4 the reconstruction of the physical objects is described for both analyses. The
recorded data, as well as the considered Monte Carlo samples, are described in chapter 5.
Additionally to the samples for the 𝑡𝑡 resonances analysis specific 𝑡𝑡 samples with enhanced
charge asymmetry are considered to estimate the modeling uncertainties, see section 5.2.
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For the selection of the physical objects required to reconstruct the 𝑡𝑡 quark pair decay
and the reconstruction itself an identical setup has been used for both analyses.

The yields for the inclusive measurement are presented in table 6.4 (resolved) and table
6.5 (boosted) with the statistical uncertainties. The total yields separated into the four
different mass bins for the differential measurement are listed in table 10.1 (resolved) and
10.2 (boosted).

source events in M1 events in M2 events in M3 events in M4
tt̄ 517470 31510 310830 22990
single top 32640 1510 8290 430
W + bb,cc 36500 2840 3120 180
W + c 8630 7620 250 8
W + lf 3720 310 20 6
Z+jets 9630 560 920 40
diboson 2490 170 260 10
tt̄ +V 1130 80 730 50
multijet 60800 5510 15080 1420
Total 673000 50110 339500 25150
Data 702744 44146 375609 27672

Table 10.1: Events yields in 𝑡𝑡 mass bins (M1-M4) for the differential measurement are listed
for the ℓ+jets channel for resolved 𝑡𝑡 decays. The statistical uncertainties are small for all MC
channels, see table 6.4, while the uncertainty of the multijet background is provided by the
prior of the respective NP.

Source events in M1-M3 events in M4
tt̄ 31900 36600
single top 2500 1620
W + bb,cc 2850 900
W + c 1140 90
W + lf 470 10
Z+jets 300 120
diboson 640 190
tt̄ +V 270 350
multijet 4240 1860
Total 44500 41800
Data 37183 39167

Table 10.2: Events yields in the first three (M1-M3) and fourth (M4) 𝑡𝑡 mass bin for the
differential measurement are listed for the ℓ+jets channel for boosted 𝑡𝑡 decays. The statistical
uncertainties are small for all MC channels, see table 6.5.
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10.3 Unfolding - theoretical introduction and application

Every measurement suffers from disturbing influences, with statistical fluctuations and ad-
ditional random effects due to finite resolution, limited acceptance and restricted efficiency
of the reconstruction being the dominant factors. Detector level expresses an interpretation
of the experimental results including experiment specific biases due to reconstruction
efficiencies, i.e. the reconstructed jets and leptons. In addition to that within the so called
parton-level deficiencies in the migrations through QCD and the event reconstruction are
subtracted to allow the comparison of the experimental result and theory predictions or
with other independent measurements. Therefore the results of the analysis at hand are
provided at parton-level.
The transformation from detector- to parton-level is accomplished in two steps: a bin-by-bin
correction for the acceptance and an unfolding of the observed distribution of the figure
of merit, 𝛥|𝑦|, to correct for resolution effects. For the unfolding procedure the PyFBU
[168] implementation of the Fully Bayesian Unfolding (FBU) [169] algorithm is used, as it
has been sucessfully applied in the previous analysis with 8 TeV [154]. In case of Poisson
distributed data events, such as the recorded collision data for the presented approach,
the result of the unfolding algorithm is even valid in regions of low statistics, such as the
high 𝑡𝑡 mass regions in the differential charge asymmetry measurement, where Poisson
probability is not approximated well by a Gaussian.

In this section the procedure is described to raise the detector-level results to parton-level.
After a short introduction to the theoretical background of the FBU the applied unfolding
procedure for the top charge asymmetry measurement is described. The mathematical
description of the unfolding procedure is based on [169–171].

Theoretical introduction to Unfolding

Given a measured spectrum 𝑔(𝑠) and a migration model, unfolding targets the estimation
of the actual truth spectrum 𝑓(𝑡).

𝑓(𝑡) → 𝑔(𝑠): Folding𝑔(𝑠) → 𝑓(𝑡): Unfolding (10.2)

The Friedholm integral equation of the first kind, equation 10.3, describes the rela-
tionship between the distribution 𝑓(𝑡) of the truth variable, and the distribution of the
measured value 𝑔(𝑠), which is related to the truth distribution by migration, distortions
and transformations, 𝐾(𝑠,𝑡) and additional background contributions, 𝑏(𝑠).

ˆ
𝛺

𝐾(𝑠,𝑡)𝑓(𝑡)𝑑𝑡 + 𝑏(𝑠) = 𝑔(𝑠) (10.3)

The Fully Bayesian unfolding offers a complete solution for this problem, which can be
expressed analytically through the Bayes theorem, see equation 10.4. There the conditional
probability 𝑃 (𝐴|𝐵) is described for the likelihood of event A occurring, given that B is
true, through the conditional probability P(B|A) and the probabilities of observing event
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A, 𝑃 (𝐴), and event B, 𝑃 (𝐵), independently.

𝑃 (𝐴|𝐵) = 𝑃 (𝐵|𝐴)𝑃 (𝐴)
𝑃 (𝐵) (10.4)

In particle physics the common question is:
"Given the data 𝐷 and the corresponding migrations model M, what is the truth-level
spectrum 𝑇 of the measured property?"

With 𝛥|𝑦|1 being reconstructed in 𝑁𝑟 bins and originating from 𝑁𝑡 truth bins, the observed
spectrum is defined as 𝐷 ∈ N𝑁𝑟 , and the migration matrix as M ∈R𝑁𝑟 × R𝑁𝑡 .

Utilizing the Bayes theorem the posterior probability for the truth level spectrum
𝑃 (𝑇 |𝐷,M) can be derived given a prior probability 𝜋(𝑇,M) and a likelihood function
L(𝐷|𝑇,M), derived from a statistical model for the observed data. The posterior probability
is expressed as

𝑃 (𝑇 |𝐷,M) = L(𝐷|𝑇,M) × 𝜋(𝑇,M)
Norm.Const. . (10.5)

The former denominator 𝑃 (𝐵) in equation 10.4 defines a normalization factor, constant
for all possible hypothesis, and can be neglected due to our interest in the relative difference
of the hypothesis. In combination with omitting the migration model M, since it represents
a constant factor, equation 10.5 can be simplified to

𝑃 (𝑇 |𝐷) ≈ L(𝐷|𝑇 ) × 𝜋(𝑇 ). (10.6)

Applied unfolding procedure and ingredients

The transformation of the detector-level results to parton level distinguishes between
acceptance and resolution induced deviations and corrects them within the unfolding
process. During the unfolding procedure different sampling points are chosen, for which
the posterior probability, eq. 10.6, is evaluated through the Likelihood term L(𝐷|𝑇 ) and
the prior 𝜋(𝑇 ). The estimation of uncertainties is introduced via nuisance parameters for
background related variations. In this analysis the reconstructed 𝛥|𝑦| distributions are
initially separated by lepton charge and number of 𝑏-tags, and unfolded in parallel.

Concerning the correction of resolution effects with the FBU algorithm the choices for
the likelihood L(𝐷|𝑇 ) and the prior 𝜋(𝑇 ) are described next , followed by the description
of the sampling procedure , the introduction of nuisance parameters and the description of
the channel combination .

1 The FBU is valid for any measured observable. As this thesis is about the usage of the FBU in context
of the charge asymmetry measurement, the according figure of merit is used to describe the principles.
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Likelihood

Under the assumption that the spectrum of reconstructed data is conform with Poisson
distribution, the likelihood L can be estimated from the following two pieces of information:

• the transfer matrix M, whose element 𝑚𝑖𝑗 is the probability 𝑃 (𝑟𝑖|𝑡𝑗) of an event
produced in the true bin 𝑡𝑗 to be observed in the reconstructed bin 𝑟𝑖.

• the efficiency 𝜀𝑡𝑗 for an event produced in the true bin 𝑡𝑗 to be reconstructed in any
reconstructed bin 𝑟. Calculated from the ratio of events for each of the 𝑁𝑡 truth bins
of the 𝛥|𝑦| distribution before and after the selection, an unskimmed 𝑡𝑡 sample is
taken into account to estimate the number of events before.

For the likelihood the observed spectrum 𝐷, with 𝑑𝑖 events in bin 𝑖 is compared to the
expected one for this bin, 𝑟𝑖, based on the truth distribution 𝑇 and the migration matrix
M plus background contribution 𝑏𝑖 as

L(𝐷|𝑇,M,𝐵) =
𝑁𝑟∏︁
𝑖

𝑃𝑜𝑖𝑠𝑠𝑜𝑛(𝑑𝑖,𝑟𝑖(𝑇,M) + 𝑏𝑖). (10.7)

The predicted reconstructed distribution to estimate 𝑟𝑖 is described as

𝑟𝑖(𝑇,M) =
𝑁𝑟∑︁
𝑗=0

𝜀𝑡𝑗 · 𝑚𝑖𝑗 · 𝑡𝑗 . (10.8)

As the probability of observing 𝑑𝑖 events for Poisson distributed cases with an average
value of 𝑟𝑖 in bin 𝑖 is given by 𝑃 (𝑑𝑖) = 𝑟

𝑑𝑖
𝑖

𝑑𝑖! 𝑒−𝑟𝑖 the likelihood for an observed spectrum 𝐷
can be described with equation 10.9.

L(𝐷|𝑇 ) =
𝑁𝑟∏︁
𝑖=1

𝑟𝑑𝑖
𝑖

𝑑𝑖!
𝑒−𝑟𝑖 (10.9)

Prior

The simplest prior 𝜋(𝑇 ) is an uninformative prior, where it is assumed that all points are
equally probable, described by an 𝑁𝑡 dimensional step-function as

𝜋(𝑇 ) ∝

{︃
1 if 𝑡𝑗 ∈ [𝑇 p,𝑇 q], ∀𝑗 ∈ [1,𝑁𝑡]
0 otherwise.

(10.10)

The form chosen for the prior is depending on the information known beforehand of the
truth distribution 𝑇 and based on the experience of previous analysis with 8 TeV [171] an
uninformative prior is chosen for the presented analysis within the limits 𝑇p= 𝑇/5 and
𝑇q = 2 · 𝑇 , where 𝑇 is the true spectrum in simulation.
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Sampling procedure

For the production of the testing points along the iterative unfolding procedure a Markov
chain Monte Carlo (MCMC)[172] sampling algorithm1 is chosen: a variation of the
Metropolis-Hastings algorithm [173]. This algorithm is an adaption of a random walk with
an acceptance/rejection rule to converge to the specific target distribution [174].
The first sample of equation 10.6 is taken with the MC truth distribution 𝑇 , the origin of
the MC reconstructed distribution. The next sampling point is taken randomly, following
a uniform distribution within a hyper-box centered at the last position and tested against
the acceptance condition as follows

(𝐿(𝐷|𝑇 ) · 𝜋(𝑇 ))new point > (𝐿(𝐷|𝑇 ) · 𝜋(𝑇 ))previous point. (10.11)

In case of
• acceptance: the new sample point is kept
• rejection: the ratio between (𝐿(𝐷|𝑇 ) ·𝜋(𝑇 ))new point and (𝐿(𝐷|𝑇 ) ·𝜋(𝑇 ))previous point

is calculated and taken as the probability to accept the new point.
As a result of this, the sampling algorithm tends to drift towards the most likely region in
the 𝑇 -space and samples it.

Marginalization

With marginal likelihood the systematic uncertainties can be estimated with all correlations
between uncertainties taken properly into account, as well as different analysis channels
combined, such as different b-tag categories, different charge and different topologies. The
explicit marginalization is described in the following.

Estimation of systematic uncertainties

Systematic uncertainties, such as variations of Monte Carlo sample cross-sections within
their uncertainties, can be included in the unfolding process by adding nuisance parameter
terms to L(𝐷|𝑇 ), leading to the marginalized likelihood defined in equation 10.12, where 𝜃
are the nuisance parameters with their assumed priors 𝜋(𝜃).

L(𝐷|𝑇 ) =
ˆ

L(𝐷|𝑇,𝜃)𝜋(𝜃)𝑑𝜃 (10.12)

In the work at hand the priors are assumed to be Gaussian distributions 𝐺2 with 𝜇 = 0,
𝜎 = 1 and a lower bound to prevent negative background normalizations, with the exception

1 MCMC is a general method based on drawing values 𝜃 from approximate distributions and then
correcting those draws to better approximate the target posterior distribution 𝑝(𝜃,𝑦). The sampling is
done sequentially, with the distribution of the sampled draws depending on the last value drawn; hence
the Markov chain.

2 A Gaussian distribution 𝐺(𝑥|𝜇,𝜎) is of the form 𝐺(𝑥|𝜇,𝜎) = 1√
2𝜋𝜎2 𝑒

(︂
− (𝑥−𝜇)2

2𝜎2

)︂
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of the nuisance parameters for the individual multijet bins. In this case uncut Gaussian
distributions have been used, to vary the shape of the multijet background distributions
binwise.
A nuisance parameter is in general associated with each of the uncertainty sources de-
scribed in chapter 8, resulting in two categories of nuisances: normalization of background
processes (𝜃𝑏) and the uncertainties related to object identification, reconstruction and
calibration (𝜃𝑠). The first ones only affect the background prediction and are referred to
as 𝐵(𝜃𝑠,𝜃𝑏), while the others influence background and signal and are referred to as 𝑅(𝑇 ; 𝜃𝑠).

