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Measurement of the tty production cross section with the ATLAS
experiment at /s = 13 TeV using the full Run 2 data set

Abstract

With Run 1 of the LHC, an unequalled top-quark factory started its operation. While during
Run 1 the focus was on tt measurements, the unprecedented size of the ATLAS Run 2 data
set of 140 fb~! allows for precise measurements even for rare processes involving top quarks.
One of these is the tty process, where a pair of top quarks is produced in association with a
photon. This process is sensitive to the electromagnetic coupling of top quarks and hence to
the charge of the top quark. Besides the general background of ¢ measurements that come
with an additional photon, the largest irreducible background comes from those events where
the emission of the photon happens in the decay of the top quarks. This reduces the sensitivity
to the top-photon coupling. Hence, it is desirable to differentiate between photons emitted by
top quarks (also called the production part) and photons emitted during the decay. Strictly
speaking, there is an interference between these two processes but within the narrow-width
approximation, which is valid for the ty process, it vanishes. Consequently, this analysis for
the first time performs a cross-section measurement only on the ¢y from production part, where
initial state radiation from ¢g initiated events is not decoupled. The inclusive cross-sections
are measured in the dilepton and lepton—+jets decay channels of the ¢ pair. The separation
of tty from production and tty from decay is done with feed-forward neural networks, where
a multiclass classification process was implemented for the lepton+jets channel, while in the
dilepton channel binary classification was used. The signal strength and consequently the cross-
sections are extracted with a profile likelihood fit. The result for the combined phase space of
dilepton and lepton+jets channel at particle level is 322ﬂg fb = 322 4 15(syst.) £ 5(stat.) fb
and is in agreement with the standard model prediction. Furthermore, a summary of differential
measurements, an EFT interpretation and a combination with the ATLAS ttZ measurement are
given.






Messung des tty Produktionswirkungsquerschnitts mit dem ATLAS
Experiment bei 4/s = 13 TeV unter Nutzung des vollen Datensatzes
aus Run 2

Zusammenfassung

Mit Run 1 des LHC begann der Betrieb einer zuvor nie da gewesene Top-Quark-Fabrik. Wahrend
der Fokus in Run 1 noch auf ¢t Messungen lag, erlaubt der beispiellose ATLAS-Datensatz von Run
2 (140 fb~1) priizise Messungen auch von seltenen Prozessen, in die Top-Quarks involviert sind.
Einer davon ist der tty Prozess, bei dem ein Top-Quark-Paar zusammen mit einem Photon er-
zeugt wird. Dieser Prozess ist sensitiv auf die elektromagnetische Kopplung von Top-Quarks und
damit auch auf die Ladung des Top-Quarks. Neben dem generellen Untergrund von ¢t Messungen
mit zusédtzlichem Photon stammt der grofite nicht reduzierbare Untergrund von solchen Ereignis-
sen, bei denen die Abstrahlung des Photons im Zerfall des Top-Quarks passiert. Dies reduziert die
Sensitivitdt zur Top-Photon-Kopplung. Insofern ist es wiinschenswert, zwischen Photonen, die
von Top-Quarks abgestrahlt werden (auch Produktionsteil gennant) und solchen aus dem Zer-
fall, zu unterscheiden. Streng genommen gibt es zwischen diesen Prozessen Interferenzen, aber im
Rahmen der Narrow-Width-Approximation, welche fiir den ¢ty Prozess giiltig ist, verschwinden
diese. Konsequenterweise fithrt diese Analyse zum ersten Mal eine Wirkungsquerschnittsmessung
aus, die nur den Anteil von tty aus der Produktion betrachtet, wobei Anfangszustandsstrahlung
von ¢q initiierten Ereignissen nicht entkoppelt ist. Die inklusiven Wirkungsquerschnitte werden
im dileptonischen und Lepton+Jets Zerfallskanal des Top-Quark-Paares gemessen. Die Trennung
von tty aus der Produktion und tty aus dem Zerfall erfolgt durch vorwirtsgerichtete neuronale
Netze, wobei eine Mehrklassenklassifikation im Lepton+Jets Kanal implementiert wird, wiahrend
eine bindre Klassifikation im dileptonischen Kanal genutzt wird. Die Signalstéirke und konsequen-
terweise die Wirkungsquerschnitte werden mit Profile-Likelihood-Fits extrahiert. Das Resultat
fiir den kombinierten Phasenraum des dileptonischen und des Lepton+Jets Kanals auf Teilchen-
Level ist 322715 fb = 322 + 15(syst.) & 5(stat.) fb und steht damit in Ubereinstimmung mit der
Vorhersage des Standardmodells. Des Weiteren wird eine kurze Zusammenfassung der differen-
tiellen Messungen, der EFT-Interpretation und der Kombination mit der ATLAS ttZ Messung
gegeben.






Author’s contribution

The operation, maintenance and data analysis for experiments like ATLAS is a huge
effort that needs contributions from many people. Without all the experts running the
detector, assuring data quality and working on the event reconstruction (only to mention
a few things), this analysis and dissertation would not have been possible. But even the
analysis (as most analyses within ATLAS) itself is not done by a single person but by a
whole team. For this analysis, people from the University of Gottingen, the University of
Siegen and the University of Dortmund worked together. As a consequence, this means
that not all parts of the analysis presented in this thesis have been done exclusively by
the author. To avoid referring to internal or private communication, it will be listed
here what the author’s work in this analysis is, where the work is based on the work of
others within the analysis and where the work of others is based on the author’s work.
The Monte-Carlo (MC) simulation samples used for this analysis were produced centrally
by and for the whole ATLAS collaboration. Object definitions were taken from general
ATLAS-wide recommendations and in communication with the analysis of the t£Z pro-
cess. Both analyses use coherent samples for their EFT-combination (EFT=effective
field theory). From this information, the N-tuples (but the EFT-N-tuples) for this anal-
ysis were produced by the author.

From previous ATLAS analyses of the tty-process, the general cuts to define the fiducial
phase space were mostly adopted by the analysis [1,2]. Slight modifications of the b-
tagging working point and the AR distance between the photon and the nearest lepton
were tested by the author, and based on those studies, the analysis team defined the
fiducial phase space.

For the background estimations, the author looked at the control regions populated with
W~ and Z~ events (see Section 5.2.1). The derivations of the hadron-fake scale factors,
the electron-fake scale factors and the lepton fake scale factors were done by Carmen Diez
Pardos and Buddhadeb Mondal from the University of Siegen (see Sections 5.2.2, 5.2.3
and 5.2.4). The author’s main work can be found in Chapter 5.3 and Sections 6.2 and 6.3
on the neural network and the inclusive cross-section fits. The results from the neural
network training were not only used for the inclusive cross-section fits but also for the
differential fits and EFT fits, which were made by Buddhadeb Mondal and Jahn Hahn
from Siegen (see Sections 6.4.1 and 6.4.2). The combination with the ¢¢Z analysis was
made by Tomas Dado ( TU Dortmund) and Baptiste Ravina ( Georg-August-University
Gottingen) (see Section 6.4.3). The conclusions drawn at the end are mainly from the
author but they profited a lot from the internal discussions involving the whole analysis
team (see Chapter 7).

The work presented in this thesis was also written down in the ATLAS-internal docu-
mentation of this analysis. Most of the technical information about simulations, event
reconstruction and the analysis strategy, as well as the work not done by the author, is
based on the information given in the internal note'. An official ATLAS paper was also
published [3].

!The internal note can be found here: https://cds.cern.ch/record/2712912. Tt is not publicly accessible.
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CHAPTER 1

Introduction

The standard model of particle physics (SM) [4,5] is among the most successful theories
in physics, making precise predictions about all known elementary particles and their
interactions (see e.g. [6]). It emerged out of several decades of intensive research. The
theory was completed at the beginning of the 1970s with the proof of its renormalisabil-
ity [7-9], the development of QCD to describe strong interactions and coloured particles
(quarks and gluons) [10-12] and the prediction of the third generation to allow charge-
parity (CP) violation within the theory [13]. Experimentally, the last piece that was
missing was the Higgs boson. It was discovered in 2012 at the Large Hadron Collider
(LHC) by the experiments ATLAS and CMS [14, 15].

So why is research still needed in particle physics? FEven before the discovery of the
Higgs boson, it was known that there are experimentally well-established effects that
cannot be explained by the SM, among them the questions on the nature of dark matter
and dark energy as well as the matter-antimatter asymmetry in the universe (see Sec-
tion 2.3). While all these observations were made in astrophysics [16-20], the answer
is believed to be found in particle physics. That is why one of the main motivations
to build the LHC, besides the search for the Higgs boson, was the search for physics
beyond the standard model (BSM)(see e.g. [21-25]) to hopefully be able to explain the
mentioned observations. But no signal of new physics was found so far [5]. A few results
show mild tensions but there is no smoking gun signature telling us where to look for
new physics. As a consequence of this, there are two possibilities: either the physics
processes produced in pp collisions at the LHC are not sensitive to BSM physics, or the
analyses need to get more precise.

Assuming that the latter is true, it is necessary to reduce systematic uncertainties and
redo analyses that were already done at lower centre-of-mass energies or with lower
statistics. One of these processes one can look at is the production of a pair of top
quarks (one top quark and one anti-top quark) in association with a photon (¢t7). This
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process can be used to study the coupling between the top quark and the photon, as
it is sensitive to the charge of the top quark, the coupling strength and the topological
structure of the coupling (see Section 2.6). However, only photons emitted during the
production stage of the process are sensitive to the top-photon coupling. While photons
emitted by decay products of the top quarks are not sensitive to the coupling, those
events form an irreducible background. Previous analyses [1,2,26-30] of this process
did not take this into account and measured both contributions (photons from produc-
tion and decay) together. This new analysis [3] of the ¢ty-process will differentiate for
the first time these two origins, using a machine learning technique where deep neural
networks (DNN) are used to classify signal and background (see Chapter 5.3). The
implementation of it was done by the author of this thesis. It will be shown that this
approach is valid, and fiducial (inclusive and differential) cross-sections can be measured
with similar or even improved sensitivity compared to previous analyses (see Chapters
6 and 7).