For the analysis nuisance parameters for the cross-section uncertainties of the individ-
ual Monte Carlo samples are considered, as well as to calibrate the estimated multijet
background. The 𝑊+jets in situ calibration procedure consists of fitting the calibration
factors 𝐾𝑏�̄�/𝑐𝑐,𝐾𝑐 and 𝐾𝑙𝑓 for scaling the flavor components of the 𝑊 +jets background with
different charge asymmetries, assuming uniform prior probabilities 𝜋 during the posterior
probability estimation defined in equation 10.13. The 𝑏-jet multiplicity provides information
about the heavy- and light-flavor composition of the W+jets back-ground, while the lepton
charge asymmetry is used to determine the normalization of each component. Figure 10.5
shows the individual 𝑊+jets contributions for the different 𝑏-jet multiplicities and lepton
charges in an exemplary channel. In addition to the expected number of 𝑡𝑡 events for each
bin in 𝑇 , the 𝑊+jets calibration factors are free parameters in the likelihood. With these
additional information the marginal likelihood can be described as

L(𝐷|𝑇 ) =
ˆ

L(𝐷|𝑅(𝑇 ; 𝜃𝑠),𝐵(𝐾𝑏�̄�/𝑐𝑐,𝐾𝑐,𝐾𝑙𝑙; 𝜃𝑠,𝜃𝑏)) · 𝐺(𝜃𝑠) · 𝐺(𝜃𝑏)𝑑𝜃𝑠𝑑𝜃𝑏. (10.13)

As the integral is in practice too complex to integrate, the evaluation is determined with
a Monte Carlo method, where the nuisance parameter is sampled randomly according to
its prior distribution. The corresponding pdf term is estimated for each sampling point.

Combination of channels

To estimate especially the 𝑊+jets background a combination of orthogonal channels with
different background contributions, such as 0-𝑏-tagged jets, 1 exclusive 𝑏-tagged jets and 2
inclusive 𝑏-tagged jets is considered. As described in [171] the marginalization approach
provides a natural framework to treat simultaneously unfolding and background estimation
using multiple data regions. For the distributions 𝐷𝑖 measured in 𝑁𝑐ℎ independent channels,
the extension of the likelihood function defined in 10.12 is the product of likelihoods of
each channel as shown in equation 10.14, with the nuisance parameters being common to
all analysis channels.

L({𝐷1, · · · 𝐷𝑁𝑐ℎ
}|𝑇 ) =

ˆ 𝑁𝑐ℎ∏︁
𝑖=1

L(𝐷𝑖|𝑇 ; 𝜃) · 𝜋(𝜃)𝑑𝜃 (10.14)

The inclusive measurements are performed using a combination of 18 channels based on
the lepton charge (positive or negative), three different categories based on the number of
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𝑏-tagged jets (0,1,≥2), and a splitting into four 𝛥|𝑦| bins in the signal region, and one bin
for the total yield of the 0-𝑏-tagged region, see figure 10.5.
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Figure 10.5: Visualization of channels for the resolved 𝜇+jets channel. The breakdown into
four bins in 𝛥|𝑦| is applied to the signal region with 1 and 2 inclusive 𝑏-tagged jets, not in the
control region with 0 𝑏-tagged jets.The entries correspond to

√
𝑠=13 TeV and 𝐿𝑖𝑛𝑡=36.1 fb−1.
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Two-dimensional unfolding

In addition to the inclusive measurement of the charge asymmetry 𝐴𝑐 a differential
measurement in mass bins of the reconstructed 𝑡𝑡 system is performed. Hereby two
dimensional distributions are unfolded by transforming the two-dimensional histograms
into one-dimensional histograms via wrapping the second dimension as consecutive sub
ranges of the first dimension. This is displayed in figure 10.6, where a segment of the
response matrix is shown to exemplary visualize the wrapping of the two dimensions for
the differential 𝛥|𝑦|, restricted to the resolved channel with exactly 1 𝑏-tagged jet and
positive lepton charge.

(-5.0,-0.5)

(-0.5,0.0)
(0.0,0.5)

(0.5,5.0)

(-5.0,-1.0)

(-1.0,0.0)
(0.0,1.0)

(1.0,5.0)

(-5.0,-1.9)

(-1.9,0.0)
(0.0,1.9)

(1.9,5.0)

(-5.0,-1.7)

(-1.7,0.0)
(0.0,1.7)

(1.7,5.0)

|Y| reco in mass bins

(1.7,5.0)

(0.0,1.7)

(-1.7,0.0)

(-5.0,-1.7)

(1.9,5.0)

(0.0,1.9)

(-1.9,0.0)

(-5.0,-1.9)

(1.0,5.0)

(0.0,1.0)

(-1.0,0.0)

(-5.0,-1.0)

(0.5,5.0)

(0.0,0.5)

(-0.5,0.0)

(-5.0,-0.5)

|Y
| t

ru
th

 in
 m

as
s b

in
s

0-500 GeV 500-750 GeV 750-1250 GeV >1250 GeV

0-500 GeV

500-750 GeV

750-1250 GeV

>1250 GeV

0.000 0.000 0.000 0.000 

0.000 0.000 0.000 0.000 

0.000 0.000 0.000 0.000 

0.000 0.000 0.000 0.000

0.000 0.000 0.000 0.000 

0.000 0.000 0.000 0.000 

0.000 0.000 0.000 0.000 

0.000 0.000 0.000 0.000

0.000 0.000 0.001 0.000 

0.000 0.000 0.001 0.000 

0.000 0.001 0.000 0.000 

0.000 0.000 0.000 0.000

0.000 0.000 0.000 0.000 

0.000 0.000 0.002 0.000 

0.000 0.002 0.000 0.000 

0.001 0.000 0.000 0.000

0.000 0.000 0.000 0.000 

0.000 0.000 0.000 0.000 

0.000 0.000 0.000 0.000 

0.000 0.000 0.000 0.000

0.000 0.000 0.000 0.001 

0.000 0.000 0.001 0.000 

0.000 0.001 0.000 0.000 

0.000 0.000 0.000 0.000

0.000 0.000 0.000 0.000 

0.000 0.000 0.003 0.000 

0.000 0.002 0.000 0.000 

0.000 0.000 0.000 0.000

0.000 0.000 0.000 0.000 

0.000 0.000 0.000 0.000 

0.000 0.000 0.000 0.000 

0.000 0.000 0.000 0.000

0.000 0.000 0.000 0.001 

0.000 0.000 0.001 0.001 

0.001 0.001 0.000 0.000 

0.001 0.000 0.000 0.000

0.000 0.000 0.000 0.002 

0.000 0.001 0.003 0.000 

0.000 0.003 0.001 0.000 

0.001 0.000 0.000 0.000

0.000 0.000 0.000 0.000 

0.000 0.000 0.000 0.000 

0.000 0.000 0.000 0.000 

0.000 0.000 0.000 0.000

0.000 0.000 0.000 0.000 

0.000 0.000 0.000 0.000 

0.000 0.000 0.000 0.000 

0.000 0.000 0.000 0.000

0.000 0.001 0.001 0.003 

0.000 0.001 0.002 0.001 

0.001 0.002 0.002 0.001 

0.002 0.001 0.001 0.000

0.000 0.000 0.000 0.000 

0.000 0.000 0.000 0.000 

0.000 0.000 0.000 0.000 

0.000 0.000 0.000 0.000

0.000 0.000 0.000 0.000 

0.000 0.000 0.000 0.000 

0.000 0.000 0.000 0.000 

0.000 0.000 0.000 0.000

0.000 0.000 0.000 0.000 

0.000 0.000 0.000 0.000 

0.000 0.000 0.000 0.000 

0.000 0.000 0.000 0.000

1 b-tag Q +

0.0000

0.0005

0.0010

0.0015

0.0020

0.0025

0.0030

response

Figure 10.6: Segment of the response matrix for the differential charge asymmetry mea-
surement. It displays the binning for the 𝛥|𝑦| measurement in four bins by simultaneously
differentiation into four mass bins for the 𝑡𝑡 system. The response matrix is taken from the
resolved ℓ+jets channel, restricted to exactly 1 𝑏-tagged jet and positive lepton charge.

10.4 Linearity

With the unfolding approach being defined and set up, a validation has been performed by
testing the linearity of the 𝐴𝑐 value based on 𝑡𝑡 pseudo data. Here the 𝐴𝑐 value estimated
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from reconstructed 𝑡𝑡 events is compared to the 𝐴𝐶 value directly from the simulated top
and antitop particles in Monte Carlo simulation, so called truth top and antitop. Different
values of charge asymmetry are simulated by re-weighting the pseudo 𝑡𝑡 sample according
to a linear function of 𝛥|𝑦|, defined by a weight 𝜔 = 1 + 𝐾𝛥|𝑦|. The parameter K is
varied between -0.3 and 0.3 in steps of 0.1, introducing asymmetries between approximately
±30%, far beyond the expected charge asymmetry in the standard model. The reweighted
samples are illustrated with their respective truth 𝛥|𝑦| distribution in figure 10.7.

5−
10

4−10

3−
10

2−10

1−10

1

no
rm

al
iz

ed
 n

um
be

r 
of

 e
ve

nt
s

tnominal t

-0.3t t reweight., K=

-0.2t t reweight., K=

-0.1t t reweight., K=

+0.1t t reweight., K=

+0.2t t reweight., K=
+0.3t t reweight., K=

stat. uncert.

e+jets, Boosted

-1 = 13 TeV, 36.1 fbs

4− 3− 2− 1− 0 1 2 3 4 5

truth ∆ |y|

0.5
1

1.5
2

no
m

in
al

/r
ew

ei
gh

te
d}

Figure 10.7: Comparison of truth 𝛥|𝑦| distribution for nominal 𝑡𝑡 and reweighted 𝑡𝑡 samples
with 𝐾 = ±0.3, ±0.2 and ±0.1 in the boosted 𝑒+jets channel.

Based on the linearity, i.e. the slope and the offset of the linear fit of the six tested pseudo-
sample variations, the binning of 𝛥|𝑦| has been chosen. The linearity test is considered
successful, if the slope (offset) of the calibration curve is compatible with 1 (0) within
its statistic uncertainty. With an originally planned estimation of a combined resolved
and boosted 𝐴𝑐 value in mind, an emphasis has been put on the binning choice being
acceptable for resolved, boosted and their combination in parallel1. For the differential
measurement in four 𝑡𝑡 mass bins :[0, 500, 750, 1250, ∞] GeV an individual 𝛥|𝑦| binning
has been estimated for each mass bin.
For the charge asymmetry measurement the following 𝛥|𝑦| binning is set:
Inclusive measurement

• Binning in 𝛥|𝑦|: [-5.0, -0.8, 0.0, 0.8, 5.0]

1 For the 750-1250 GeV mass bin the slope of the linearity curve differs 2𝜎 from 1.0 for resolved and
boosted, but the combination is in an acceptable range within 1𝜎



10.5 Method validation 103

Differential measurement in 𝑚𝑡𝑡 bins

• ≤500 GeV 𝑚𝑡𝑡: [-5.0, -0.5, 0.0, 0.5, 5.0]
• 500-750 GeV 𝑚𝑡𝑡: [-5.0, -1.0, 0.0, 1.0, 5.0]
• 750-1250 GeV 𝑚𝑡𝑡: [-5.0, -1.9, 0.0, 1.9, 5.0]
• ≥1250 GeV 𝑚𝑡𝑡: [-5.0, -1.7, 0.0, 1.7, 5.0]

The calibration curve for the inclusive measurement is presented for the resolved ℓ+jets
channel in figure 10.8, while the differential measurement in 𝑡𝑡 mass bins can be found in
appendix D.
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Figure 10.8: Linearity of reconstructed and truth 𝐴𝑐 values for the inclusive measurement of
𝛥|𝑦| in the resolved ℓ+jets channel.

A satisfying linearity is achieved with the presented choice of 𝛥|𝑦| binning for the
inclusive and differential measurement of the top charge asymmetry with the results of
the linearity checks being summarized in the appendix D.1. Further improvements can be
expected with a binning optimization including the mass bin ranges.

10.5 Method validation

The procedure to calibrate the 𝑊+jets backgrounds with respect to the cross-section
uncertainty, described in section 10.3, is evaluated with well known pseudo-datasets in this
section.
At first a validation is performed with an Asimov pseudo-dataset in section 10.5.1, followed
by a test to reproduce an artificial modification of the 𝑊 +jets background contribution in
section E.
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10.5.1 Validation with Asimov pseudo-dataset

To evaluate the in-situ estimation of the MC background, with focus on the 𝑊+jets
background estimation, a closure test has been conducted, with Monte Carlo events being
compared to an Asimov pseudo-dataset. The pseudo-dataset is identical to the expectation.

For the in-situ marginalization of the QCD estimation individual nuisance parameters are
used to estimate the total event yields and the amount of events with a positive or negative
lepton. The asymmetry in the distribution shall not be adjustable, since an asymmetry in
the 𝑦 distribution is not physically expected. The following choice of nuisance parameters
are complied with these guidelines.

Within the 𝛥y histogram in the inclusive measurement there are in total 18 bins:

• Bin 1 (bin 10) corresponds to the region with 0 b-tagged jets, but with a positive
(negative) charged lepton

• Bin 2-9 (11-18) correspond to the region with 1 (≥2) b-tagged jets with four 𝛥y bins
for positive/negative lepton charge each

The total event yields are calibrated with a nuisance parameter per b-tag region per lepton
flavor, in total 6 individual parameters. To enable the fluctuation regarding the event yields
with differently charged leptons, but prohibiting an artificial asymmetry for QCD in the 𝑦
distribution, the two inner and the two outer bins of the 𝑦-distribution are combined for
each lepton charge, resulting in four combined bins for the region with 1 b-tagged jet and
2 b-taged jets each. The bin combination with the lowest uncertainty has been removed
for each tag region due to the correlation to the previous defined nuisance parameters,
which calibrate the total amount. The calibration of the QCD background is based on
the statistical uncertainties, with large effects on regions with low statistics, such as the
differential measurement with higher 𝑡𝑡 masses.

An overview over the resulting nuisance parameters with an Asimov pseudo-dataset
in the combined lepton channel for the resolved topology is presented in figure 10.9. A
good agreement with the expectation can be seen, with minor fluctuation in the nuisance
parameters within the posterior width.

In table 10.3 the mean value of the individual nuisance parameters is listed, the posterior
width with respect to the prior and the prior itself.

10.5.2 Validation with modified W+jets contribution in pseudo-dataset

To evaluate the in-situ approach for the W+jets background in detail, a second test has
been conducted, with Monte Carlo events being set up against a pseudo-dataset. This
pseudo-dataset differs from the previous Asimov pseudo-dataset in the 𝑊 +jets background,
since the heavy flavor scale factors and the charge asymmetry normalization factors are
applied to the W+jets MC samples, see tables 7.5 (𝑒𝑙) and 7.6 (𝜇) for the explicit scale
factors.
The figures of merit of the closure test are the estimated scale factors from the nuisance
parameters of the W+jets background in comparison to the applied scale factors to the
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Figure 10.9: Overview nuisance parameters for inclusive measurement in resolved combined
lepton+jets channel with Asimov pseudo-dataset. The 𝑊 +jets background is estimated in-situ.
All nuisance parameters agree within the uncertainties with the expectation.

pseudo-dataset. Since a direct comparison with the applied scale factors is not possible,
due to their breakdown into different jet-multiplicities, general scale factors have been esti-
mated based on the yields for the corresponding regions covered by the nuisance parameters.

For the in-situ marginalization of the unscaled 𝑊 +jets background, the nuisance param-
eters for the three 𝑊 +jets subsamples are estimated with a Gaussian prior and a variation
of 50% is considered, reflecting the large uncertainty on the cross-section for 𝑊 -bosons
with the additional production of jets [175].
A detailed evaluation of the inclusive resolved 𝑒+jets channel is presented in this sec-
tion, while the evaluation of resolved 𝜇+jets and the combined channel for the inclusive
measurement can be found in appendix E.

In the considered channel, 𝑒+jets in the resolved topology, the scale factors for the
marginalization of the 𝑊 +jets background extracted from the nuisance parameters, 𝑆𝐹𝑁𝑃

are compared to the equivalent scale factors 𝑆𝐹𝐻𝐹 𝑆𝐹 applied to the pseudo-dataset.
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Nuisance parameter prior NP posterior width
QCD el, tag0 0.5 -0.03 0.56
QCD el, tag1 0.5 0.01 0.28

QCD el, tag2 incl. 0.5 0.00* 0.26

QCD mu, tag0 0.5 0.03 0.92
QCD mu, tag1 0.5 -0.05 0.60

QCD mu, tag2 incl. 0.5 -0.03 0.74

𝑍+jets, prior 0.5 0.03 0.81
single top 0.05 -0.02 0.97

VV 0.5 0.03 0.94
𝑡𝑡 +V 0.5 0.06 0.94

𝑊+jets 𝑏𝑏/𝑐𝑐 0.5 -0.01 0.53
𝑊+jets 𝑐 0.5 0.06 0.89
𝑊+jets lf 0.5 -0.01 0.19

QCD mu, bin 2+3 0.16 -0.01 0.95
QCD mu, bin 4+5 0.10 -0.01 0.90
QCD mu, bin 6+7 1.00 0.0* 0.95

QCD mu, bin 13+14 0.17 -0.03 0.90
QCD mu, bin 15+16 0.29 -0.0* 0.90
QCD mu, bin 17+18 1.16 -0.02 0.94

QCD el, bin 2+3 0.10 -0.04 0.92
QCD el, bin 4+5 0.05 0.01 0.89
QCD el, bin 6+7 0.36 0.0* 0.89
QCD el, bin 8+9 0.10 -0.02 0.87

QCD el, bin 13+14 0.09 0.0* 0.87
QCD el, bin 17+18 0.27 0.0* 0.88

Table 10.3: Overview of nuisance parameters for the inclusive measurement in the resolved
combined ℓ+jets channel with Asimov pseudo-dataset. The mean value of the nuisance
parameters is presented together with the posterior width with respect to the prior. The
W+jets background is marginalized in-situ. For the QCD sample the priors per bin-pair
are calculated from the individual relative statistical uncertainties per bin and combined via
quadratic sum. The entries 0.0* refer to absolute values below 0.01. All priors are Gaussian.

For the closure test the nuisance parameters are estimated in three different scenarios:

1. For all MC generated background samples plus the multijet background uncertainties
are considered by application of individual nuisance parameters.

2. Only for 𝑊+jets (W+cc/bb, W+c and W+light flavor) and the multijet back-
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ground contributions are marginalized in-situ during the unfolding procedure. The
uncertainties for non-𝑊 backgrounds are neglected.

3. Only for the W+jets subsamples individual nuisance parameters are applied.

The first scenario is representing the final in-situ approach. The results are presented in
table 10.4 and with restricting the variation of the non-𝑊 MC backgrounds, scenario 2,
an agreement of the 𝑆𝐹𝐻𝐹 𝑆𝐹 and 𝑆𝐹𝑁𝑃 within their uncertainties is reached. For the
full background variation in the first setup the differences between 𝑆𝐹𝐻𝐹 𝑆𝐹 and 𝑆𝐹𝑁𝑃

within a single flavor are assumed to be based on the correlations of W+jets with other
MC backgrounds.

𝑆𝐹𝐻𝐹 𝑆𝐹 𝛥
𝑆𝐹𝑁𝑃 𝛥

𝑆𝐹𝑁𝑃 𝛥
𝑆𝐹𝑁𝑃 𝛥scen. 1 scen. 2 scen. 3

W+bb,cc 1.13 0.12 1.04 0.20 1.11 0.17 1.13 0.13
W+c 0.87 0.30 0.98 0.41 0.88 0.38 0.87 0.38
W+lf 0.83 0.05 0.82 0.05 0.84 0.05 0.84 0.04

Table 10.4: Closure test for resolved 𝑒+jets channel: The uncertainties of the estimated
𝑆𝐹𝐻𝐹 𝑆𝐹 are the combined uncertainties of the original scale factors for different jet bins. The
uncertainties of 𝑆𝐹𝑁𝑃 are the posterior width uncertainty respecting a prior of 0.5. Agreement
between 𝑆𝐹𝐻𝐹 𝑆𝐹 and 𝑆𝐹𝑁𝑃 is reached within the uncertainties after reduction of background
calibration to 𝑊+jets and multijet background.

As a conclusion the applied scale factors to the W+jets background can be extracted
with the in-situ approach, but they are instable due to correlations with other backgrounds.

10.6 Comparison of W+jets background estimation methods

While in chapter 7 the external estimation of the simulated 𝑊 +jets background is described,
the utilization of nuisance parameters for individual background samples provides a second
tool to optimize the Monte Carlo generated asymmetric main background for the charge
asymmetry measurement in-situ, described in subsection 10.3.
For previous 𝑡𝑡 charge asymmetry measurements in 8 Tev, see publication [154], the in-situ
method has been used. Since at this stage different approaches are available, a validation
of the two methods for 𝑊+jets background estimation has been performed.

In this section a comparison of the W+jets estimation within the two methods, focusing
on the expected uncertainties, is presented. The findings in the inclusive channel for
resolved are considered representative for the full analysis, since the events in this channel
dominate the measurement in the differential measurement in three of four mass bins. For
the fourth bin, the statistics in the boosted channel are too low for a significant decision
on an estimation method preference.

For a direct comparison of the two methods of 𝑊+jets estimation, first the respective
uncertainties are evaluated. For the approach with heavy flavor scale factors the scaled
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𝑊 +jets sample is used and the MC samples plus the multijet background are compared to
the corresponding Asimov pseudo-dataset, representing an integrated luminosity of 36.1
fb−1. Second the uncertainties of the in-situ marginalization are estimated by comparing the
unscaled 𝑊 +jets sample and the MC samples plus multijet background to the corresponding
Asimov pseudo-dataset sample. During the unfolding process, the background samples are
varied within the given priors, which depend on the uncertainty of the W+jets sample.
For the HFSF approach with scaled W+jets MC samples, the uncertainty is estimated
from the individual uncertainties of the combined scale factors. For the in-situ approach,
the uncertainty of the cross-section of W bosons with additional jet production, 50%, is
considered. The applied marginalization factors for the 𝑊 +jets background after unfolding
are provided in table 10.5 for both approaches with the respective uncertainty for the ℓ+jets
channel in the resolved topology for the inclusive measurement with Asimov pseudo-datasets.

HFSF applied w/o HFSF
prior SFNP Δ SFNP prior SFNP. Δ SFNP

W + bb,cc 0.11 1.00 0.09 0.50 0.99 0.27
W + c 0.35 1.00 0.25 0.50 1.03 0.44
W + lf 0.06 1.00 0.05 0.50 1.00 0.09

Table 10.5: Overview over the scale factors, applied to the MC 𝑊+jets sample within the
in-situ marginalization with and without HFSF application to the 𝑊+jets MC sample. MC
samples compared to Asimov pseudo-dataset in the resolved ℓ+jets channel

Considering the size of the uncertainties of the resulting scale factors for the 𝜇+jets
channel in table 10.5, the approach with the HFSF results in smaller uncertainties. The
according comparison for the individual electron and muon channel can be found in ap-
pendix F.

As conclusion the usage of the heavy flavor scale factors is slightly preferred over the
full in-situ approach. From now on within this chapter the scaled 𝑊+jet background is
considered as input for the unfolding procedure with the priors listed in table 10.5.

10.7 Dominant uncertainties for measurement

For the here presented charge asymmetry measurement only the dominant uncertainties of
those introduced in chapter 8 for the full 𝑡𝑡 resonance measurement are estimated, since
the purpose of this study is to evaluate the advantages of a different 𝑊+jet background
estimation approach regarding the estimated uncertainties.
The systematic uncertainties considered for the analysis are:

• modeling uncertainty, see section 10.7.1
derived with 𝑡𝑡 samples simulated by different generators and settings

• cross-section uncertainties of background, see section 10.7.2
covered within the in-situ calibration during unfolding procedure
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• uncertainty of the estimated multi-jet background, see section 10.7.3
covered within the in-situ marginalization during unfolding procedure and additional
nuisance parameters for scale and 𝛥y distribution

• uncertainty of the 𝑊+jets estimation, see section 10.7.4
combination of uncertainty of the external heavy flavor scale factor estimation and
an additional in-situ approach within these uncertainties

• the uncertainty of the unfolding method, see section 10.7.5
estimated with artificial asymmetric pseudo-datasets for calibration

• numerical uncertainty, see section 10.7.6
estimated but negligible, due to the procedure of combining 10 individual measure-
ments to increase precision

10.7.1 Modeling uncertainties

Since the general idea of 𝑡𝑡 modeling systematics is explained in section 8.3.1, here only the
procedure for the estimation of the uncertainties for the charge asymmetry measurement is
described.
The signal modeling uncertainties are estimated using the same response matrix, obtained
from nominal Powheg+Pythia 𝑡𝑡 signal sample, and Asimov pseudo-datasets corresponding
to alternative signal models. No background samples are included.

The systematic uncertainty for a given signal model is estimated as

𝛥𝑠𝑦𝑠𝑡. = (𝐴𝑢𝑛𝑓.,𝑚𝑜𝑑𝑒𝑙
𝑐 − 𝐴𝑡𝑟𝑢𝑡ℎ.,𝑚𝑜𝑑𝑒𝑙

𝑐 ) − (𝐴𝑢𝑛𝑓.,𝑛𝑜𝑚.
𝑐 − 𝐴𝑡𝑟𝑢𝑡ℎ,𝑛𝑜𝑚.

𝑐 ) (10.15)

based on the unfolded and truth 𝐴𝐶 values of the nominal 𝑡𝑡 and the alternative 𝑡𝑡
sample. A statistical uncertainty based on the number of generated events is assigned
to the unfolded asymmetry, 𝛥𝐴𝑢𝑛𝑓.

𝑐 , and the truth asymmetry, 𝛥𝐴𝑡𝑟𝑢𝑡ℎ
𝑐 , for each signal

sample. The obtained 𝛥𝑠𝑦𝑠𝑡 are evaluated against statistical fluctuations, since the amount
of generated events for the nominal sample is about two to three times the size of the
alternative signal model sample. Therefore the statistical uncertainty 𝛥𝛥𝑠𝑦𝑠𝑡) is estimated
by rescaling the standard deviation of the unfolded results with an individual scale factor
𝑆𝐹 to the equivalent amount of Poisson-like data events via

𝛥𝛥𝑠𝑦𝑠𝑡 =

√︃(︂
𝜕𝛥𝑠𝑦𝑠𝑡

𝜕𝐴𝑥,𝑦
𝑐

𝛥𝐴𝑥,𝑦
𝑐

)︂2
=

√︃∑︁
𝑥,𝑦

(𝛥𝐴𝑥,𝑦
𝑐 )2 (10.16)

While 𝛥𝐴𝑡𝑟𝑢𝑡ℎ,𝑦
𝑐 is directly estimated, 𝛥𝐴𝑢𝑛𝑓.,𝑚𝑜𝑑𝑒𝑙

𝑐 is provided by

𝛥𝐴𝑢𝑛𝑓.,𝑦
𝑐 = 𝑅𝑀𝑆𝑢𝑛𝑓.