The thesis is structured as follows: the next chapter gives a theoretical introduction
into the topic. Chapter 3 describes CERN, the LHC and the ATLAS experiment, while
Chapter 4 explains how events are selected based on the reconstructed events. After-
wards the analysis strategy (Section 5.1), the background modelling (Section 5.2), the
usage of neural networks (Section 5.3) and the treatment of systematic uncertainties
(Section 5.4) are explained. The results are shown in Chapter 6 and Chapter 7 gives a
conclusion and an outlook.



CHAPTER 2

The standard model of particle physics

The first section of this chapter is devoted to giving a historical introduction to how the
standard model of particle physics was developed. Up to a certain level, the selected
experimental and theoretical breakthroughs given here and the mentioned people who
were part of this development are selected based on the subjective opinion of the author.
Because this should be just a short overview and not a historical work, it is also impos-
sible to name all the people who made contributions to the actual development and how
the different contributions are linked in detail, as well as how some first misunderstand-
ings of results were overcome.

The second section is then a concise, mathematical description of the standard model.
Section 2.3 points out the limits of the current knowledge, while Section 2.4 describes
the theoretical basis of how the LHC allows us to do particle physics. Sections 2.5 and
2.6 are used to present the theory details behind the actual thesis.

2.1. The evolution of the standard model of particle physics

In 1897 the first elementary particle, the electron, was found (although it was unknown
at the time that the electron was an elementary particle) by J.J. Thomson [31], per-
forming experiments with so-called cathode rays. At the time, there was no quantitative
microscopic theory of matter and its interactions. The first step towards such a theory
was made by Planck around the year 1900 in solving the black body radiation problem,
assuming that energy only comes in quantised portions [32]. Generally, this is seen as the
first move towards quantum mechanics. Although the electron was known, the structure
of matter was still unknown, as well as how to interpret the quantised energy portions.
The next important steps were made by Rutherford and his collaborators Geiger and
Marsden on the structure of matter, and by Einstein on the energy quantisation. From
the experimental results obtained by Geiger and Marsden [33], Rutherford could develop
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an atomic model where the atomic mass is concentrated in a small, positively charged
nucleus while the electrons orbit it [34]. An explanation of how these orbits can be stable
was given with the development of quantum mechanics in the 1920s (see below). On
the other hand, Einstein could give an explanation of the photoelectric effect by using
Planck’s quantisation hypothesis, and describing light as made of particles [35]. These
particles were later called photons. At the time, this was a strong hypothesis as light,
and electromagnetic radiation in general, was described very well by Maxwell’s theory
as a continuous field.

The further development in understanding the structure of matter and the strange be-
haviour of light (depending on the experiment it behaves like particles or waves) led to
the development of quantum mechanics. While Bohr developed a semi-classical model
that could explain the line spectrum of hydrogen by imposing stable electron orbits, to
overcome the theoretical problems of a purely classical theory based on Rutherford’s
model [36-38], the underlying reason for these stable orbits was given by Schrédinger
and Heisenberg, Born and Jordan in their respective formulations of a fully quantised
non-relativistic theory [39-42].

In 1932 Anderson detected a particle that had the same properties as the electron but
was positively charged [43]. It turned out that this particle was the anti-particle of the
electron, later called the positron, predicted by Dirac [44], who developed a relativistic
version of quantum mechanics and predicted the existence of anti-matter. Later, in 1937,
Anderson and Neddermeyer also discovered the muon in cosmic rays [45]. In the 1920s
and 1930s, it had also been realised that the atomic nucleus was composed of two sorts
of particles. The proton had been discovered in 1919 [46] and the neutron in 1932 [47].
In the 1960s scattering experiments at the Stanford-Linear-Accelerator-Center (SLAC)
showed that the proton and neutron were not point-like particles but possessed an inner
structure [48-54]. Before that, quite a large number of particles were known. The dif-
ferent types of baryons and mesons were found in cosmic rays and particle accelerators.
At first sight, it was unclear how all these particles were related to each other. This
question was solved by Gell-Mann, Zweig, and Ne’eman proposing the existence of par-
ticles with fractional charges [55-58], which were then called quarks, a term introduced
by Gell-Mann.

On the theoretical side, the experimental development and all the discoveries were ac-
companied by the development of quantum field theory (QFT) and quantum electro-
dynamics (QED) as the first full QFT to explain the interactions between the different
particles, in this case between fermions and photons. These ideas, mainly developed by
Feynman, Schwinger and Tomonaga, were later used to describe the weak and strong
force with QFTs too'.

While particles were identified to be fermions having a spin? of 1/2, the vector bosons,
possessing spin 1, were identified to exchange the interactions between the particles, e.g.

1This thesis has not the scope to give a full account of the development of QED and QFT. For this, it
is referred to these two books: [59, 60].

2All particles have a property called spin which is effectively an internal angular momentum. It was
found by Stern and Gerlach [61].



2.1. The evolution of the standard model of particle physics

the photon as the mediator of the electromagnetic force. As long as these bosons are
massless the needed gauge invariance of the underlying quantum field theory is main-
tained. Without gauge invariance, those theories would not be unitary and hence not
able to make any predictions. For massive bosons, this becomes a problem. The solution
is the so-called Brout-Englert-Higgs (BEH) mechanism [62—65]. At the time, no massive
bosons were known but there had been attempts to explain the strong force via massive
bosons [66]. Later, the idea could be applied to the weak interactions. The masses of
fermions can also be explained with the BEH mechanism via a Yukawa coupling between
the Higgs boson and the fermions.

The electron neutrino, predicted by Pauli to ensure energy conservation in the nuclear
p-decay, was found in 1956 by Cowan and Reines [67,68]. Its existence was used in
the construction of a unified theory of the weak and electromagnetic force, proposed by
Glashow, Weinberg (implementing the BEH mechanism into the theory), Salam, and
Ward [69-71]. Their model predicted three massive bosons. From the experiments of
Wu and Goldhaber [72,73], it was already known that the weak force was violating par-
ity. In 1964, Christenson, Cronin, Fitch, and Turley showed that it was also violating
CP-invariance [74]. The idea to have massive bosons, as used in electro-weak unifica-
tion, was proposed by Yukawa as early as 1935 [66]. In 1962 the p-neutrino was also
found [75]. That the muon and the p-neutrino form the second lepton generation was
understood later. The renormalizability of the electroweak theory was shown by t’Hooft
and Veltman [7-9].

In 1963, Cabibbo introduced a matrix to explain the weak decays of hadrons where it
was observed that hadrons containing a strange quark could decay into hadrons without
strangeness [76]. The angle of this rotation matrix describes the mixing of weak eigen-
states to form the observed mass eigenstates that can move through space and time.
Based on this work, Glashow, Iliopoulos and Maiani, in 1970, proposed the existence
of a fourth quark, the c-quark, to explain the suppression of flavour-changing neutral
current decays of kaons® [78]. This quark was found in 1974 by two independent groups
at SLAC and BNL (Brookhaven National Laboratory) [79,80].

Around the same time, the quark model from the 1960s was put into a full theory called
quantum chromodynamics (QCD). With it, the main questions the quark model raised,
namely the fact that only hadrons but no bare quarks could be observed and the break-
down of perturbation theory at low energies, could be answered [10-12].

So by the mid-1970s, one had a full electroweak theory* with two generations of leptons
and a theory for the strong force with two generations as well (with the gluon still be-
ing unobserved). In 1975, the first particle of the third generation, the 7-lepton, was
discovered without being predicted [83]. The existence of the corresponding neutrino
was inferred more or less immediately. The prediction of a third quark generation was
already present since 1973, formulated by Kobayashi and Maskawa. In order to explain
CP violation, one condition to explain the matter-antimatter asymmetry observed in the
universe [20], they had to extend the matrix introduced by Cabibbo from a 2x2 matrix

3 Although they were not the first to predict a fourth quark [77].
“The predicted neutral current interactions were seen in 1973 [81,82].
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to a 3x3 matrix [13]. The complex phase that was introduced thereby, does allow CP-
violation in weak interactions. From the kaon system, CP violation was already known.
It was later also found in hadrons containing b- or c-quarks [84-86]. The predicted b-
quark was discovered in 1977 [87] at Fermilab by the E288 experiment, while for the
top quark discovery by the CDF and DO experiments at the Tevatron accelerator (again
at Fermilab) one had to wait until 1995 [88,89]. In 1979 the gluon could be discovered
eventually at DESY at the PETRA storage ring with the TASSO experiment [90].
During the 1980s and 1990s, more measurements (e. g. at the Large Electron Positron
Collider (LEP) at CERN and the HERA collider at DESY) supported the standard
model, especially the direct discovery of the W and Z bosons [91-94] at the SPS/SppS
accelerator with the UA1 and UA2 experiments. The last fermion, the 7-neutrino, was
then discovered in 2001 at Fermilab with the DONUT experiment [95]. The last miss-
ing piece was the Higgs boson, which was eventually discovered in 2012 [14, 15] by the
ATLAS and CMS experiments at the LHC at CERN.

Since then, there has been a self-consistent theory supported by experimental evidence.
Unfortunately, we know of observations that cannot be explained by this theory. These
will be presented in Section 2.3. The next section will give a full account of the SM.

2.2. Summary of the standard model

In the last section, a short description of the development of the SM was given. In this
section, the theory will be described in detail.

2.2.1. The particle content of the standard model
The gauge groups

The SM is a renormalisable quantum field theory which is invariant under local gauge
transformations. The corresponding gauge groups have the following structure:

Uy(1) x SU(2)r x SU=(3) . (2.1)

Y represents the hypercharge singlets on which the U(1) transformation acts, while L
stands for the chiral left-handed weak isospin doublets on which the SU(2) transforma-
tion acts. Together, they form the gauge group of electroweak unification. C' represents
the colour triplets on which the SU(3) transformation acts. It is the gauge group of the
strong force. Each gauge transformation leads to a conserved quantum number, which is
hypercharge®, the third component of the weak isospin and colour charge, respectively.