𝑦√︀
𝑆𝐹𝑦

, 𝑦 ∈ {𝑚𝑜𝑑𝑒𝑙,𝑛𝑜𝑚𝑖𝑛𝑎𝑙}. (10.17)

These scale factors, 𝑆𝐹𝑦, see equation 10.18, are estimated for each 𝑡𝑡 sample, i.e. nominal
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and alternative models, with the event weights 𝑤𝑖 and the effective entries 𝑁𝑒𝑓𝑓 , corre-
sponding to the size of a Poisson distributed dataset with equal statistical uncertainties1.

𝑆𝐹 = 𝑁𝑒𝑓𝑓∑︀
𝑖 𝑤𝑖

(10.18)

For the final modeling systematic uncertainty the maximum of 𝛥𝑠𝑦𝑠𝑡. and 𝛥𝛥𝑠𝑦𝑠𝑡. is taken
to represent the systematic uncertainty of the individual modeling uncertainty, e.g radiation,
parton showering and hard scattering. The estimation of the radiation uncertainty is based
on the mean value of high and low radiation in comparison to the nominal 𝑡𝑡 sample.
In addition to that the hard scattering uncertainty is defined by the comparison of MC
samples produced with the generator combination MC NLO+Herwig and Powheg+Herwig.
The results are listed for the inclusive charge asymmetry measurement in table 10.6 and
for the differential approach in table 10.7 and 10.8. In appendix G the values considered
as input for the evaluation of the systematic uncertainty are provided.

model uncertainty
radiation 0.003

parton showering 0.002
hard scattering 0.004

TOTAL 0.005

Table 10.6: 𝑡𝑡 modeling uncertainties for inclusive top charge asymmetry measurement in
resolved ℓ+jets channel. For the systematic uncertainty the maximum of 𝛥𝑠𝑦𝑠𝑡. and 𝛥𝛥𝑠𝑦𝑠𝑡 is
taken.

differential in 𝑡𝑡 mass bins, resolved
model <500 GeV 500-750 GeV 750-1250 GeV >1250 GeV

radiation 0.009 0.004 0.126 0.045
parton showering 0.008 0.005 -0.020 0.089

hard scattering 0.008 0.008 0.025 0.076
TOTAL 0.014 0.010 0.034 0.125

Table 10.7: 𝑡𝑡 modeling uncertainties for differential top charge asymmetry measurement in
resolved ℓ+jets channel. For the systematic uncertainty the maximum of 𝛥𝑠𝑦𝑠𝑡. and 𝛥𝛥𝑠𝑦𝑠𝑡 is
taken.

1 The statistical uncertainty for MC samples is defined as 𝛥𝑠𝑡𝑎𝑡.,𝑀𝐶 =
√∑︀

𝑖 𝑤𝑖2∑︀
𝑖 𝑤𝑖

and for Poisson distributed

data as 𝛥𝑠𝑡𝑎𝑡.,𝐷 =
√

𝑁
𝑁

. The resulting effective entries 𝑁𝑒𝑓𝑓 are calculated as 𝑁𝑒𝑓𝑓 = (∑︀𝑖 𝑤𝑖)2∑︀
𝑖 𝑤𝑖2 .
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differential in 𝑡𝑡 mass bins, boosted
model <500 GeV 500-750 GeV 750-1250 GeV >1250 GeV

radiation 0.225 0.085 0.457 0.025
parton showering 0.236 0.072 0.048 0.027

hard scattering 0.328 0.090 -0.096 -0.056
TOTAL 0.463 0.143 0.117 0.067

Table 10.8: 𝑡𝑡 modeling uncertainties for differential top charge asymmetry measurement in
boosted ℓ+jets channel. For the systematic uncertainty the maximum of 𝛥𝑠𝑦𝑠𝑡. and 𝛥𝛥𝑠𝑦𝑠𝑡 is
taken.

10.7.2 Cross-section uncertainties

For the nuisance parameters covering the Monte Carlo yield variation due to cross-section
uncertainties, Gaussian distributed priors are used. The following values are applied as
variation prior for the nuisance parameters

• Z+jets: 50%

• single top: 5%

• diboson: 50%

• 𝑡𝑡 +V: 50%

While the cross-section uncertainty for the single top production is estimated as 5%, due
to the fact, that the main contribution comes from the Wt channel, see subsection 8.3.2,
for the other backgrounds a conservative cross-section normalization uncertainty of 50% is
applied, representing the large uncertainty in cross-sections with ≥4 jets.
The cross-section uncertainty on 𝑡𝑡 is not directly considered for the charge asymmetry
measurement, since the amount of 𝑡𝑡 events is varied for each sampling point with a flat
prior.

10.7.3 Multijet background uncertainty

For the mulitjet background a total uncertainty concerning the total yields is assumed to be
50%, based on the conservative estimation in [3] and represented by six nuisance parameters,
one for each lepton channel per measurement and per tag region (0 b-tagged jets, 1 b-tagged
jets and at least 2 b-tagged jets). Gaussian priors are considered. Additionally individual
nuisance parameters for combinations of 𝛥y bins, in detail described in subsection 10.5.1
are used. The nuisance parameters of the 𝛥y bins are varied during the unfolding with an
uncut Gaussian distribution and the combined statistical uncertainty of the combined bins.
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10.7.4 W+jets

The externally estimated W+jets background has a systematic uncertainty for each sub-
sample (𝑊+𝑏/𝑐𝑐, 𝑊+𝑐 and 𝑊+light flavor) from the estimation of the heavy flavor scale
factors and the charge asymmetry normalization factor. During the unfolding process
Gaussian distributed nuisance parameter of the size of the external systematic uncertainties
are utilized to adapt the 𝑊+jets background.

W-fraction uncertainty
W+bb,cc 0.11

W+c 0.35
W+lf 0.06

Table 10.9: Uncertainty of 𝑊+jets estimation with HFSF approach, used with an Gaussian
distribution to adapt with in-situ approach during unfolding procedure. A conservative
estimation of the uncertainty of the scale factors for normalization and flavor scaling is
considered and used for both lepton channels and the combination.

10.7.5 Unfolding uncertainty

The unfolding uncertainty represents the not exactly linear correlation between recon-
structed and truth 𝐴𝑐 values, see section 10.4. Here the uncertainty of the offset is dominant
with respect to the uncertainty of the slope, since the value of the charge asymmetry is
of the same order of magnitude, O(10−3). Table 10.10 shows the results for the inclusive
measurement, the differential overview is presented in the appendix D.

resolved slope offset
𝑒+jets 1.005 ±0.007 ±0.001
𝜇+jets 1.009±0.008 ±0.001
combined ℓ+jets 1.006±0.005 ±0.001

Table 10.10: Overview of linearity of truth to reconstructed charge asymmetry in the inclusive
measurement for the resolved topology.

10.7.6 Numerical uncertainty

To investigate the numerical uncertainty of this statistical approach, the final results for
each channel are merged from 10 individual repetitions of the FBU calculation. For the
inclusive and differential measurement the uncertainty is of the order of O(10−5), and
further neglected due to its size in comparison to the other uncertainties O(10−3).

10.8 Results of inclusive measurement

The inclusive measurement has been performed for the resolved topology only, since this
channel is dominating the overall statics. The decay channels of the 𝑡𝑡 pair 𝑒+jets and
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𝜇+jets are combined into one channel, ℓ+jets.
The validation of the method with an Asimov pseudo-dataset has been conducted first.
An overview over the resulting nuisance parameters - all within the posterior width, is
presented in figure 10.9 in section 10.5.1.

The measurement has been conducted with the full 2015 and 2016 dataset and a total
integrated luminosity of 36.1 fb−1. Figure 10.10 displays the resulting mean values of the
nuisance parameters. All nuisance parameters for the background samples generated from
Monte Carlo are within one 𝜎, the posterior width. For QCD shifts close to two 𝜎 are
observed. Since the estimation of QCD is not ideal, because of large statistic uncertainties
in some bins, these fluctuations can be understood.

−3 −2 −1 0 1 2 3
θ±Δθ

W+lf
W+c
W+bb,cc
tt+V
dibosons
single top
Z+jets
QCD(el) B17/18
QCD(el) B13/14
QCD(el) B8/9
QCD(el) B6/7
QCD(el) B4/5
QCD(el) B2/3
QCD(mu) B17/18
QCD(mu) B15/16
QCD(mu) B13/14
QCD(mu) B6/7
QCD(mu) B4/5
QCD(mu) B2/3
QCD(mu) tag2in
QCD(mu) tag1
QCD(mu) tag0
QCD(el) tag2in
QCD(el) tag1
QCD(el) tag0

Figure 10.10: Overview of nuisance parameters for inclusive measurement in resolved
combined lepton+jets channel with 36.1 𝑓𝑏−1 of collected data. The W+jets background is
scaled with heavy flavor scale factors and within their uncertainties estimated in-situ. All
nuisance parameters agree within their uncertainties with the expectation.

The final result of the inclusive measurement of the top-antitop production charge
asymmetry in the resolved topology for the combined lepton+jets channel is presented in
table 10.11.
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ATLAS Data 36.1 fb−1

SM predictionAc Stat.+Syst. Model Unfold. Total unc.

resolved 0.0069 0.0021 0.0053 0.0008 0.0058 0.0064+0.0005
−0.0006

Table 10.11: Results for the inclusive measurement of the ℓ+jets channel is presented for
resolved topology with the combined statistical and systematical uncertainty (including the
MC cross-section uncertainty and the W+jets uncertainty), 𝑡𝑡 modeling uncertainty and the
uncertainty due to the unfolding bias. The total uncertainty is the quadratic sum of the listed
individual uncertainties. The Standard Model predictions are calculated at NNLO in QCD
and NLO in electroweak theory[4].

10.9 Results of differential measurement

The differential measurement has been performed in the ℓ+jets channel, the combined
analysis for the electron and muon decay channel. For the first three mass bins, up until
a 𝑡𝑡 mass of 1250 GeV, only the resolved topology is considered, while the last mass bin,
above 1250 GeV, is evaluated for the boosted topology. This split has shown the best
results regarding agreement with expectations for the Asimov pseudo-dataset. In addition
to that, the nuisance parameters in the last mass bin for 𝑊+jets have been split into two
sets with respect to the lepton flavor, instead of one combined set, to accommodate the
different pulls for the 𝑊+jets background from electron and muon channel in this low
statistic region. Under these modified conditions all nuisance parameters agree within their
uncertainties to the expectations for the method evaluation with an Asimov pseudo-dataset,
see section H.1 in the appendix.

In figure 10.11 the resulting mean values of the nuisance parameters for data are displayed
for the 4th bin in the boosted topology. It is noticeable, that subsets from the 𝑊 +jets and
QCD background are marginalized with a nuisance parameter of 1.5𝜎 and more beyond
the expectation for a well modeled background. In table 10.12 the corresponding nuisance
parameters are listed in detail, in table H.2 in the appendix all nuisance parameters are
documented. The largest discrepancy between before and after marginalization within the
unfolding procedure is visible in figure 10.11 for the 𝑊+jets background, with the jets
originating from a pair of 𝑏- or 𝑐-quarks and leptonically decaying with a muon. Considering
the effectively applied marginalization the expected 𝑊 + 𝑏𝑏,𝑐𝑐 background contribution of
2% (approx. 500 events in the 𝜇+jets channel) with respect to the total expected yields
before calibration is reduced by 50±20 %. The additional visible large fluctuations are
corresponding to individual QCD bins (𝑒 or 𝜇 channel) and the total QCD yields for the 1
tagged b-jet region in the 𝑒-channel. These corrections to a not well modeled background,
struggling with low statistics in the higher mass region during estimation and here in
application, are expected and supported by the allocation in bin-wise and overall nuisance
parameters for QCD.

The final results of the differential measurement of the top-antitop production charge
asymmetry in four bins of 𝑚𝑡𝑡 in the combined lepton channel are presented in table 10.13.
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Figure 10.11: Overview of nuisance parameters for differential measurement in the combined
lepton+jets channel with 36.1 𝑓𝑏−1 collected data. The displayed nuisance parameters and
their posterior width represent the fourth mass bin, 𝑚𝑡𝑡>1250 GeV, measured within the
boosted topology. The W+jets background is scaled with heavy flavor scale factors and within
their uncertainties calibrated in-situ.

background sample prior NP posterior width
W+bb/cc (𝜇) 0.23 -2.2 0.8

QCD, bin 9+10 (𝑒) 0.5 1.7 1.0
QCD, tag1 (𝑒) 0.5 -1.7 0.2

Table 10.12: The largest nuisance parameter values for the fourth mass bin are listed with the
posterior width with respect to the prior and the corresponding prior. The nuisance parameter
for QCD muon bin 18+19 is not further discussed here, since it references to a 𝑚𝑡𝑡 bin covered
by the resolved channel. All priors are Gaussian.