Gauge bosons

From the gauge groups, one can furthermore deduce the number of so-called bosonic
fields, which are the fields that exchange the forces between the different particles. While

5Due to electroweak unification, the conserved quantity actually being measured is electric charge.
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U(1) has one generator, this leads to one bosonic field. Respectively, SU(2) has three
bosonic fields and SU(3) comes along with eight bosonic fields. Due to electroweak
unification, the bosonic field that emerges from the U(1) gauge group mixes with one of
the bosonic fields created by the SU(2) group. The mixing between these two fields gives
rise to the photon and the Z boson fields. The other two fields from the SU(2)-group also
mix and form the bosonic fields that give rise to the two massive W bosons. The SU(3)
gauge group of the strong force leads to the existence of eight gluons. All these bosons,
appearing as excitations of bosonic fields, have spin 1 and are called vector bosons, as
they behave like vectors under parity transformation. Due to their relation to the gauge
groups, they are also called gauge bosons. They act as the force carriers of the three
fundamental forces described by the SM, which are the electromagnetic force, the weak
force and the strong force. Gravitation, which is the fourth fundamental force known, is
not included as there is no quantum theory of it yet.

Fermions

Besides the bosonic fields and their excitation appearing as particles, there are also
fermionic fields. These fields describe ordinary matter that interacts with each other by
the exchange of bosons. Fermions have half-integer spin, and the fundamental fermions
within the SM all have spin 1/2. There are 12 different types of fermions in the standard
model, grouped into two categories called quarks and leptons. Within these groups,
three generations are observed, where each generation builds a weak SU(2) doublet.
The particle masses increase with each generation. While leptons only interact via
the electroweak force and either have an electric charge of £1 (electrons, muons, tau-
leptons)® or do not have electric charge (neutrinos)”, quarks do also interact via the
strong force. They have fractional charges of +2/3 or -1/3. Independently of being a
lepton or a quark, the particles with the third component of the weak isospin being +1/2
are put at the top of the weak isospin doublets (called up-type), while those with -1/2
appear at the bottom (called down type). The up-type quarks (up, charm and top) have
an electric charge of +2/3, while the down-type quarks (down, strange, bottom) have
an electric charge of -1/3. For the leptons, the neutrinos are the up-type particles, and
the charged leptons are the down-type ones. In addition, to each fermion corresponds
an antiparticle with opposite charge®.

Higgs boson and summary

The last particle is the scalar Higgs boson. It has none of the aforementioned charges. Its
existence gives rise to the masses of the particles via the BEH mechanism and assures the
gauge invariance and renormalisability of the standard model. In other words, without
the Higgs boson, the world of elementary fields/particles could not be described with

5They can interact with all four gauge bosons of the electroweak force.

"They only interact via the W and Z bosons.

8For neutrinos, it is not clear whether they are their own antiparticles (Majorana fermions) or not
(Dirac fermions).
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Figure 2.1.: The figure shows the particle content of the SM. The quarks are marked
violet, the leptons green, the gauge bosons orange and the Higgs boson
grey. For each particle it is marked which charges they carry (c=colour-
charge, w=weak-charge and e=electric-charge). Furthermore, the value of
the electric charge is shown. The figure was taken from [96] under the CC

BY-NC-ND 3.0 DEED license?.

a quantum field theory. In Figure 2.1 the particle content of the standard model is

summarised.

2.2.2. The standard model Lagrangian

So far, only the different fields/particles and their general properties were listed. Nothing
The interactions are described, as usual in field
theories, by a Lagrangian. To construct the Lagrangian of the SM, it makes sense to go
through the different forces described by the SM and construct their Lagrangians first,

was said about how they interact.

before formulating the full theory.

9The license terms can be found here:

changes were made.

https://creativecommons.org/licenses/by-nc-nd/3.0/.



2.2. Summary of the standard model

QED

From the Dirac equation [44] the free Lagrangian of any fermion with the mass m is
given by!?

Lree = @(1’7#811 - m)‘ll’ (2'2)

where W is the spinor describing the fermion, ¥ the adjoint spinor and ~* are the Dirac
matrices. As in classical electromagnetism, the interaction with the electromagnetic field
can be achieved by adding the potential A, like this:

Linteraction = lI’(lryuau - 'Y'uaemQAu - m)\IJ, (23)

with @ being the charge of the fermion and agp,, the finestructure constant. Classical
electromagnetism is invariant under the following gauge transformation:

Ay — Ay — MX(SU)» (2.4)

where x(x) is an arbitrary function of space-time. Introducing this transformation to
relativistic quantum theory, the spinor ¥ must transform in the following way to achieve
gauge invariance:

U — ¥em@x(@) gy, (2.5)

This transformation is called a local gauge transformation. These types of transforma-
tions form Lie groups and are also referred to as gauge groups. In this case, the gauge
transformation is a local U(1) phase transformation. Because U(1) is Abelian it follows
that there is no direct interaction between the gauge bosons, in this case, the photons.
The dynamics of the electromagnetic field also called the gauge field, and which is a
massless spin 1 vector field, is added to the Lagrangian in a gauge invariant way using
the electromagnetic field tensor F,, = 0,4, — 0,A,. In the quantum theory, A, is
the photon field. Furthermore, one needs one interaction Lagrangian for each charged
fermion. So the full QED-Lagrangian becomes:

1

Lqep = > (Tn(1"0 — V" CtemQn Ay — mn)¥y) — 2 Fu F (2.6)
n
where the sum runs over all charged fermion species.
QCD
The Lagrangian of QCD is given by:
Laon = 3 (Gl Dy — my)eye) — 1 GG, 27)

q

0T hroughout this thesis, the convention is used that repeated indices are summed (Einstein notation).
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where the summation index ¢ stands for the six quark flavours and ¢ for the three colour
charges quarks can have. The index ¢ stands for the eight gauge fields necessary in
QCD, and the covariant derivative D,, contains the interaction potential. At first sight,
this Lagrangian looks similar to the QED Lagrangian, but the small differences in the
notation have huge observational consequences, which will be outlined in the following.
In contrast to QED, the gauge group of QCD is SU(3). This leads to eight group
generators instead of one, and the gauge transformation becomes

€ — elXi(fE)Tz‘f’ (2.8)

where x;(z) are eight arbitrary functions in space time and T; are the group generators,
described by the Gell-Mann matrices A\; = 27;. The interaction potential described by
the eight gauge fields is given as

Dy, = 0, +19:T,G,,, (2.9)

where GL are the gluon fields and g5 the strong coupling. For the gauge transformation
of the gluon fields one finds

, 1

G, — Gl — —0uxi(x) — fijrx; G, (2.10)
S

with f;; being the so-called structure constants. These are derived from the commutator

relations of the group generators, as the SU(3) group is a non-Abelian group:

This non-Abelian character of the strong force also changes how the field strength tensor
is described and introduces a self-coupling among the gauge fields:

G = 0uGl, — 0,G, — gs fare GGy (2.12)

This self-coupling is the reason for the specific behaviour of QCD [10-12]. Due to
renormalisation, the coupling changes with the energy scale. This running coupling is
nothing special, but in contrast to QED, where the coupling increases with the energy
scale!!, for QCD, it decreases. On the one hand, this means the higher the energy, the
more the quarks behave as free particles. This is called asymptotic freedom. On the
other hand, at low energies, the coupling increases and perturbative QCD collapses at
around 1 GeV. This leads to a property called confinement. The lower the energy, the
stronger the force between quarks, which binds them together in colourless particles, like
mesons, baryons and the recently discovered tetra- and penta-quarks [5]. The formation
of these particles, starting with a single quark or gluon, is called hadronisation and is only
described by phenomenological models, like the Lund string model [97] or cluster models
[98]. The huge amount of hadrons produced during hadronisation and their subsequent
decays leads to the formation of jets emerging from high energy QCD-interactions.

YWhich leads to a breakdown of perturbative QED at very high energies.

10



2.2. Summary of the standard model

Electroweak unification

So far, there were two aspects not mentioned explicitly but assumed implicitly. One
aspect is the fact that both, photons and gluons, the gauge fields of QED and QCD, are
massless. On the one side, this is an observational fact, but from the theoretical side,
the question remains: why is it the case? The answer is that massive gauge bosons spoil
gauge invariance. The second assumption, based on observations, is C- and P-invariance.
It can be shown that a renormalizable relativistic quantum field theory needs to be CPT
invariant [99-101], but there is no need that the individual transformations (P=parity,
C=charge conjugation and T=time reversal) leave the Lagrangian invariant. It turns
out that the weak force is maximally parity violating [72, 73] with a vector-axialvector
structure. Hence, the Lagrangian of the weak force needs to differentiate between left-
handed and right-handed chiral states. Furthermore, the charged gauge bosons of the
weak force need to be massive!?. From f*-decays, it is clear that the gauge bosons of the
weak force must have a charge. Therefore, they are called W*. Due to the massiveness
of the two expected gauge bosons, the process ete™ — WTW ™ violates unitarity at high
energies, meaning that the cross-section rises to infinity. This can be cured with a third
neutral boson and a SU(2) gauge symmetry [69-71]. Taking the SU(2) symmetry and
its generators, the three Pauli matrices 0123, the fermion spinors ordered in doublets ¢
need to transform like this:

¢ — ez9Wxi(@oigy (2.13)

The doublets contain only left-handed chiral states, while right-handed chiral states stay
unaffected by the gauge transformation and are written in singlets. The doublets are
the following ones, containing all twelve fermions:

(£,6,0),0,0,0, o

where the up-type particles have the third component of the weak isospin I3 = 1/2,
while the down-type particles have I3 = —1/2. The twelve right-handed chiral singlets,
which are not listed explicitly, have Is = 0. Hence, the weak Lagrangian for the fermions
(for simplicity just the first generation is shown) Lyeax becomes:

o v _ = U

Lyweak = (V1, €)' Dy, ( L> + (ar,dp)" D, ( L) , (2.15)

er dr,

where the covariant derivative has become:

D, =, + 197W01-W5). (2.16)
As the weak force can change the flavour of a fermion, the basic fields W), cannot be

those observed in nature, but must be linear combinations of them:

1

Wi = E(Wﬁl) ). (2.17)

12How massive gauge bosons can be incorporated into quantum field theory will be explained in the
next section.

11



2. The standard model of particle physics

The field WL(LB) could be the field transferring the observed weak neutral currents [81,82].
But as this gauge boson is electrically neutral, mixing with an underlying field called
B, is possible. This field has an underlying U(1) gauge symmetry, being equivalent to
QED. The conserved charge is called the weak hypercharge Y, and the coupling strength
is called ¢’. Eventually, the photon and the Z boson emerge from those two fields as a
rotation with the so-called Weinberg angle 8y as follows:

A, = +B, cos(Ow) + Wlsg) sin(fw ), (2.18)
Z, = —B,sin(0w) + W cos(Ow). (2.19)

The rotation must give back the couplings of the Z and the photon to the leptons, where
the photon couples to right-handed fermions the same way as to left-handed fermions,
while the Z treats left-handed and right-handed fermions in a different way. A second
condition must be fulfilled, too: the weak hypercharge ¥ must combine with the third
component of the weak isospin to give back the electric charges of the fermions. These
conditions yield

Y =2(Q - 1), (2.20)
e = g cos(Ow) = gw sin(Oy). (2.21)

So the full electroweak Lagrangian looks similar to Equation'® 2.15

o _ 7 1) (VL _ 3 2) (UL
LEW—fermion = gen_zl2 3(VL7 lL)l’}/MDEL) <ZL> + (UL,dL)l’}/MDL) <dL> (222)

+agpryuDPug + dpiy DV dg + Ipiy, DO 1R + vr1y, DO vg,

where the sum is over the three fermion generations with their corresponding up-type
and down-type particles, and the covariant derivative from Equation 2.16 has become

1gw i 19’

DY =8, + =5 oW, + = By, (2.23)
w1

D,1(L2) — 8,u =+ TUiWM —+ EBM, (224)
2 /

D® =9, + %Bm (2.25)

DW =9, + v (2.26)

wo — Yu 3 M .
DY) =0, +19'B,,, (2.27)
DY =9, (2.28)

13Neglecting the mass terms for fermions and bosons. For those, see the section on the BEH mechanism.
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2.2. Summary of the standard model

depending on the way how the fermions couple to the electroweak gauge fields'*. The
field strength tensors are given by

W = 0, W, — 0,W, — gweia WiW], (2.29)
By, = 8,B, — 0,B,, (2.30)

with €;;, being the Levi-Civita-tensor (structure constants of SU(2)) and the gauge term
of the Lagrangian is

1
Lovigonse =~ (Wi, W + By BY). 231)

The Brout-Englert-Higgs-mechanism

To add masses to the standard model, two issues need to be resolved. One is that gauge
bosons mass terms like miAMA“ for any gauge field A, with mass m4 are not gauge
invariant. For QED and QCD, this is not a problem, as the photon and the gluons
are massless. This is different for the W and Z bosons. The second issue are fermion
masses. While these are in principle possible in QED and QCD, they would spoil gauge-
invariance in the electroweak part of the SM as presented above. The reason for this
is the different coupling of right-handed and left-handed chiral states of the particles
to the massive W and Z bosons. Both problems can be cured with the Brout-Englert-
Higgs-mechanism (BEH-mechanism) [62-65], predicting the existence of a scalar boson,
the Higgs boson. The starting point for this mechanism within the SM is a weak isospin
doublet, with two complex scalar fields, giving four degrees of freedom!®:

_ ¢up _ L <¢1 + 1¢2>
= <¢down> N \/i @3 + 194 ) (233)
The free Lagrangian for this field is
Liiges = (0,0)10"0 — 1°6T¢ — MoT0)*. (2.34)

To get the right behaviour to allow for spontaneous symmetry breaking, the potential
must fulfil two conditions on the parameters p? and A, which are u? < 0 and A > 0. This
potential has infinite minima at ¢f¢p = —% = %, with v being the so-called vacuum
expectation value. Choosing the so-called unitary gauge and expanding the field around
its minima gives

”= ¢1§ (v +%(x>> (239

Y1y principle, right-handed neutrinos could exist, but they would not couple to any gauge bosons.
15The up-type field has charge +1, and the down-type field is neutral.
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2. The standard model of particle physics

where h(x) is the expansion around the minima. Taking the covariant derivative of the
electroweak model

/
19w i, 19

and writing out the resulting Lagrangian
Litiggs = (Dud) D¢ — 1?61 — M919)? (2.37)
would lead to terms that are quadratic concerning the gauge boson fields. These terms
are the mass terms of the gauge boson fields:
1

my = 59w, (2.38)

1
my = im/g%v + g (2.39)

The fermion masses can be included via Yukawa couplings between the fermions and the
Higgs field. Due to the weak isospin doublet structure, the Yukawa terms are slightly
different for up-type and down-type particles:

ﬂmf ((wup &down)L ( ¢up > ¢down,R + Tﬁdown,R(¢zp ¢:10wn) < Qpup > ) ’
L

'C‘massfdownftype =

v ¢d0wn wdown
(2.40)
2 - —oF _
’Cmass—down—type = \fv’rnf <(qu Ydown) L < i%;wn) Yup,R + wup,R(_QZ)down ¢up) <1;§;1§,n> L> .
(2.41)

CP-violation in the standard model

From theoretical considerations it is known that there must be a source of CP violation
in our universe [20]. Since 1964, it is known that there is CP violation in the weak
decays of kaons [74]. To introduce CP-violation into the SM, it was found that this can
be done with a matrix. This matrix is called the CKM matrix'% [13,76]. It describes
the relation between the weak eigenstates and the physical mass eigenstates that are
observed. Within the SM, such a mixing only occurs in the quark sector!”. To get a CP-
violating phase introduced into the SM, at least a 3x3 matrix is needed. As this matrix is
unitary it has four degrees of freedom: three angles and the CP-violating phase. So far,
it was supposed that the weak eigenstates are the same as the physical mass eigenstates.
As experimental observation shows, this is not true, but only affects those couplings that
change the flavour structure, which are the couplings of the W bosons to the quarks. So
taking the quark-sector from Equation 2.23 that is sensitive to flavour mixing, gives

_ 7 u
Lw = Z (uLadL)l’y'uD,:L@) (di) ’ (2'42)

gen=1,2,3

6CKM stands for Cabibbo-Kobayashi-Maskawa, the three inventors of that matrix.
"Tn the SM, neutrinos have no masses, and a flavour mixing cannot occur.
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with

D = Lo, (2.43)
where the index ¢ only runs from 1 to 2, so only the fields W,Sl) and W,SQ) are of any
interest. Expressing Ly in terms of the physical fields W and taking the mixing into
account gives

aw (= -
L =~ (A Vi Wy + ay vawit), (2.44)
where uy, and dj, are now vectors containing the three mass eigenstates and V' being the
CKM-matrix.

The full Lagrangian of the standard model

From the previous sections, one can construct the full SM Lagrangian Lgy. For that, we
need to take the expression from Equation 2.7 (ignoring the fermion mass terms), Equa-
tion 2.23, 2.37 and 2.41, while taking into account the changes Equation 2.42 introduces
to Equation 2.23. The resulting SM Lagrangian can be divided into four independent
parts as follows:

Lsm = La + L+ Ly + Lyvux

where Lg describes the dynamics of the gauge fields, £¢ the dynamics of the fermion
fields and how they interact with each other via the gauge fields, £4 describes the Higgs
potential and dynamics (including the interactions with the massive gauge fields) and
Lyux describes the Yukawa coupling between the fermions and the Higgs field (excluding

the neutrinos'®).

2.3. Limits of the standard model

The SM, as described so far, is currently the best theory describing the interactions of
the most fundamental entities known in nature. These are the quantum fields, whose
excitations are called elementary particles. So far, this theory only describes three of
the four known forces in nature, the electromagnetic, the weak and the strong force.
Gravity is not included, as it turned out that quantising general relativity does not work
with the common procedures to quantise classical fields. This is one of the shortcomings
of the theory. It does not directly impact experimental particle physics, as so far, there
are no observations that need a quantum version of gravity. But there are a few striking
observations, some of them known for several decades, which cannot be explained by the
standard model, which will be briefly outlined in this section. Interestingly, all these ob-
servations are from astrophysics/cosmology. There are more unsolved questions related
to the SM than being discussed here, but most of them do not contradict experimental
observations and hence are more of a “cosmetic” issue, e. g. the hierarchy problem.

18For neutrinos masses please look at Section 2.3.
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Dark matter

The first hint for dark matter was found by Fritz Zwicky, observing the redshift of
galaxies in the Coma-cluster [18]. As telescopes got better over time, it became possible
to observe the rotational velocities of galaxies concerning the radial distance to the
galaxy’s centres [19]. The observed curves did reveal that there must be a large amount
of matter not sending out light or general relativity would be wrong on galactic scales. In
addition, the standard cosmological model predicts around 25% of the universe’s energy
content to be due to dark matter [5]. All ideas to explain dark matter with known
particles like neutrinos or known astrophysical objects like black holes or brown dwarfs
(failed stars) failed. So one needs to modify the SM by adding new, so far undetected,
particles (e. g. using supersymmetry [21,22]) or extra dimensions [23-25], to name only
two of the wealth of different ideas. The other option is to modify general relativity to
explain the observations (e.g. TeVeS-theory by Jakob Bekenstein [102]). So far, every
modification of gravity has been ruled out, and hence the efforts are put into searches
for dark matter particles either at particle colliders or with fixed target experiments, like
XenonlT [103] or DAMIC [104], to just name two of the numerous existing experiments.