Standard Model predictions for the asymmetry in top pair production currently exist for
NNLO calculations at QCD level and NLO for electroweak, see [176] for details. Due to
the large 𝑡𝑡 modeling uncertainties the processing of the calculations for the here presented
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ATLAS Data 36.1 fb−1

SM predictionAc Stat.+Syst. Model Unfold. Total unc.

res. M1 0.0155 0.0048 0.0142 0.0020 0.0151 0.0033±0.0001
res. M2 0.0003 0.0043 0.0098 0.0016 0.0108 0.0043± 0.0001
res. M3 0.0228 0.0132 0.0343 0.0048 0.0371 0.0050±0.0003

boost. M4 0.0152 0.0495 0.0673 0.0099 0.0841 0.0065±0.0013

Table 10.13: Results for the differential measurement in the ℓ+jets channel is presented in
four mass bins, exclusively measured in the resolved and boosted topology respectively. The
combined statistical and systematical uncertainty (including the MC cross-section uncertainty
and the 𝑊 +jets uncertainty), 𝑡𝑡 modeling uncertainty and the uncertainty due to the unfolding
bias are listed. The total uncertainty is the quadratic sum of the individual uncertainties. The
Standard Model predictions are extracted from the Powheg+Pythia 6 𝑡𝑡 sample at NLO.

mass bins has been deemed redundant. Reference values for related mass bins can be found
in [4]. Instead the values provided by the MC sample with NLO precision are used for the
comparison.

10.10 Discussion

The study at hand was performed in order to choose the strategy for the 𝑊 +jets estimation
in the publication of the top charge asymmetry measurement [4]. As a conclusion an
improvement is obtained with the heavy flavor scale factors estimated in an external control
region, see section 10.6. In order to utilize this approach for the publication, including data
collected in 2017, new scaling factors have to be estimated. In total the improvement was
not sufficient to justify the effort of deriving these factors for the 2017 dataset. Therefore
the in-situ strategy was used for the publication with data collected from 2015 to 2017.

The publication [4] represents the latest results for a measurement of the top charge
asymmetry at

√
𝑠=13 TeV with ATLAS and is performed in the ℓ+jets channel. The CMS

Collaborations published in [177] a similar measurement in the ℓ+jets channel. The latest
joined publication of the ATLAS and CMS collaboration contains the combination of the
inclusive and differential 𝑡𝑡 charge asymmetry measurement using data collected at ATLAS
and CMS at

√
𝑠=7 TeV and 8 TeV, see [166] for details.



11 Summary and outlook

In the last years since the discovery of the Higgs boson in 2012, all eyes have been on the
LHC as the laergest accelerator of this time, eager to discover the next new particle to
solve the open mysteries in particle physics. But currently no new elementary particles
have been discovered, neither at multi-purpose experiments like ATLAS and CMS, nor at
individual experiments with different approaches, specialized in for e.g. direct dark matter
searches. Therefore the focus has shifted to high precision measurements to provide insight
into current theoretical models, including the until this day well established standard model
of particle physics. In the work at hand an exemplary measurement for each approach
has been conducted with the ATLAS detector using top quarks. For the search for new
particles the mass spectrum of the decay particles of a top quark pair has been evaluated
to find a new particle, decaying into top and antitop, as predicted for the theoretical Z’
boson or others. Within the measurement no new particles could be discovered but new
exclusion limits for the specific considered theoretical models could be set, e.g. the mass of
a 𝑔𝐾𝐾 with a 15% width is excluded below 3.8 TeV with 90% Cl. In the second part of the
thesis a precise measurement of the charge asymmetry in the production of top quark pairs
was performed, resulting e.g. in 𝐴𝐶=0.0069±0.0058 for the inclusive measurement in the
ℓ+jets channel for the resolved topology. Within the uncertainties all results agree with the
expectation from the standard model of particle physics, but due to the large statistical and
modeling uncertainties especially for the higher mass region in the differential approach,
the potential of this kind of asymmetry measurement is not yet exhausted. Future plans
for the exploration of the top-antitop charge asymmetry include the top-antitop energy
asymmetry measurement as described in [178, 179], and the continuation of a reduction of
systematic uncertainties.
Currently1 the LHC is shut down for a technical break to get ready for the next phase of
collecting data and also to prepare for the upgrade of the LHC to the High-Luminosity
LHC to be run from 2026. Only time and the data collected within the ATLAS detector
and the other experiments already existing or in preparation at CERN and all over the
world will show, what lies ahead and will provide us with the answers to the final questions
of life, the universe and everything ... but answering the questions about dark matter and
the speculations about the grand unification theory would be fine for the beginning.

1 Since December 2018 the LHC is shut down for approximately two years.
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A General: Datasets and Monte Carlo samples

A.1 Datasets

The single lepton triggers used for the individual lepton streams and the 2015 and 2016
datasets each are presented in table A.1 and A.2.

Dataset (year) topology single-electron trigger

2015

resolved
HLT_e24_lhmedium_L1EM20VH
HLT_e60_lhmedium
HLT_e120_lhloose

boosted
HLT_e24_lhmedium_L1EM20VH
HLT_e60_lhmedium,
HLT_e120_lhloose

2016

resolved
HLT_e26_lhtight_nod0_ivarloose
HLT_e60_lhmedium_nod0
HLT_e140_lhloose_nod0

boosted
HLT_e26_lhtight_nod0_ivarloose
HLT_e60_lhmedium_nod0
HLT_e140_lhloose_nod0

Table A.1: The individual single-electron triggers used on the datasets for 2015 and 2016 are
listed,for the resolved and boosted topology.

Dataset (year) topology single-muon trigger

2015
resolved HLT_mu20_iloose_L1MU15

HLT_mu50

boosted HLT_mu20_iloose_L1MU15
HLT_mu50

2016
resolved HLT_mu26_ivarmedium

HLT_mu50

boosted HLT_mu26_ivarmedium
HLT_mu50

Table A.2: The individual single-muon triggers used on the datasets for 2015 and 2016 are
listed,for the resolved and boosted topology.
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148 A General: Datasets and Monte Carlo samples

A.2 Monte Carlo samples

This section contains a list of the Monte Carlo simulation samples used for the analysis
for the Standard Model background expectation and the 𝑡𝑡 signal samples from various
generators, including those considered for modeling uncertainty studies.

𝑡𝑡 (Powheg+Pythia) + systematic samples

-Standard analysis-
mc15_13TeV.410000.PowhegPythiaEvtGen_P2012_ttbar_hdamp172p5_nonallhad.merge.DAOD_EXOT4.e3698_s2608_s2183_r7725_r7676_p2949

mc15_13TeV.3015[28-32].PowhegPythiaEvtGen_P2012_ttbar_hdamp172p5_nonallhad_mtt_[1-5].merge.DAOD_EXOT4.e3954_s2608_r7772_r7676_p2952

-Generator comparison for parton showering (Powheg+Herwig)-
mc15_13TeV.410004.PowhegHerwigppEvtGen_UEEE5_ttbar_hdamp172p5_nonallhad.merge.DAOD_EXOT4.e3836_s2726_r7772_r7676_p2949

-Generator comparison for hard scattering (MC@NLO+Herwig) (+ PDF uncertainty)-
mc15_13TeV.410003.aMcAtNloHerwigppEvtGen_ttbar_nonallhad.merge.DAOD_EXOT4.e4441_s2726_r7772_r7676_p2949

-Initial/Final state radiation study (Powheg+Pythia)-
mc15_13TeV.410002.PowhegPythiaEvtGen_P2012radLo_ttbar_hdamp172_up_nonallhad.merge.DAOD_EXOT4.e3783_s2608_r7725_r7676_p2949

mc15_13TeV.410001.PowhegPythiaEvtGen_P2012radHi_ttbar_hdamp345_down_nonallhad.merge.DAOD_EXOT4.e3783_s2608_r7725_r7676_p2949

𝑡𝑡 +V (MadGraph+Pythia)

mc15_13TeV.41006[6-8].MadGraphPythia8EvtGen_A14NNPDF23LO_ttW_Np[0-2].merge.DAOD_EXOT4.e4111_s2608_s2183_r7725_r7676_p2949

mc15_13TeV.41007[3-5].MadGraphPythia8EvtGen_A14NNPDF23LO_ttZnnqq_Np[0-2].merge.DAOD_EXOT4.e4631_s2726_r7725_r7676_p2949

W+jets (Sherpa)

[X]:=[CVetoBVeto,CfilterBVeto,BFilter]

mc15_13TeV.36417[0-2].Sherpa_221_NNPDF30NNLO_Wenu_MAXHTPTV0_70_[X].merge.DAOD_EXOT4.e5340_s2726_r7772_r7676_p2949

mc15_13TeV.36417[3-5]Sherpa_221_NNPDF30NNLO_Wenu_MAXHTPTV70_140_[X].merge.DAOD_EXOT4.e5340_s2726_r7772_r7676_p2949

mc15_13TeV.36417[6-8].Sherpa_221_NNPDF30NNLO_Wenu_MAXHTPTV140_280_[X].merge.DAOD_EXOT4.e5340_s2726_r7772_r7676_p2949

mc15_13TeV.3641[79-81].Sherpa_221_NNPDF30NNLO_Wenu_MAXHTPTV280_500_[X].merge.DAOD_EXOT4.e5340_s2726_r7772_r7676_p2949

mc15_13TeV.364182.Sherpa_221_NNPDF30NNLO_Wenu_MAXHTPTV500_1000.merge.DAOD_EXOT4.e5340_s2726_r7772_r7676_p2949

mc15_13TeV.364183.Sherpa_221_NNPDF30NNLO_Wenu_MAXHTPTV1000_E_CMS.merge.DAOD_EXOT4.e5340_s2726_r7772_r7676_p2949

mc15_13TeV.36415[6-8].Sherpa_221_NNPDF30NNLO_Wmunu_MAXHTPTV0_70_[X].merge.DAOD_EXOT4.e5340_s2726_r7772_r7676_p2949

mc15_13TeV.3641[59-61].Sherpa_221_NNPDF30NNLO_Wmunu_MAXHTPTV70_140_[X].merge.DAOD_EXOT4.e5340_s2726_r7772_r7676_p2949

mc15_13TeV.36416[2-4].Sherpa_221_NNPDF30NNLO_Wmunu_MAXHTPTV140_280_[X].merge.DAOD_EXOT4.e5340_s2726_r7772_r7676_p2949

mc15_13TeV.36416[5-7].Sherpa_221_NNPDF30NNLO_Wmunu_MAXHTPTV280_500_[X].merge.DAOD_EXOT4.e5340_s2726_r7772_r7676_p2949

mc15_13TeV.364168.Sherpa_221_NNPDF30NNLO_Wmunu_MAXHTPTV500_1000.merge.DAOD_EXOT4.e5340_s2726_r7772_r7676_p2949

mc15_13TeV.364169.Sherpa_221_NNPDF30NNLO_Wmunu_MAXHTPTV1000_E_CMS.merge.DAOD_EXOT4.e5340_s2726_r7772_r7676_p2949
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mc15_13TeV.36418[4-6].Sherpa_221_NNPDF30NNLO_Wtaunu_MAXHTPTV0_70_[X].merge.DAOD_EXOT4.e5340_s2726_r7772_r7676_p2949

mc15_13TeV.36418[7-9].Sherpa_221_NNPDF30NNLO_Wtaunu_MAXHTPTV70_140_[X].merge.DAOD_EXOT4.e5340_s2726_r7772_r7676_p2949

mc15_13TeV.36419[0-2].Sherpa_221_NNPDF30NNLO_Wtaunu_MAXHTPTV140_280_[X].merge.DAOD_EXOT4.e5340_s2726_r7772_r7676_p2949

mc15_13TeV.36419[3-5].Sherpa_221_NNPDF30NNLO_Wtaunu_MAXHTPTV280_500_[X].merge.DAOD_EXOT4.e5340_s2726_r7772_r7676_p2949

mc15_13TeV.364196.Sherpa_221_NNPDF30NNLO_Wtaunu_MAXHTPTV500_1000.merge.DAOD_EXOT4.e5340_s2726_r7772_r7676_p2949

mc15_13TeV.364197.Sherpa_221_NNPDF30NNLO_Wtaunu_MAXHTPTV1000_E_CMS.merge.DAOD_EXOT4.e5340_s2726_r7772_r7676_p2949

Z+jets (Sherpa)