Dark energy

In 1998/99 the accelerated expansion of the universe was detected [16,17]. The force
behind this could be a so-called cosmological constant, A, a constant that Einstein
introduced into his field equations to get a static universe. As soon as the expansion
of the universe was detected in 1929 [105], and thoroughly established in the following
decades, this idea was dropped. With the detection of the accelerated expansion, it was
reintroduced. However it is not yet clear whether a cosmological constant is the force
behind the accelerated expansion or not. There are several alternatives [5], and hence
the force is called dark energy. In the standard A-CMD (cold dark matter) model of
the universe, dark energy is responsible for around 70% of the universe’s energy content
(leaving around 5% for ordinary SM matter).

CP-violation

As already discussed in Section 2.2.2, there must be CP-violation in our universe, and
the SM has a mechanism of CP-violation in the flavour-changing interactions of the W
bosons. But the amount of CP-violation observed so far does not explain the amount
of baryonic matter seen in the universe [5]. So, there must be other CP-violating pro-
cesses not described by the SM. The strong force theoretically would allow a term in its
Lagrangian that would cause CP-violation, but the corresponding phase was measured
to be 0 within current uncertainties [106, 107]. A possibility is the neutrino sector but
also charged lepton flavour violation or SUSY models allowing flavour-changing neutral
currents are being investigated, but so far with no positive result [5].
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Neutrino masses

Since the discovery of neutrino oscillations [108] in 1998, it is known that neutrinos are
not massless as assumed in the SM. However, it is unclear how the mass-generating
mechanism works. In principle, there could be right-handed neutrinos, which would
generate the neutrino masses with the left-handed neutrinos via the known Yukawa
coupling of fermions to the Higgs field. Otherwise, they would not interact with any of
the known gauge bosons and are therefore called sterile. But there are other options.
As neutrinos do not have charge, the possibility exists that they are so-called Majorana
fermions and not Dirac fermions, which means they are their antiparticles [109]. In
principle, one could add Majorana mass terms with right-handed neutrinos to the SM-
Lagrangian

1 _
L mass = —§M(V%I/R + URrvR), (2.45)

where v is the CP-transformed neutrino spinor. The so-called seesaw mechanism [110]
introduces Dirac- and Majorana mass terms to the SM-Lagrangian, predicting that each
neutrino flavour has two mass states, a very light one and a very heavy one, where the
light one is mostly left-handed, while the heavy one is mostly right-handed and therefore
almost sterile. For this to be more than a hypothesis, the Majorana nature of neutri-
nos needs to be confirmed. So far, searches for neutrinoless double § decays have not
revealed any hints of a Majorana nature of neutrinos. The strongest limits come from
the KamLAND-Zen [111] and GERDA [112] experiments. But it could also be that the
SM is an effective theory only valid on energy scales below a certain threshold, as Fermi
theory [113] was an effective theory for the weak force. It allows the introduction of non-
renormalisable terms to the SM-Langrangian, which could create neutrino masses [5].
Beside the question of how neutrinos get masses, the flavour oscillations make it neces-
sary to introduce a matrix similar to the CKM matrix. Again, as only three neutrino
generations are known, this is a unitary 3x3 matrix, giving four degrees of freedom, three
angles and one phase. In the case of neutrinos, being a mixture of Dirac and Majorana
fermions, the matrix would have six angles and three phases, one Dirac phase and two
Majorana phases. This matrix is called PMNS'"%-matrix [114,115]. If the phase (or the
phases) is (are) non-zero, this means that there is also CP-violation in the lepton sector.
So far, the Dirac phase is poorly constrained, but the measurement hints towards being
non-zero [116,117].

2.4. The proton structure

The LHC is a pp collider, and protons are not elementary particles, but hadrons. Conse-
quently, when bunches of protons collide, the interactions happen between the elemen-
tary constituents of the proton, the so-called partons. The proton itself is made up of
three quarks, two up-quarks and a down-quark (the so-called valence quarks), which are

19Pontecorvo-Maki-Nakagawa-Sakat
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2. The standard model of particle physics

bound together by the strong force, exchanging gluons. In addition, the gluons can split
into ¢ pairs (sea-quarks), which annihilate back into a gluon. When protons collide, the
actual interactions happen between the valence quarks, the sea-quarks and the gluons of
the colliding protons. The resulting problem is that a priori it is not known, what energy
and momentum the colliding particles have. The distribution of momentum within the
proton is described by the so-called parton distribution functions (PDFs). They give
the probability of finding a certain parton (quark or gluon) with a certain momentum
in case the proton has a given momentum. These functions cannot be calculated as
low-energy QCD is not perturbative. They need to be measured at a certain energy
scale. But once that is done, the functions at higher energies can be calculated using
the Dokshitzer-Gribov- Lipatov-Altarelli-Parisi (DGLAP) evolution equations [118-120].
The input measurements to derive the PDFs with the DGLAP evolution equations are
from all types of experiments, like fixed target experiments, ep collisions, and other
high-energy collisions as they happen at the LHC and did happen at the TEVATRON.
Currently, there are several sets of PDFs derived by different collaborations [121-125].
With the knowledge of the PDFs one can calculate the cross-sections oy, x +y for certain
processes like tf production using the factorisation theorem?’, which leads to following
formula [127-129]:

1 1
Opp—>X+Y :Z/o dxi/o da; f (i pup) f (@, pip)oijosxvy (V3 g, e, (2.46)
i

where the sum runs over all possible initial state parton combinations, f(z,xs) are the
parton distribution functions at a chosen factorisation scale and ;s x4y (8, pug, pir) is
the parton level cross-section at the given factorisation scale ¢ and renormalisation scale
tr. Renormalisation is mathematical procedure to handle divergent integrals appearing
in cross -section calculations. Both scales are generally chosen to be half of the transverse
mass2! of all particles. V/§ is the centre-of-mass energy of the partons ¢ and j, being
§ = x;xjs and /s is the centre-of-mass energy of the colliding protons.

2.5. The top quark within the standard model

Within the SM, the top quark is the weak isospin partner of the b-quark (see Figure 2.1),
with a predicted charge of +2/3e and the third component of the weak isospin being
+1/2. Tts existence was predicted together with the existence of the b-quark in 1973 by
Kobayashi and Maskawa [13]. A third quark generation was necessary to introduce a
CP-violating mechanism. While the b-quark was discovered a few years later [87] it took
until 1995 to discover the top quark too [88,89], due to its large mass of around 173.3
GeV [130].

The top quark is of great interest, as it allows to probe the predictions of the SM in ways

20The factorisation theorem is used with great success although it was not proven rigorously for all
processes at hadron colliders and breaks down at higher orders [126].
21The transverse mass is defined as mr = +/m2 + pQT.
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Figure 2.2.: The three leading order Feynman diagrams for ¢t pair production via gluon-

gluon fusion. On the left, the t-channel diagram is shown, in the middle the
u-channel diagram, and on the right the s-channel diagram.

q t

Figure 2.3.: The leading order Feynman diagram for tf pair production via quark-
antiquark annihilation.

that are not possible with the other quarks. Mostly this is related to its decay width of
around 1.35 GeV [131,132], which prevents the top quark of forming bound states [133].
The large decay width transforms into a lifetime of the order of 10725 s, while the time
needed to hadronise is around 10723 s.

2.5.1. Top quark production and decay at the LHC
Top quark pair production and decay

The LHC is a proton-proton collider (see Section 3.1), which means particles collide that
have a colour charge (see Section 2.4) and can therefore interact via the strong force.
Due to the relative strength of the strong force, in comparison to the electroweak force,
most interactions at the LHC are induced by strong interactions. For the production of
top quarks follows, that they are mainly produced in pairs (¢f) because the strong force is
not flavour changing. Two production mechanisms are relevant: gluon-gluon fusion and
quark-antiquark annihilation. Gluon-gluon fusion can happen as an s-channel, t-channel
or u-channel process, depicted in Figure 2.2. In contrast, the ¢f pair production via quark-
antiquark annihilation is only possible as an s-channel process shown in Figure 2.3. The
gluon-gluon fusion production channel contributes around 90% of the production of tt
pairs, while gg-annihilation contributes only 10%. The reason for this is given by the
parton distribution functions of the proton (see Section 2.4). The higher the energy, the
more gluons can be found inside the proton. A comparison of theoretical predictions
and measurements from the LHC and the TEVATRON is shown in Figure 2.4.
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Figure 2.4.: Comparison of several tf cross-section measurements at the LHC and the
TEVATRON at different centre-of-mass energies with the theoretical predic-
tions at next-to-next-to-leading order (NNLO) in QCD with next-to-next-
to-leading logarithmic (NNLL) resummation. The uncertainty band for the
theory predictions takes scale uncertainties (factorisation and renormalisa-
tion), parton distribution function uncertainties and uncertainties on the
strong coupling into account. Measurements at the same centre-of-mass en-
ergy are shown slightly shifted for better visibility [134].

Figure 2.5.: The leading order Feynman diagram of a decaying top quark. The subse-
quent W-decay is also shown with its two possibilities. The decay of an
anti-top quark would look similar, as described above.
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2.5. The top quark within the standard model

Due to the CKM matrix element |V;3| being close to 1, almost all top quarks decay into
a W boson and a b-quark®?. The W boson (independently of its charge) subsequently
decays either hadronically and two jets (see Section 4.3.4) are created, or leptonically into
a charged lepton and its corresponding neutrino. In Figure 2.5, the Feynman diagram
of a top quark decay is shown. With the two top quarks this opens the possibility for
three different decay modes?:

e Fully hadronic channel: both W bosons decay into quarks and produce four jets.
At LO, six jets (four light-jets** and two b-jets (see Section 4.3.4)) are expected to
be detected.

e Lepton+jets channel: one W boson decays into two quarks and produces two jets,
and the other W boson decays into a charged lepton and the neutrino (detectable
via missing transverse energy E%ﬁss; see Section 4.3.5). At LO, two b-jets, one
charged lepton and Er_,r?iss are expected to be detected.

e Dilepton channel: both W bosons decay into a charged lepton and its correspond-
ing neutrino. At LO, two b-jets, two charged leptons, and E}"** are expected to
be detected.