[X]:=[CVetoBVeto,CfilterBVeto,BFilter]

mc15_13TeV.36410[0-2].Sherpa_221_NNPDF30NNLO_Zmumu_MAXHTPTV0_70_[X].merge.DAOD_EXOT4.e5271_s2726_r7772_r7676_p2949

mc15_13TeV.36410[3-5].Sherpa_221_NNPDF30NNLO_Zmumu_MAXHTPTV70_140_[X].merge.DAOD_EXOT4.e5271_s2726_r7772_r7676_p2949

mc15_13TeV.36410[6-8].Sherpa_221_NNPDF30NNLO_Zmumu_MAXHTPTV140_280_[X].merge.DAOD_EXOT4.e5271_s2726_r7772_r7676_p2949

mc15_13TeV.3641[09-11].Sherpa_221_NNPDF30NNLO_Zmumu_MAXHTPTV280_500_[X].merge.DAOD_EXOT4.e5271_s2726_r7772_r7676_p2949

mc15_13TeV.364112.Sherpa_221_NNPDF30NNLO_Zmumu_MAXHTPTV500_1000.merge.DAOD_EXOT4.e5271_s2726_r7772_r7676_p2949

mc15_13TeV.364113.Sherpa_221_NNPDF30NNLO_Zmumu_MAXHTPTV1000_E_CMS.merge.DAOD_EXOT4.e5271_s2726_r7772_r7676_p2949

mc15_13TeV.36411[4-6].Sherpa_221_NNPDF30NNLO_Zee_MAXHTPTV0_70_[X].merge.DAOD_EXOT4.e5299_s2726_r7772_r7676_p2949

mc15_13TeV.36411[7-9].Sherpa_221_NNPDF30NNLO_Zee_MAXHTPTV70_140_[X].merge.DAOD_EXOT4.e5299_s2726_r7772_r7676_p2949

mc15_13TeV.36412[0-2].Sherpa_221_NNPDF30NNLO_Zee_MAXHTPTV140_280_[X.merge.DAOD_EXOT4.e5299_s2726_r7772_r7676_p2949

mc15_13TeV.36412[3-5].Sherpa_221_NNPDF30NNLO_Zee_MAXHTPTV280_500_[X].merge.DAOD_EXOT4.e5299_s2726_r7772_r7676_p2949

mc15_13TeV.364126.Sherpa_221_NNPDF30NNLO_Zee_MAXHTPTV500_1000.merge.DAOD_EXOT4.e5299_s2726_r7772_r7676_p2949

mc15_13TeV.364127.Sherpa_221_NNPDF30NNLO_Zee_MAXHTPTV1000_E_CMS.merge.DAOD_EXOT4.e5299_s2726_r7772_r7676_p2949

mc15_13TeV.3641[28-30].Sherpa_221_NNPDF30NNLO_Ztautau_MAXHTPTV0_70_[X].merge.DAOD_EXOT4.e5307_s2726_r7772_r7676_p2949

mc15_13TeV.36413[1-3].Sherpa_221_NNPDF30NNLO_Ztautau_MAXHTPTV70_140_[X].merge.DAOD_EXOT4.e5307_s2726_r7772_r7676_p2949

mc15_13TeV.36413[4-6].Sherpa_221_NNPDF30NNLO_Ztautau_MAXHTPTV140_280_[X].merge.DAOD_EXOT4.e5307_s2726_r7772_r7676_p2949

mc15_13TeV.36413[7-9].Sherpa_221_NNPDF30NNLO_Ztautau_MAXHTPTV280_500_[X].merge.DAOD_EXOT4.e5307_s2726_r7772_r7676_p2949

mc15_13TeV.364140.Sherpa_221_NNPDF30NNLO_Ztautau_MAXHTPTV500_1000.merge.DAOD_EXOT4.e5307_s2726_r7772_r7676_p2949

mc15_13TeV.364141.Sherpa_221_NNPDF30NNLO_Ztautau_MAXHTPTV1000_E_CMS.merge.DAOD_EXOT4.e5307_s2726_r7772_r7676_p2949

Single top (Powheg+Pythia)

mc15_13TeV.410011.PowhegPythiaEvtGen_P2012_singletop_tchan_lept_top.merge.DAOD_EXOT4.e3824_s2608_s2183_r7725_r7676_p2952

mc15_13TeV.410012.PowhegPythiaEvtGen_P2012_singletop_tchan_lept_antitop.merge.DAOD_EXOT4.e3824_s2608_s2183_r7725_r7676_p2952

mc15_13TeV.410013.PowhegPythiaEvtGen_P2012_Wt_inclusive_top.merge.DAOD_EXOT4.e3753_s2608_s2183_r7725_r7676_p2952

mc15_13TeV.410014.PowhegPythiaEvtGen_P2012_Wt_inclusive_antitop.merge.DAOD_EXOT4.e3753_s2608_s2183_r7725_r7676_p2952

mc15_13TeV.410025.PowhegPythiaEvtGen_P2012_SingleTopSchan_noAllHad_top.merge.DAOD_EXOT4.e3998_s2608_s2183_r7725_r7676_p2952

mc15_13TeV.410026.PowhegPythiaEvtGen_P2012_SingleTopSchan_noAllHad_antitop.merge.DAOD_EXOT4.e3998_s2608_s2183_r7725_r7676_p2952

Diboson (Sherpa)

mc15_13TeV.361081.Sherpa_CT10_WplvWmqq.merge.DAOD_EXOT4.e3836_s2608_s2183_r7772_r7676_p2952

mc15_13TeV.361082.Sherpa_CT10_WpqqWmlv.merge.DAOD_EXOT4.e3836_s2608_s2183_r7772_r7676_p2952
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mc15_13TeV.361083.Sherpa_CT10_WlvZqq.merge.DAOD_EXOT4.e3836_s2608_s2183_r7772_r7676_p2952

mc15_13TeV.361084.Sherpa_CT10_WqqZll.merge.DAOD_EXOT4.e3836_s2608_s2183_r7772_r7676_p2952

mc15_13TeV.361086.Sherpa_CT10_ZqqZll.merge.DAOD_EXOT4.e3926_s2608_s2183_r7772_r7676_p2952



B General: Definition of asymmetric and symmetric MC samples for
W+jets charge normalization factor

In this appendix asymmetry value 𝐴𝐶 is estimated for each background sample, as additional
material for section 7.4.1.

B.1 𝜇+jets channel

2ex 𝜇+jets channel Ac ΔAc defined as asymmetric
𝑊 + 𝑏𝑏 11.5% 0.3% X
𝑊 + 𝑐𝑐 10.3% 0.7% X
𝑊 + 𝑐 5.9% 0.5% X
𝑊+lf 10.8% 0.7% X
single top (s,t) 21.7% 0.2% X
𝑡𝑡 +V 5.3% 0.6% X
Diboson 3.6% 0.4% X

QCD 1.5% 0.3%
single top (Wt) 0.2% 0.3%
𝑡𝑡 -0.3% 0.1%
𝑍+jets 2.5% 0.7%

Table B.1: The asymmetry 𝐴𝑐 of all MC samples is listed for events with exactly 2 jets in
the 𝜇+jets channel in the pretag region, including the statistical uncertainty.

B.2 𝑒+jets channel
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152 B General: Definition of asymmetric and symmetric MC samples

2ex 𝑒+jets channel Ac ΔAc defined as asymmetric
𝑊 + 𝑏𝑏 10.1% 0.3% X
𝑊 + 𝑐𝑐 8.8% 0.6% X
𝑊 + 𝑐 4.7% 0.4% X
𝑊+lf 10.1% 0.7% X
single top (s,t) 20.6% 0.2% X
𝑡𝑡 +V 4.7% 0.6% X
Diboson 3.1% 1.7% X

QCD 0.5% 0.1%
single top (Wt) -0.3% 0.3%
𝑡𝑡 -0.1% 0.1%
𝑍+jets 0.3% 0.4%

Table B.2: The asymmetry 𝐴𝑐 of all MC samples is listed for events with exactly 2 jets in
the 𝑒+jets channel in the pretag region, including the statistical uncertainty.

4ex 𝑒+jets channel Ac ΔAc defined as asymmetric
𝑊 + 𝑏𝑏 11.0% 0.4% X
𝑊 + 𝑐𝑐 10.5% 0.7% X
𝑊 + 𝑐 5.1% 0.7% X
𝑊+lf 12.3% 0.9% X
single top (s,t) 23.1% 0.5% X
𝑡𝑡 +V 5.2% 0.3% X
Diboson -0.3% 0.7% X

QCD 1.1% 0.4%
single top (Wt) 0.4% 0.3%
𝑡𝑡 0.0% 0.1%
𝑍+jets -0.1% 0.6%

Table B.3: The asymmetry 𝐴𝑐 of all MC samples is listed for events with exactly 4 jets in
the 𝑒+jets channel in the pretag region, including the statistical uncertainty.



C General: Closure test for W+jets estimation

For the closure tests an ideal environment is defined, with symmetric yields for 𝑡𝑡, 𝑍+jets,
single top (Wt-channel) and the multijet background, resulting in a perfect agreement for
the Asimov pseudo-dataset, see Table C.1.

2ex bin K𝑏𝑏,K𝑐𝑐 K𝑐 K𝑙𝑓 QCD CA
expected 1.0 1.00 1.00 1.00 1.00
HFSF 𝑒-channel 1.00±5.6% 1.00 1.00±1.4% 1.00 1.00±0.5%
HFSF 𝜇-channel 1.00±4.6% 1.00 1.00±1.0% 1.00 1.00±0.4%

Table C.1: Charge asymmetry normalization CA and heavy flavor scale factors 𝐾𝑖, i ∈
[bb,cc,c,lf] for an Asimov pseudo-dataset with symmetrized QCD, 𝑍+jets, 𝑡𝑡 and single
top (Wt-channel) contributions, scaled to the integrated Luminosity of 36.1 fb−1, statistical
uncertainties on data only, expected and heavy flavor scale factors with QCD scale factor in
control region and CA normalization.

As the charge asymmetry normalization factor 𝐶𝐴 is accounting for the normalization
between the pseudo data set and the expected yields, employing an increase of 10% to the
total amount of W+jets in the pseudo data is expected to be corrected by a normalization
factor of 𝐶𝐴 = 1.10 for each jet multiplicity bin, constant heavy flavor scale factors with
K𝑖=1.0, i∈ [𝑏𝑏,𝑐𝑐,𝑐,𝑙𝑓 ] and a constant multijet estimate, see Table C.2.

2ex bin K𝑏𝑏,K𝑐𝑐 K𝑐 K𝑙𝑓 QCD CA
expected 1.0 1.00 1.00 1.00 1.10
HFSF 𝑒-channel 1.00±5.2% 1.00 1.00±1.3% 1.00 1.10±0.5%
HFSF 𝜇-channel 1.00±4.2% 1.00 1.00±1.0% 1.00 1.10±0.4%

Table C.2: Charge asymmetry normalization CA and heavy flavor scale factors 𝐾𝑖, i ∈
[bb,cc,c,lf] for a pseudo data set with 10% increase in the total 𝑊+jets yields, symmetric
expected backgrounds are symmetrized, scaled to the integrated luminosity of 36.1 fb−1,
statistical uncertainties on data only

The variation of the W+jets flavor fractions utilizes a normalization factor for each jet
multiplicity bin and each 𝑊 +jets flavor, see Table C.3 and C.4, to obtain a constant total
amount of 𝑊 +jets in the pretag region. This approach allows to measure the reliability of
the method to extract the heavy flavor scale factors by expecting the overall normalization
to be 1.0.

As the flavor scale factor for 𝑊 + 𝑐 is fixed to 1.0 in the control region, the reproduction
of the initial scale factors with the 𝑊+jets estimation method for the variation of one of
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154 C General: Closure test for W+jets estimation

𝑒+jets W+bb,cc (+40%) W+bb,cc (-40%) W+lf (+15%) W+lf (-15%)
bin F𝑏𝑏,F𝑐𝑐 F𝑐,F𝑙𝑓 F𝑏𝑏,F𝑐𝑐 F𝑐,F𝑙𝑓 F𝑙𝑓 F𝑏𝑏,F𝑐𝑐,F𝑐 F𝑙𝑓 F𝑏𝑏,F𝑐𝑐,F𝑐

2ex 1.32 0.94 0.64 1.07 1.05 0.91 0.94 1.10
4ex 1.26 0.90 0.68 1.13 1.07 0.93 0.92 1.08
5in 1.23 0.88 0.70 1.17 1.08 0.94 0.91 1.07

Table C.3: Initial scale factors for 𝑊+jets components used for the creation of the different
pseudo datasets for the 𝑒-channel, including the chosen variation of one fraction (highlighted)
and the normalization of the total pretag yields applied to all W+jets contributions, for pretag
and tag region

𝜇+jets W+bb,cc+40% W+bb,cc-40% W+lf+15% W+lf-15%
bin F𝑏𝑏,F𝑐𝑐 F𝑐,F𝑙𝑓 F𝑏𝑏,F𝑐𝑐 F𝑐,F𝑙𝑓 F𝑙𝑓 F𝑏𝑏,F𝑐𝑐,F𝑐 F𝑙𝑓 F𝑏𝑏,F𝑐𝑐,F𝑐

2ex 1.32 0.94 0.64 1.06 1.05 0.91 0.94 1.11
4ex 1.27 0.90 0.67 1.12 1.07 0.93 0.92 1.09
5in 1.23 0.88 0.70 1.16 1.08 0.94 0.91 1.07

Table C.4: Initial scale factors for 𝑊+jets components used for the creation of the different
pseudo data sets for 𝜇-channel, including the chosen variation of one fraction (highlighted)
and the normalization of the total pretag yields applied to all 𝑊 +jets contributions, for pretag
and tag region

the 𝑊 +jets contributions 𝑊 + 𝑏𝑏 and 𝑊 + 𝑐𝑐 or 𝑊 +lf is expected to deviate regarding the
flavor scale factor for 𝑊 + 𝑐. In the control region the difference of the amount of 𝑊 + 𝑐
in pseudo data compared to the Monte Carlo sample is compensated with the multijet
estimate and a variation of the total W+jets yields, see Table C.5 for a 40% up variation
of 𝑊 + 𝑏𝑏 and 𝑊 + 𝑐𝑐. Taking only the statistical uncertainties of the pseudo data set
into account the differences are covered for the 40% variation of 𝑊 + 𝑏𝑏 and 𝑊 + 𝑐𝑐. The
results are shown for the electron channel only, since the procedure is identical for the
muon channel

W+bb , W+cc W+c W+lf QCD CA
exp. est. exp. est. exp. est. est. est.

2ex 1.32 1.32±4.4% 0.94 1.01 0.94 0.93±1.7% 0.98 1.01±0.5%
4ex 1.26 1.26±4.4% 0.90 0.96 0.90 0.89±2.6% - 1.01±2.6%
5in 1.23 1.23±4.4% 0.88 0.94 0.88 0.86±2.8% - 1.01±2.8%

Table C.5: Closure test for 40% up variation of 𝑊 + 𝑏𝑏,𝑊 + 𝑐𝑐 with expected, F𝑖, and
estimated scale factors, K𝑖 × CA, i ∈ [𝑏𝑏,𝑐𝑐,𝑐,lf], for the 𝑒+jets-channel; multijet and CA are
expected to be 1.0, statistical uncertainty on data only, symmetric expected backgrounds are
symmetrized.

To confirm the precise extraction of the applied correction factors in the varied pseudo
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data sets for all 𝑊+jets contributions, the fixed value of the flavor scale factor for 𝑊 + 𝑐,
𝐾𝑐, in the 2 exclusive jet bin is modified to match the expected scale factor. As a result
a perfect closure can be reached in all jet multiplicity bins for all 𝑊+jets components.
The comparison of expected scale factor 𝐹𝑖 and the estimated scale factor, which is the
product of the flavor scale factor 𝐾𝑖, i ∈ [𝑏𝑏,𝑐𝑐,𝑐,lf] and the overall normalization CA, for
the different 𝑊+jets contributions is given for the 2 exclusive jet bin for the individual
flavor variations in the tables C.6, C.7, C.8 and C.9. The extracted scale factors are
presented for the nominal approach and the flavor scale factor 𝐾𝑐 fixed to the expected
value instead of 1.0 in the control region.

𝑊 + 𝑏𝑏,𝑐𝑐 (+40%) Fbb,Fcc Fc Flf QCD CA
expected 1.32 0.94 0.94 1.00 1.00

Kc := 0.94 1.32 ±4.4% 0.94 0.94 ±1.7% 1.00 1.00±0.5%
Kc := 1.00 1.32 ±4.4% 1.01 0.93 ±1.7% 0.98 1.01±0.5%

Table C.6: 𝑊 + 𝑏𝑏, 𝑊 + 𝑐𝑐 (+40%): Comparison of expected W+jets scale factors and the
obtained scale factors 𝐹𝑖 with 𝐹𝑖 = 𝐾𝑖 × 𝐶𝐴, including the CA normalization scale factor, and
the multijet correction factor for different fixed values of 𝐹𝑐; the pseuda data set contains an
up variation of the 𝑊 + 𝑏𝑏 and 𝑊 + 𝑐𝑐 contribution by 40%, statistical uncertainty on data
only, symmetric expected backgrounds are symmetrized

𝑊 + 𝑏𝑏,𝑐𝑐 (-40%) Fbb,Fcc Fc Flf QCD CA
expected 0.64 1.07 1.07 1.00 1.00

Kc := 1.07 0.64±8.6% 1.07 1.07±1.4% 1.00 1.00±0.5%
Kc := 1.00 0.64±8.7% 0.99 1.08±1.4% 1.02 0.99±0.5%

Table C.7: 𝑊 + 𝑏𝑏, 𝑊 + 𝑐𝑐 (-40%): Comparison of expected 𝑊+jets scale factors and the
obtained scale factors 𝐹𝑖 with 𝐹𝑖 = 𝐾𝑖 × 𝐶𝐴, including the CA normalization scale factor, and
the multijet correction factor for different fixed values of 𝐹𝑐; the pseudo- ataset contains a
down variation of the 𝑊 + 𝑏𝑏 and 𝑊 + 𝑐𝑐 contribution by 40%, statistical uncertainty on data
only, symmetric expected backgrounds are symmetrized

𝑊+lf (+15%) Fbb,Fcc Fc Flf QCD CA
expected 0.91 0.91 1.05 1.00 1.00

Fc := 0.91 0.91±6.2% 0.91 1.05±1.5% 1.00 1.00±0.5%
Fc := 1.00 0.92±6.1% 1.01 1.05±1.5% 0.97 1.01±0.5%

Table C.8: 𝑊+lf (+15%): Comparison of expected 𝑊+jets scale factors and the obtained
scale factors 𝐹𝑖 with 𝐹𝑖 = 𝐾𝑖 × 𝐶𝐴, including the CA normalization scale factor, and the
multijet correction factor for different fixed values of 𝐹𝑐; the pseudo-dataset contains an up
variation of the 𝑊+lf contribution by 15%, statistical uncertainty on data only, symmetric
expected backgrounds are symmetrized
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𝑊 + 𝑙𝑓 (-15%) Fbb,Fcc Fc Flf QCD CA
expected 1.10 1.10 0.94 1.00 1.00

Fc := 1.10 1.10±5.2% 1.10 0.94±1.6% 1.00 1.00±0.5%
Fc := 1.00 1.10±5.2% 0.99 0.96±1.6% 1.04 0.99±0.5%

Table C.9: 𝑊+lf (-15%): Comparison of expected 𝑊+jets scale factors and the obtained
scale factors 𝐹𝑖 with 𝐹𝑖 = 𝐾𝑖 × 𝐶𝐴, including the CA normalization scale factor, and the
multijet correction factor for different fixed values of 𝐹𝑐; the pseudo-dataset contains a down
variation of the 𝑊+lf contribution by 15%, statistical uncertainty on data only, symmetric
expected backgrounds are symmetrized



D Charge asymmetry: Linearity tests

The linearity plots of truth and reconstructed 𝐴𝑐 for the inclusive ℓ+jets channel are
presented in figure D.2 and for the combined resolved+boosted topology for the ℓ+jets
channel for the individual mass bins in figure D.1.
The results for the slope and offset parameters for the differential setup in resolved and
boosted topology separately, as well as for the individual lepton flavor selections are listed
in table D.1.
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Figure D.1: Linearity of reconstructed and truth 𝐴𝐶 values for the differential measurement
of 𝛥|𝑦| in 𝑡𝑡 mass bins for the combined resolved+boosted signal region in ℓ+jets
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Figure D.2: Linearity of reconstructed and truth 𝐴𝐶 values for the inclusive measurement of
𝛥|𝑦| in the resolved 𝑒+jets (a) and 𝜇+jets (b) channel.





E Charge asymmetry: Closure test for W+jets estimation in full
Bayesian unfolding

The following appendix provides additional material for section . A continuation of the
evaluation is presented for the resolved 𝜇+jets and the resolved ℓ+jets channel.

E.1 Resolved 𝜇+jets channel

In the considered channel, 𝜇+jets in the resolved topology, the scale factors for the
marginalization of the 𝑊 +jets background extracted from the nuisance parameters, 𝑆𝐹𝑁𝑃

are compared to the equivalent scale factors 𝑆𝐹𝐻𝐹 𝑆𝐹 applied to the pseudo-dataset. The
results are presented in table E.1 and with restricting the variation of the non-𝑊 MC
backgrounds, scenario 2, an agreement of the 𝑆𝐹𝐻𝐹 𝑆𝐹 and 𝑆𝐹𝑁𝑃 within their uncertainties
is reached. For the full background variation in the first setup the differences between
𝑆𝐹𝐻𝐹 𝑆𝐹 and 𝑆𝐹𝑁𝑃 within a single flavor are assumed to be based on the correlations of
W+jets with other MC backgrounds.

𝑆𝐹𝐻𝐹 𝑆𝐹 𝛥 in $ 𝑆𝐹𝑁𝑃 𝛥 in % 𝑆𝐹𝑁𝑃 𝛥𝑖𝑛% 𝑆𝐹𝑁𝑃 𝛥 in %scen. 1 scen. 2 scen. 3
W+bb,cc 1.24 0.14 1.13 0.05 1.26 0.17 1.25 0.11

W+c 0.81 0.28 0.94 0.40 0.76 0.32 0.77 0.32
W+lf 0.73 0.04 0.73 0.07 0.74 0.07 0.74 0.04

Table E.1: Closure test for resolved 𝜇+jets channel: uncertainties of 𝑆𝐹𝐻𝐹 𝑆𝐹 are combined
uncertainties on original scale factors, uncertainties of 𝑆𝐹𝑁𝑃 are the RMS of the NP times
𝜎=0.5. Agreement between 𝑆𝐹𝐻𝐹 𝑆𝐹 and 𝑆𝐹𝑁𝑃 is reached within 𝛥𝑁𝑃 after reduction of
background variation to W+jets and multi-jet background.

E.2 Resolved ℓ+jets

While the closure test achieves the expected results for the individual resolved lepton
channels, for the combination of those a significant different set of scale factors is preferred
within the nuisance parameter estimation to achieve an agreement between the Monte
Carlo samples and the scaled pseudo data set.
Since the externally estimated scale factors are individual for the 𝑒+jets and 𝜇+jets
distribution in 𝛥|𝑦|, an overall scale factor is not expected to extract the combined scale
factors from the external approach based on the total yields.
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162 E Charge asymmetry: Closure test for W+jets estimation in full Bayesian unfolding

𝑆𝐹𝐻𝐹 𝑆𝐹 𝛥
𝑆𝐹𝑁𝑃 𝛥

𝑆𝐹𝑁𝑃 𝛥
𝑆𝐹𝑁𝑃 𝛥

scen. 1 scen. 2 scen. 3

W+bb,cc 1.19 0.13 0.94 0.15 1.15 0.12 1.40 0.09
W+c 0.84 0.29 1.09 0.33 0.67 0.28 0.46 0.25
W+lf 0.78 0.05 0.77 0.04 0.80 0.04 0.75 0.03

Table E.2: Closure test for resolved ℓ+jets channel: uncertainties of 𝑆𝐹𝐻𝐹 𝑆𝐹 are combined
uncertainties on original scale factors, uncertainties of 𝑆𝐹𝑁𝑃 are the RMS of the NP times
𝜎=0.5. Agreement between 𝑆𝐹𝐻𝐹 𝑆𝐹 and 𝑆𝐹𝑁𝑃 is not expected.



F Charge asymmetry: Comparison of W+jets background estimation

The following appendix provides additional material to section 10.6. The equivalent of
table 10.5 (ℓ + 𝑗𝑒𝑡𝑠 channel) for the 𝜇+jets channel, see table F.1, and the 𝑒+jets, see table
F.2, are presented.

HFSF applied w/o HFSF applied
prior SFNP Δ SFNP prior SFNP Δ SFNP

W + bb,cc 0.11 1.00 0.09 0.50 1.02 0.28
W + c 0.35 1.00 0.26 0.50 1.01 0.43
W + lf 0.06 1.00 0.05 0.50 0.99 0.10

Table F.1: Overview over the scale factors, applied to the MC 𝑊+jets sample within the
in-situ marginalization with and without HFSF application to the 𝑊+jets MC sample. MC
samples compared to Asimov pseudo-dataset in the resolved 𝜇+jets channel

HFSF applied w/o HFSF applied
prior SFmarg. Δ SFmarg. prior SFmarg. Δ SFmarg.

W + bb,cc 0.11 1.00 0.10 0.50 1.00 0.30
W + c 0.35 1.00 0.26 0.50 1.03 0.43
W + lf 0.06 1.00 0.05 0.50 0.99 0.12

Table F.2: Overview over the scale factors, applied to the MC 𝑊+jets sample within the
in-situ marginalization with and without HFSF application to the 𝑊+jets MC sample. MC
samples compared to Asimov pseudo-dataset in the resolved 𝑒+jets channel
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G Charge asymmetry: Estimation of top modeling uncertainties

The full input for the estimation of the modeling uncertainties is listed here. For the
radiation uncertainty the median of radiation low and radiation high for (unfolded - truth)
is used for the comparison to the nominal sample. Parton showering compares nominal
(Powheg+Pythia) with (Powheg+Herwig) to estimate the effect of the choice of the parton
showering generator. While the hard scattering uncertainty is estimated not with the
nominal sample, but between Powheg+Herwig and MC@NLO+Herwig, to derive the
uncertainty based on the choice of the hard scattering generator.
The uncertainty 𝛥𝑠𝑦𝑠𝑡 is calculated via equation 10.15, 𝛥𝛥𝑠𝑦𝑠𝑡 via equation 10.16.

inclusive: resolved ℓ+jets
truth unfolded syst. uncert.

model 𝐴𝑐 𝛥𝐴𝑐 𝑆𝐹 𝐴𝑐 𝛥𝐴𝑐 𝑆𝐹 𝛥𝑠𝑦𝑠𝑡 𝛥𝛥𝑠𝑦𝑠𝑡.