The different branching ratios for the W boson decay lead to different probabilities of
the above-described decay channels commonly distinguished. The fully hadronic decay
channel occurs in 45.7% of all ¢t events, the lepton-+jets channel occurs in 43.8% of the
cases, and the dilepton channel in 10.5% [5]. These numbers get slightly modified as
most analyses only count muons and electrons when looking for leptons. As a conse-
quence, only leptonic 7-decays are counted as leptonic W-decays, while the additional
neutrino spoils a possible top-reconstruction. Hadronic 7-decays lead to migration of
events between the different decay channels. The dilepton channel in particular is very
clean and has only a small background, while the background becomes larger in the lep-
ton+jets channel and is largest in the fully hadronic channel. In contrast, the number
of expected events behaves in exactly the opposite way.

Single top quark production and decay

Via the weak interaction, it is also possible to get single top quarks (¢ or ) produced
at hadron colliders. The weak production of top quarks at the LHC is suppressed in
comparison to the strong production of ¢ pairs. There are three production mechanisms,
the s-channel, the t-channel, and Wt-production. The corresponding Feynman diagrams
at LO are shown in Figure 2.6. As all three processes have different final state particles,
it is possible to measure them individually. A comparison of different ATLAS measure-
ments with theory predictions is shown in Figure 2.7. The decay of the top quarks is

22To be precise, the top quark decays into a b-quark and a W7 boson, while the anti-top quark decays
into an anti-b-quark and a W~ boson.

%5Not taking the lepton charge into account.

2Light-jets are jets not coming from a b-quark.
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Figure 2.6.: Leading order Feynman diagrams for single top quark production via the
s-channel (a), the t-channel (b) and the W-associated production (c).

the same as described above. Due to the different production mechanisms influencing

the final state particles, the expectations which particles are detected differ as follows?®:

e t-channel:
— Hadronic W-decay: one or two b-jets and three light-jets.
— Leptonic W-decay: one or two b-jets, one charged lepton and E%liss.

— One forward light jet.

e s-channel:
— Hadronic W-decay: two b-jets and two light-jets.

— Leptonic W-decay: two b-jets, one charged lepton and Ejni‘iss.

e Wt production: same final state particles expected as in tt pair production but
only one b-jet expected instead of two.

In general, much larger backgrounds are expected than in ¢ pair production because
the signal signatures are less clear (fewer jets and fewer b-jets), e.g. in comparison to
W -boson+jets production.

2.5.2. Top quark properties

The top quark offers a variety of properties, which need to be measured, to see if the
SM predicts them correctly. There are only a few parameters that are not predicted
by the SM. Values for these parameters are needed to make all other predictions. One
parameter is the top quark mass, or equivalently, its Yukawa coupling to the Higgs
boson. The other parameters are the CKM matrix elements related to the top quark.
Everything else is then predicted by the SM.

%The hadronic decay happens in 67.6% of the cases, and the leptonic decay happens with a probability
of 32.4% [5].

22



2.5. The top quark within the standard model

ATLAS Preliminary June 2023
Single top-quark production

t-channel

10?

== NLO+NNLL QCD atm, = 172.5 GeV—
o F MSTW2008 NNLO PDF
i =— NLO QCD atm, = 172.5 GeV

T IIIIII|
IIIIHl

MSTW2008 NLO PDF

10

t-channe| 257 pbﬁ_ﬁﬂgsnrrc]gr!lpzozarom
@ t-channel 4.59fb™ PrRD 90 (2014) 112006
D t-channel 20.2 fb™* eps c77 (2017) 531

T t-channel 140 fb™* atLas-conF-2023-26
B tW 2.05 fb™ pLe 716 (2012) 142

D tW 20.3 fb™* sHep 01 (2016) 064

F tw 3.2 fb™ smeP o1 (2018) 063

v s-channel 95% CL limit 0.7 fb™ atLas-conF-2011-118]
X s-channel 20.3 fb™ pLe 756 (2016) 228
s-rihannel 1?9 fb? arXif2209.08990,

Single top-quark cross-section [pb]

I
9 10 11 12 13

Vs [TeV]

o
o
~
©

Figure 2.7.: Comparison of several single top quark cross-section measurements done
by ATLAS at the LHC at different centre-of-mass energies with the theo-
retical predictions at NNLO in QCD with NNLL resummation. The uncer-
tainty band for the theory predictions takes scale uncertainties (factorisation
and renormalisation), parton distribution function uncertainties and uncer-
tainties on the strong coupling into account. Measurements at the same

centre-of-mass energy are shown slightly next to each other for better visi-
bility [135].

Mass

There have been a lot of mass measurements performed at the TEVATRON and the LHC
in all different decay channels with comparable results [5] around the world average
of 174.34 4+ 0.76(£0.36(stat.) = 0.67(syst.)) GeV [130]. An overview of some of these
measurements is given in Figure 2.8. Besides the direct mass measurements, it is also
possible to use cross-section measurements to retrieve the mass because the cross-section
is sensitive to it. A summary plot of these measurements is shown in Figure 2.9. Direct
and indirect measurements are not directly comparable, due to theoretical considerations
related to renormalisation and non-perturbative effects [5].
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Figure 2.8.: Top quark mass measurements from ATLAS and CMS, as well as the rele-
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Figure 2.9.: Top quark mass measurements using cross-section measurements from AT-
LAS and CMS, as well as a combination [134].
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CKM matrix elements

As mentioned above, the CKM matrix elements are not predicted by the SM and are
therefore needed to make predictions. Because Vy, is quite large and V;y and Vi, are
both very small, it becomes difficult to measure them precisely. It is possible to measure
these parameters in both tf pair production and single top quark production. However,
more precise results are obtained using single top quark measurements. If measurements
showed that the CKM matrix is not unitary, this would hint at the existence of further
quark generations, but so far, all measurements are consistent with unitarity. Again, a
summary plot is shown in Figure 2.10.
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Figure 2.10.: Different results of V; measurements from ATLAS, CMS, and their com-
binations [134].

Top quark decay width

The top quark decay width depends on the different decay modes of the top quark.
Through loop-corrections, it also depends on possible unseen particles. Hence, deviations
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from the predictions can hint at new physics. The NNLO QCD prediction is 1.35 GeV
for a top quark mass of 173.3 GeV [131, 132]. Direct measurements from ATLAS at
Vs = 8 TeV and /s = 13 TeV measure I' = 1.76 £ 0.33(stat.)f8:gg(syst.) GeV and
1.9 £ 0.5 GeV, respectively [136,137]. An indirect measurement was made by CMS
and yields I' = 1.36 + 0.02(stat.)f8:ﬁl(syst.) GeV [138]. No tension concerning the SM
prediction was found.

Asymmetries

At the TEVATRON, a pp collider, the asymmetric initial state leads to a forward-
backward asymmetry. In ¢q annihilation (the dominant ¢t production mechanism), the
quarks mostly come from the proton beam and the anti-quarks mostly from the anti-
proton beam. Due to charge asymmetric initial states in tf production at NLO, as
qg — tt, and interference effects, the event kinematics become asymmetric. This can be
visualised by the rapidity difference distribution Ay = y» — yz not being symmetric.

At LHC, the situation is different. Not only is ¢g annihilation less important than at the
TEVATRON, but the initial state is symmetric, as protons are used for collisions. Hence,
Ay is expected to be a symmetric distribution. However, there is another variable that
becomes asymmetric, due to the aforementioned effects at NLO. The larger momentum
fraction of the valence quarks in comparison to the sea quarks (see Section 2.4) and the
fact that none of the valence quarks are anti-quarks, leads to a difference in the spread
of the rapidity distribution for ¢ and t. Hence Aly| = |y:| — |yz| becomes asymmetric.
The asymmetry that follows is called charge asymmetry Ac and can be measured using

_ N(y[>0) = N(ly[ <0)
N(Jyl > 0) + N(ly| <0)’

Ac (2.47)

This asymmetry is also transferred to the decay products. In the dilepton channel,
instead of using the reconstructed top quarks, one can use the leptons instead (although
the effect is a bit smaller) [139]. In general, the effect is predicted to be around 1% or
even less [139]. In tf events with additional gauge bosons, these effects are expected to
be enhanced, as ¢ production is less suppressed [140,141]. Another asymmetry that can
be measured is an energy-asymmetry [142]. All measurements are in agreement with the
predictions [5,143-146], but as a consequence of their large errors and the smallness of
the effect at the LHC, all these measurements are also compatible with no asymmetry.
This situation might not improve in further runs of the LHC, as a higher centre-of-mass
energy results in a smaller asymmetry as gluon-gluon fusion will dominate ¢t production
even more.

Polarisation, spin correlations and quantum entanglement

The top quark is a spin-1/2 particle and the spin information is transferred to its decay
products, as it decays before it can hadronise. In principle, the way the spins of the
two top quarks are correlated (being aligned parallel) is dependent on the production
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mechanism. One can measure the following quantity [147]:

A= NOD+ N - N - N(H)
N+ N + N + N (1)

Recent measurements have shown agreement with SM predictions [148,149]. Further,
one can measure the polarisation of the top quarks using the differential distribution of
cos(0) of one of the fermions, where 6 is the angle between the fermion and the spin basis
in the rest frame of the top quark. Measurements show, in general, good agreement with
the SM prediction [149].

Another property of top quark pairs is that they can form entangled states. The in-
formation about such a state is transferred to the decay products and encoded in the
differential distribution of the angle between the leptons (in the dilepton channel) in
the respective rest-frames of their corresponding top or anti-top quark [150]. The SM
predicts entangled states in regions of phase space where the invariant mass of the tt
system is approximately below 550 GeV. For detection of quantum entanglement in ¢
systems, a phase space cut on the invariant mass of 450 GeV is proposed [150]. Recently
ATLAS published a first observation [151].

(2.48)

W -helicity

The helicity of W bosons from top quark decays is a property which probes the spin
transfer from the top quark to its decay products, and in addition, the weak interaction
vertex involved in the top-decay is probed as well. The helicity of the W boson is the
projection of its spin onto its momentum. Because of its mass, the W boson can have
three spin states (0, £1), resulting in three helicity states. If the spin and the momentum
show in the same direction, it is called right-handed, while spin and momentum pointing
in opposite directions is called left-handed. If the W boson is in its spin-0 state, the
corresponding helicity state is called longitudinal. As the helicity is not a Lorentz-
invariant quantity, it needs to be defined in a certain rest frame. The rest frame normally
used to measure the W-helicity is the rest frame of its parent top quark. Therefore, the
predictions are not y/s-dependent. Due to the event kinematics and the conservation of
angular momentum not all three helicity states occur with the same probability. The
predictions are fp = 0.687 £ 0.005, fr = 0.0017 + 0.0001 and f;, = 0.311 £ 0.005 [152].
While ATLAS has measured the helicity fractions at all available centre-of-mass energies
[153-155], CMS has measured them only at 7 and 8 TeV [156-158], and one combination
exists [159]. The results are in agreement with the SM predictions.

2.6. Top quark pair production in association with a photon

2.6.1. General introduction to top quark cross-section measurements with
associated boson production

The couplings between the fermions and the (gauge) bosons are essential predictions
the SM makes about how quantum fields interact with each other. Measuring them,
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and therefore probing the predictions of the SM, is one of the foremost tasks one can
find in experimental particle physics. To specifically probe the couplings of the bosons
to the top quark, t¢ + X processes are the relevant processes. In the production of
single top quarks and the decay, the coupling to the W boson is already probed. ttW
measurements only give additional insights about the production mechanisms and their
relative fractions. The other two electroweak gauge bosons, the Z boson and the photon
(on- and off-shell) do not play a relevant role in top quark production and/or decay.
The same holds for the Higgs boson?®. So these couplings can be probed directly in
events with top quarks and associated bosons, e.g. pair production of top quarks in
association with a photon (tty), a Z boson (ttZ) or a Higgs boson (ttH), as well as
single top production in association with a Z boson and an additional quark (tZq), a
photon and an additional quark (¢vq), a Higgs boson and an additional quark (tHgq) or
a Z and a W boson (tWZ). Recent summary plots of such measurements are shown in
Figures 2.11 and 2.12.
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Figure 2.11.: Recent tt+X measurements from ATLAS and CMS [160].

2.6.2. The top-photon coupling

In the SM, the interaction Lagrangian between the top quark and the photon follows
from Equation 2.6 as

Ltw = _aemQt@t’YM\Ith,u? (2'49)

where aep, is the fine structure constant and @ the charge, which is 2/3e in the case of
the top quark. The QED interaction vertex factor I' of the top-photon coupling becomes

I = 10emQY", (2.50)

26 Although the top-Higgs coupling is also probed in Higgs boson production via gluon-gluon fusion and
in 4-tops measurements.
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Figure 2.12.: Recent single top quark+X measurements from ATLAS and CMS [160].

which is a pure vector coupling, and therefore invariant under parity transformation P
and charge conjugation C.

Several extensions to the SM can modify this coupling. The most general form of a
fermion-gauge-boson coupling is given by [161-164]:

N o (k+ )Y

I'=—e (’Yu[Fl + Iy m;

[1F3 + F4’)/5]> , (2.51)

where Fj; are so-called form factors, k& and &’ are the 4 momenta of the in- and out-
going fermions (in this case top quarks), m; the mass of the respective fermion and
Ouw = 5[Yu» Y]. The form factors do describe known physical quantities. | = Q; = 2/3e
is the predicted charge of the top quark. F5 is predicted to be 0 in the SM as the photon
has no axial-vector contribution. F3 and Fj; are the magnetic and electric anomalous
dipole moments. These do not appear at LO in the SM but are introduced through
loop corrections [165] and therefore are very small. At LO, they can be introduced as
higher-dimensional effective operators [166, 167], and if any contribution from them is
measurable, this would indicate new physics, because these terms are too small to be
measurable in the SM [168]. In general, there are a lot of extensions to the SM, e.g.
supersymmetry, predicting such contributions to be measurable [163,167-172].

The most general way to have model-independent interpretations of measurements is
the framework of effective field theories. In effective field theories, the SM Lagrangian
is extended by terms of higher dimension [173-175]

_ 1 p=s , 1 D=6
Lefs —LSM+KZCiOi +EZCZ~OZ- . (2.52)

The strength of these additional operators O; is given by the so-called Wilson coefficients
C; [176], and A is the cut-off scale. D =5 and D = 6 give the dimension of the operators.
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2. The standard model of particle physics

These higher-order operators break renormalisation, but for an effective theory at a
much lower scale, where the additional particles are tremendously off-shell, this does
not matter. For example, Fermi theory was one of the first effective theories successfully
used [113]. For anomalous contributions to the top-photon coupling giving sizable electric
and magnetic dipole moments, only two dimension six operators are relevant [167]:

2

5Fy = [Re [cwC3, + 5,05 %“, (2.53)
2

37y = Lt [e, O, + 5, Clly] . (2.54)

¢y and s,, are the cosine and sine of the Weinberg angle, v the vacuum expectation value
of the Higgs field, and m; the top quark mass. An additional operator might also modify
the tty cross-section, which is related to the strong production, namely the gtt-vertex.
The two coupling parameters related to it are

\/5 VMg
\/5 VM

2.6.3. Probing the top-photon coupling

The best way to probe the top-photon coupling would be an e*e~-collider, as the pro-
duction would happen at a well-defined centre-of-mass energy, which is not the case for
hadron colliders (see Section 2.4). In addition, the production of top quark pairs would
happen via the neutral gauge bosons and, therefore, would be directly sensitive to the
top-photon coupling, taking interference with the top-Z coupling into account. A step in
the so-called R-ratio of ete™ — u™pu— production vs. ete™ — gq production, would be
visible at the tf production threshold of around 350 GeV and could be related directly to
the charge. Another advantage would be the clean environment, without any hadronic
pile-up. So, any background would be almost negligible. Unfortunately, synchrotron
radiation made it impossible to build such a circular collider in the past, and the In-
ternational Linear Collider (ILC) is not even confirmed to be built. The consequence
is that the top-photon coupling must be probed in a hadronic environment [177]. In
contrast to the ¢t production (see Section 2.5.1 and Figures 2.2, 2.3 and 2.5) only one
additional photon is emitted at some point during production or decay. Example Feyn-
man diagrams are shown in Figure 2.13 for photon emission during ¢ production and in
Figure 2.14 during top quark decay. Only those processes are sensitive to the top-photon
coupling, where the diagram shows a ¢v interaction vertex. It is mainly the production
part (see Figure 2.13). The only other source of photons are initial state quarks. As long
as one does not try to differentiate between gluon-gluon fusion and ¢¢ annihilation, these
photons cannot be treated as background, because of interference effects with photon
radiation from the top quark in ¢q initiated ¢ty events. In the decay process of the top
quark, a lot of photon production occurs that is not sensitive to the top-photon coupling.
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Figure 2.13.: Leading order Feynman diagrams showing how photons can be produced
in the production of a tt pair. On the left, it comes from a real top quark,
in the middle from a virtual top quark in t-channel production and on the

right as initial state radiation from a quark in ¢ annihilation. The dia-
grams were taken from [179] under the CC BY-NC-ND 4.0 Deed license®’.
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Figure 2.14.: Leading order Feynman diagrams showing how photons can be produced in
the decay of a top quark. It can come either from the b-quark (left), from
the charged decay products of the W boson (middle) or from the W boson
itself. The diagrams were taken from [179] under the CC BY-NC-ND 4.0

Deed license?s.

In principle, there are interference effects between production and decay. These effects
are negligible [178] and hence the so-called narrow-width approximation, which assumes
I'y << my, can be applied to simplify the propagator of the top quark using

1 T 9

I
S(p2—mH+0(—). 2.
@ —mD)+ml?  mly v = me) + <mt> (257

It decouples the cross-sections for decay and production. Predictions of these decoupled
cross-sections do only exist for the ey decay channel [178], where a full NLO calculation
in QCD exists [180]. Further predictions of the ¢ty process do exist but assume stable top

2"The license terms can be found here: https://creativecommons.org/licenses/by-nc-nd/4.0/. No
changes were made.

%The license terms can be found here: https://creativecommons.org/licenses/by-nc-nd/4.0/. No
changes were made.
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quarks [181-184]. More accurate is a calculation using the narrow width approximation
[185], but this calculation does not report the decoupled cross-sections for decay and
production. Consequently, for this analysis, where it will be tried out for the first time
to make use of separating the production contribution from the decay contribution for
lepton+jets and the dilepton decay channel, only fiducial cross-section predictions from
the generators for the MC samples are available, and they serve as theory predictions
(see Section 4.2).

On the experimental side, evidence for the tty process was first found by CDF at the
TEVATRON [186]. The first observation (at the LHC) was made by ATLAS at 7
TeV [26]. Both ATLAS and CMS have published several papers since then at centre-
of-mass energies of 8 and 13 TeV [1,2,27-30]. All measurements did not differentiate
between photons from production and photons from decay. No deviations from the SM
predictions were found. The top quark charge was also measured indirectly by using
tt events and the jet charge of the b-jets. An exotic top quark model, with a charge
of —4/3e instead of +2/3e [187,188], could be excluded, and the charge was measured
to be SM-like with a very high significance [189-192]. Nevertheless, this measurement
is not sensitive to the top-photon coupling where not only the charge plays a role but
also possible anomalous electric/magnetic dipole moments, as described above. The ¢ty
measurements from ATLAS [1,2,26,27] so far only measured cross-sections, but never
extracted the charge or the coupling itself, albeit the negative results of no deviations
concerning the SM predictions show that the charge is as predicted. CMS has made
EFT interpretations at 13 TeV [29,30] and set limits on the anomalous electric/magnetic
dipole moments. This will be done for ATLAS within this analysis [3] for the first time
as well and will constrain the top quark charge and possible modifications of the ¢y
interaction vertex as precisely as possible?”.