Nominal 0.0038 0.0001 2.91 0.0038 0.0021 2.54 - -
Rad. low 0.0029 0.0003 0.97 0.0065 0.0020 0.79 0.0033 0.0020Rad. high 0.0036 0.0003 1.22 0.0066 0.0021 1.00
Parton shower 0.0032 0.0002 1.03 0.0048 0.0021 1.47 0.0015 0.0021
Hard scattering 0.0045 0.0003 0.60 0.0071 0.0021 0.48 0.0010 0.0035

Table G.1: Input for 𝑡𝑡 modeling uncertainty estimation for inclusive 𝐴𝑐 measurement in the
resolved ℓ+jets channel
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166 G Charge asymmetry: Estimation of top modeling uncertainties

differential for 𝑚𝑡�̄�>500GeV: resolved ℓ+jets
truth unfolded syst. uncert.

model 𝐴𝑐 𝛥𝐴𝑐 SF 𝐴𝑐 𝛥𝐴𝑐 SF 𝛥𝑠𝑦𝑠𝑡 𝛥𝛥𝑠𝑦𝑠𝑡.

Nominal 0.0033 0.0001 2.91 0.0033 0.0050 2.54 - -
Rad. low 0.0023 0.0004 0.97 0.0114 0.0049 0.79 0.0087 0.0049Rad. high 0.0028 0.0004 1.22 0.0111 0.0050 1.00
Parton shower 0.0030 0.0004 0.60 0.0144 0.0047 0.48 0.0081 0.0049
Hard scattering 0.0018 0.0003 1.03 0.0098 0.0045 1.47 0.0033 0.0078

differential for 500 GeV<𝑚𝑡�̄�<750GeV: resolved ℓ+jets
truth unfolded syst. uncert.

model 𝐴𝑐 𝛥𝐴𝑐 SF 𝐴𝑐 𝛥𝐴𝑐 SF 𝛥𝑠𝑦𝑠𝑡 𝛥𝛥𝑠𝑦𝑠𝑡.

Nominal 0.0043 0.0001 2.91 0.0043 0.0040 2.54 - -
Rad. low 0.0037 0.0005 0.97 0.0035 0.0038 0.79 0.0014 0.0040Rad. high 0.0047 0.0005 1.22 0.0077 0.0043 1.00
Parton shower 0.0059 0.0006 0.60 0.0115 0.0046 0.48 0.0020 0.0046
Hard scattering 0.0050 0.0004 1.03 0.0070 0.0047 1.47 0.0036 0.0077

differential for 750 GeV<𝑚𝑡�̄�<1250GeV: resolved ℓ+jets
truth unfolded syst. uncert.

model 𝐴𝑐 𝛥𝐴𝑐 SF 𝐴𝑐 𝛥𝐴𝑐 SF 𝛥𝑠𝑦𝑠𝑡 𝛥𝛥𝑠𝑦𝑠𝑡.

Nominal 0.0050 0.0003 2.91 0.0049 0.0129 2.54 - -
Rad. low 0.0029 0.0011 0.97 0.0235 0.0125 0.79 -0.0005 0.0126Rad. high 0.0045 0.0009 1.22 -0.0173 0.0134 1.00
Parton shower 0.0088 0.0011 0.60 0.0005 0.0148 0.48 -0.0203 0.0144
Hard scattering 0.0063 0.0008 1.03 -0.0141 0.0145 1.47 0.0120 0.0246

differential for 𝑚𝑡�̄�>1250GeV: resolved ℓ+jets
truth unfolded syst. uncert.

model 𝐴𝑐 𝛥𝐴𝑐 SF 𝐴𝑐 𝛥𝐴𝑐 SF 𝛥𝑠𝑦𝑠𝑡 𝛥𝛥𝑠𝑦𝑠𝑡.

Nominal 0.0065 0.0013 2.91 0.0021 0.0472 2.54 - -
Rad. low 0.0047 0.0034 0.97 -0.0185 0.0390 0.79 0.0379 0.0453Rad. high 0.0058 0.0029 1.22 0.0960 0.0526 1.00
Parton shower 0.0122 0.0036 0.60 0.0983 0.0522 0.48 0.0888 0.0297
Hard scattering 0.0092 0.0026 1.03 0.0980 0.0000 1.47 -0.0027 0.0758

Table G.2: Input for 𝑡𝑡 modeling uncertainty estimation for differential 𝐴𝑐 measurement in
four 𝑡𝑡 mass bins in the resolved ℓ+jets channel
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differential for 𝑚𝑡�̄�>500GeV: boosted ℓ+jets
truth unfolded syst. uncert.

model 𝐴𝑐 𝛥𝐴𝑐 SF 𝐴𝑐 𝛥𝐴𝑐 SF 𝛥𝑠𝑦𝑠𝑡 𝛥𝛥𝑠𝑦𝑠𝑡.

Nominal 0.0033 0.0001 2.91 -0.0165 0.2502 2.54 - -
Rad. low 0.0023 0.0004 0.97 0.2109 0.2539 0.79 0.1301 0.2249Rad. high 0.0028 0.0004 1.22 0.0147 0.1503 1.00
Parton shower 0.0030 0.0004 0.60 0.3674 0.1854 0.48 0.0559 0.2361
Hard scattering 0.0018 0.0003 1.03 0.0379 0.2140 1.47 0.3283 0.3214

differential for 500 GeV<𝑚𝑡�̄�<750GeV: boosted ℓ+jets
truth unfolded syst. uncert.

model 𝐴𝑐 𝛥𝐴𝑐 SF 𝐴𝑐 𝛥𝐴𝑐 SF 𝛥𝑠𝑦𝑠𝑡 𝛥𝛥𝑠𝑦𝑠𝑡.

Nominal 0.0043 0.0001 2.91 0.0060 0.0919 2.54 - -
Rad. low 0.0037 0.0005 0.97 0.0108 0.0852 0.79 -0.0439 0.0847Rad. high 0.0047 0.0005 1.22 -0.0868 0.0793 1.00
Parton shower 0.0059 0.0006 0.60 0.0663 0.0549 0.48 -0.0048 0.0718
Hard scattering 0.0050 0.0004 1.03 0.0020 0.0520 1.47 0.0635 0.0904

differential for 750 GeV<𝑚𝑡�̄�<1250GeV: boosted ℓ+jets
truth unfolded syst. uncert.

model 𝐴𝑐 𝛥𝐴𝑐 SF 𝐴𝑐 𝛥𝐴𝑐 SF 𝛥𝑠𝑦𝑠𝑡 𝛥𝛥𝑠𝑦𝑠𝑡.

Nominal 0.0050 0.0003 2.91 0.0049 0.0501 2.54 - -
Rad. low 0.0029 0.0011 0.97 -0.0155 0.0452 0.79 0.0032 0.0457Rad. high 0.0045 0.0009 1.22 0.0291 0.0428 1.00
Parton shower 0.0088 0.0011 0.60 -0.0417 0.0500 0.48 0.0456 0.0483
Hard scattering 0.0063 0.0008 1.03 0.0517 0.0445 1.47 -0.0960 0.0813

differential TCA for 𝑚𝑡�̄�>1250GeV : boosted ℓ+jets
truth unfolded syst. uncert.

model 𝐴𝑐 𝛥𝐴𝑐 SF 𝐴𝑐 𝛥𝐴𝑐 SF 𝛥𝑠𝑦𝑠𝑡 𝛥𝛥𝑠𝑦𝑠𝑡.

Nominal 0.0065 0.0013 2.91 0.0063 0.0261 2.54 - -
Rad. low 0.0047 0.0034 0.97 0.0095 0.0245 0.79 0.0143 0.0248Rad. high 0.0058 0.0029 1.22 0.0289 0.0246 1.00
Parton shower 0.0122 0.0036 0.60 -0.0174 0.0236 0.48 0.0271 0.0268
Hard scattering 0.0092 0.0026 1.03 0.0360 0.0254 1.47 -0.0564 0.0403

Table G.3: Input for 𝑡𝑡 modeling uncertainty estimation for differential 𝐴𝑐 measurement in
four 𝑡𝑡 mass bins in the boosted ℓ+jets channel





H Charge asymmetry: NP of differential measurement

In this appendix additional material for section 10.9 is provided.

H.1 Evaluation with an Asimov pseudo-dataset

The summary of nuisance parameters for the top anti-top production charge asymmetry
measurement method check with an Asimov pseudo-dataset is presented in figure H.1
(resolved) and H.2 (boosted) and in table H.1.
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Figure H.1: Overview of nuisance parameters for differential measurement in the combined
lepton+jets channel with an Asimov pseudo-dataset. The first three mass bins, up until
𝑚𝑡𝑡 ≥1250 GeV, are estimated within the here presented resolved topology. The 𝑊+jets
background is scaled with heavy flavor scale factors and within their uncertainties estimated
in-situ.
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170 H Charge asymmetry: NP of differential measurement
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Figure H.2: Overview of nuisance parameters for differential measurement in the combined
lepton+jets channel with an Asimov pseudo-dataset. The fourth mass bin, for 𝑚𝑡𝑡>1250 GeV,
is measured within the boosted topology presented in this figure. The W+jets background is
scaled with heavy flavor scale factors and within their uncertainties estimated in-situ.



H.1 Evaluation with an Asimov pseudo-dataset 171

resolved (M1-M3) boosted (M4)
source prior NP posterior width NP posterior width
QCD (𝑒), 0-btag 0.5 -0.13 0.54 -0.07 0.71
QCD (𝑒), 1-btag 0.5 0.03 0.24 -0.20 0.30
QCD (𝑒), 2-btags 0.5 0.02 0.22 -0.47 0.57

QCD (𝜇), 0-btags 0.5 0.0* 0.92 -0.03 0.79
QCD (𝜇), 1-btag 0.5 -0.21 0.50 -0.16 0.71
QCD (𝜇), 2-btags 0.5 -0.20 0.69 -0.24 0.70

𝑍+jets 0.5 0.15 0.75 -0.02 0.59
single top 0.05 0.0* 0.95 0.01 1.00
VV 0.5 0.05 0.92 0.08 0.90
𝑡𝑡 +V 0.5 0.05 0.96 0.05 0.93

𝑊 + 𝑏𝑏,𝑐𝑐 (ℓ) 0.23 0.11 0.85 - -
𝑊 + 𝑐 (ℓ) 0.40 0.04 0.74 - -
𝑊 + 𝑙𝑓 (ℓ) 0.21 -0.10 0.80 - -

𝑊 + 𝑏𝑏,𝑐𝑐 (𝑒) 0.23 - - 0.09 0.95
𝑊 + 𝑐 (𝑒) 0.40 - - 0.06 0.96
𝑊 + 𝑙𝑓 (𝑒) 0.21 - - -0.06 0.94

𝑊 + 𝑏𝑏,𝑐𝑐 (𝜇) 0.23 - - 0.16 0.92
𝑊 + 𝑐 (𝜇) 0.40 - - 0.11 0.95
𝑊 + 𝑙𝑓 (𝜇) 0.21 - - -0.08 0.90

Table H.1: Overview of nuisance parameters for measurement with an Asimov pseudo-dataset.
The mean value of the nuisance parameters is presented together with its standard derivation.
The W+jets background is calibrated in-situ. For the QCD sample the nuisance parameters
per bin-pair are not displayed, since the selected bins are different for resolved and boosted
channel. The entries 0.0* refer to absolute values below 0.01. All priors are Gaussian. The
posterior with is provided with respect to the prior.



172 H Charge asymmetry: NP of differential measurement

H.2 Comparison with data

The summary of nuisance parameters for the top anti-top production charge asymmetry
measurement method check with an Asimov pseudo-dataset is presented in table H.1. The
nuisance parameter are discussed in section 10.9.

resolved (M1-M3) boosted (M4)
source prior NP mean std mean NP mean std mean
QCD (𝑒), 0-btag 0.5 -0.10 0.47 -0.38 0.67
QCD (𝑒), 1-btag 0.5 -1.84 0.12 -1.72 0.18
QCD (𝑒), 2-btags 0.5 -1.85 0.13 -0.44 0.69

QCD (𝜇), 0-btags 0.5 0.03 0.88 -0.19 0.75
QCD (𝜇), 1-btag 0.5 0.03 0.88 -0.10 0.86
QCD (𝜇), 2-btags 0.5 -0.59 0.62 0.91 0.72

𝑍+jets 0.5 -0.20 0.64 -1.41 0.40
single top 0.05 -0.26 0.99 -0.37 1.01
VV 0.5 -0.30 0.87 -0.74 0.75
𝑡𝑡 +V 0.5 0.04 0.95 0.12 0.96

𝑊+𝑏𝑏,𝑐𝑐 (ℓ) 0.23 -0.13 0.79 - -
𝑊 + 𝑐 (ℓ) 0.40 0.34 0.70 - -
𝑊 + 𝑙𝑓 (ℓ) 0.21 0.24 0.79 - -

𝑊 + 𝑏𝑏,𝑐𝑐 (𝑒) 0.23 - - -1.28 0.93
𝑊 + 𝑐 (𝑒) 0.40 - - -0.73 0.88
𝑊 + 𝑙𝑓 (𝑒) 0.21 - - -0.62 0.91

𝑊 + 𝑏𝑏,𝑐𝑐 (𝜇) 0.23 - - -2.16 0.85
𝑊 + 𝑐 (𝜇) 0.40 - - -1.07 0.81
𝑊 + 𝑙𝑓 (𝜇) 0.21 - - -0.68 0.83

Table H.2: Overview of nuisance parameters for measurement in ℓ+jets channel with data
corresponding to 36.1 fb−1 integrated luminosity. The mean value of the nuisance parameters
is presented together with its posterior width. The 𝑊 +jets background is marginalized in-situ,
with HFSF applied. For the multijet sample the nuisance parameters per bin-pair are not
displayed, since the selected bins are different for resolved and boosted channel. All priors are
Gaussian.
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