29The EFT interpretations were not made by the author.
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CHAPTER 3

Experimental setup

3.1. CERN and the LHC

3.1.1. CERN

CERN (Conseil Européen pour la Recherche Nucléaire) is a large-scale research facility,
which was founded in 1954 [193]. One purpose was to have a research facility on nu-
clear physics being independent of any particular government to guarantee the freedom
of science in a field that was highly political at that time [193]. Therefore the CERN
area is extraterritorial ground and has an observer role at the United Nations [194,195].
From the beginning on it was also a mission for peace by bringing people together to
work with each other motivated by their intrinsic curiosity to reveal the yet unknown.
Another reason to build such a facility was the insight that fundamental research on
nuclear physics and by now mainly on particle physics, is mostly not doable for one
country alone. It needs a common effort to provide the necessary infrastructure like
powerful accelerators and experimental halls. Ever since CERN had a leading role in
exploring the frontiers of physical knowledge and making it available to society. Today it
hosts the most powerful particle accelerator, that was built until now, the LHC [193,196].

3.1.2. LHC

The LHC is the most powerful particle accelerator that has ever been built so far. The
first ideas of a hadron machine making use of the big tunnel built for the Large-Electron-
Positron-Collider (LEP) date back to 1984, even before LEP went into operation [197].
At that time, there were similar ideas for such machines to be built in the Soviet Union
(UNK) and the United States (Superconducting Super Collider; SSC). Both projects
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were stopped during their building phase. In 1994 the LHC project was approved [198]!.
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Figure 3.1.: Schematic overview of the LHC, the interaction points and the location of
the technical infrastructure. The figure was taken from [200].

Design parameters?

The LHC was designed as a proton-proton collider (which can also be used as a heavy ion
collider) with a circumference of approximately 27 km. Its original design centre-of-mass
energy is 14 TeV with a peak luminosity of 10734 ecm™2s~!. The main factor limiting
the beam energy are the superconducting magnets with a design field strength of 8.33
T, but there are also other factors limiting the beam energy as the particle density, the
mechanical aperture and the energy stored in the beam and the magnets. The proton
beams were planned to consist of bunches with around 10! protons per bunch and a
maximum number of bunches of 2808, which means that the collision rate is 40 MHz
(collisions every 25 ns). At 4 interaction points the main experiments® (ATLAS [203],
CMS [204], LHCb [205] and ALICE [206]) are located, while beam injection happens
at two of them. The machine is equipped with a beam dump, radio frequency (RF)
cavities for acceleration and collimator systems for beam cleaning (see Figure 3.1). The
RF cavities are working at 400 MHz. The field strength is 5.5 MV /m and with a 7 TeV
beam energy the voltage will be 16 MV, while at the injection the voltage is 8 MV. The
magnet system mainly consists of superconducting quadrupole magnets for the beam
focus and superconducting dipole magnets for the beam bending, both being operated

"More on the history of the LHC can be found in Chapter 1 in [199] and the references therein.
2If not stated otherwise, this section is based on information from [200].
3There are a few smaller experiments like TOTEM [201] or LHCY [202].
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The CERN accelerator complex
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Figure 3.2.: Schematic overview of CERN’s accelerator complex (copyright by CERN?).

at 1.9 K. The cooling is done with liquid Helium. Sextupole, octupole, decapole and
12-pole magnets are installed for corrections on the beam trajectories. One main feature
is the twin aperture that allows to have one magnet and cryo-system for both beams.
While running the LHC, the luminosity will decrease exponentially over time. The time
to start a new run and the luminosity lifetime define the optimal run-time before a beam
should be dumped and a new run will be started. To get the LHC filled with protons
a whole chain of accelerators is needed. A schematic overview of the full accelerator
complex at CERN is shown in Figure 3.2. At the beginning comes the LINAC 2, a
linear accelerator where at the start Hydrogen atoms are used and the electrons are
stripped off. LINAC 2 accelerates the protons up to 50 MeV. Afterwards, the Booster
increases the energy to 1.4 GeV. The next step is the PS (Proton-Synchrotron). The
protons will leave from here with an energy of 25 GeV and will be transferred to the SPS
(Super-Proton-Synchrotron). Here they will get their injection energy for the LHC of 450
GeV. While accelerating step by step the preaccelerators also structure the proton beam
as desired for the LHC (bunches of around 10!! protons at a distance of ¢-25ns ~ 7.5m
with the required beam shape). The last step of the acceleration occurs in the LHC
where the protons reach their final energy.

“This figure was taken from https://cds.cern.ch/record/2636343 (accessed on 2.10.2023).
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Figure 3.3.: The plot shows the integrated luminosity evolution in Run 2, showing the
delivered luminosity, the recorded luminosity and the luminosity that is good
for physics analysis. The numbers on this plot are determined from online
luminosity estimates. A final Run 2 luminosity calibration gave a luminosity
of 140.1 fb~! instead of 139 fb~! [210]. This figure was taken from [211].

LHC performance during Run 25

Due to an incident in 2008, the LHC had a center of mass energy in Run 1 of 7 TeV
in 2011 and 8 TeV in 2012 [208,209]. For Run 2 the energy per beam was increased
to 6.5 GeV, resulting in a centre-of-mass energy of 13 TeV. Over the four years of Run
2 (2015 to 2016), several other beam conditions changed and were improved to provide
as much luminosity as possible to the experiments. Besides the change in the centre-of-
mass energy, the focus in 2015 was to go from a bunch spacing of 50 ns to 25 ns, while
having a secure operation. Mainly the higher beam energy made it necessary to be very
careful to not cause any damage to the LHC. In 2016 the main advance was to have
reached a 5* that was beyond the design level, resulting in a tighter beam focus than
originally planned. Hence the peak luminosity was increased beyond the design value
too. Step by step the luminosity was increased even more in 2017 and 2018. In the
end, the luminosity could be doubled concerning the design goal. The full integrated
luminosity delivered by the LHC is shown in Figure 3.3. 140.1 fb~! of luminosity could
be collected for physics analysis [210]. All these improvements also lead to an increase in
pile-up making the environment much harsher for the detectors. The pile-up distribution
for Run 2 is shown in Figure 3.4.

3.2. The ATLAS detector

The ATLAS detector is a multipurpose detector located at Point 1 at the LHC [203].
The experiment is one of the two multipurpose experiments currently operated at the
LHC. The other one is CMS [204].

5Tf not stated otherwise all information in this section is from [207].
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Figure 3.4.: The plot shows the pile-up profile in Run 2 for the different years [211].

The ATLAS detector was built to detect and reconstruct high-energy proton-proton
collisions. Its general design follows the general shape of such detectors. By volume, it
is the largest particle physics detector ever built, with a length of around 45 m and a
height of about 25 m. The right-handed coordinate system of the detector is oriented
such that the interaction point is the centre of it and the beam pipe is the z-axis. The
x — y-plane is oriented transversal to it. The z-axis points towards the centre of LHC,
while the y-axis points upwards. Due to the cylindrical shape, instead of the x- and
y-coordinates the azimuthal angle ¢ is used and the pseudorapidity n = — Intan(6/2).
Closest to the beam pipe and the interaction point of the two proton beams is the Inner
Detector (ID) located. It consists of a silicon pixel detector (PD), a silicon strip detector
(semi-conductor tracker = SCT) and a transition radiation tracker (TRT). The ID is
surrounded by a 2 T solenoid to bend the track and make pr measurements possible
in addition to the tracking. The TRT contributes to identifying particles. Outside the
solenoid comes the electromagnetic calorimeter (E-CAL). It stops photons and electrons
and records their showers to do energy measurements. The same happens in the hadronic
calorimeter (H-CAL), which stops mesons and baryons and measures the particle shower
produced in the stopping. The outermost part of the ATLAS detector is the muon
spectrometer, equipped with toroidal magnets. All these detector systems are placed in
a cylindrical shape around the beam pipe. To also cover the forward regions at the end
of this cylinder, each detector system has also placed detector components there [203].
A schematic overview of the detector can be seen in Figure 3.5. The single detector
systems and their subcomponents are described in more detail in the following sections.

3.2.1. The Inner Detector

The whole ID has a diameter of around 2.3 m and a total length of around 7 m (see Fig-
ures 3.6 and 3.7). Around the ID, a 2 T solenoid is placed to create a rather homogeneous
magnetic field in the ID. The most important task for the ID is to contribute to vertex
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Figure 3.5.: The figure shows a schematic overview of the ATLAS detector [214]. One
can also see schematic people that show the length scales of this experiment.

measurements (and therefore also contributes importantly to b-tagging) and pr measure-
ments (from the bent tracks due to the magnetic field). The insertion of IBL for Run
2 was a major improvement to the tracking information that is collected [203,212,213].
The ID also helps to do particle identification, making use of the transition radiation
from the TRT [203]. In the following the three subsystems are described in more detail.

The pixel detector

The pixel detector is the innermost part of the ID [203]. A schematic view of the whole
ID is shown in Figure 3.6 and 3.7. The pixel detector consists of 4 Layers concentrically
placed around the beam pipe and 3 end-cap disks. The innermost layer is called IBL
(insertable B-Layer) and was added in LS 1 (long shutdown 1) [212]. It is located
33.25 mm away from the beam pipe. The other three layers are called Layer 0, Layer
1 and Layer 2. Their distance to the beam pipe is 50.5 mm, 88.5 mm and 122.5 mm,
respectively. In addition, there are 3 disks on each side to close the end-cap. Those disks
are placed 495 mm, 580 mm and 650 mm away from the interaction point (in z-direction)
respectively, while the barrel part extends on both sides up to 400.5 mm. With these
specifications, the pixel detector can cover tracks up to |n| < 2.5 [203]. Most pixels have
a size of 50x400 ym?, while some pixels are a bit larger with 50x600 pym? (due to chip
electronics). The intrinsic accuracy of the pixels is 10 um? in the R — ¢ plane, while
it is 115 pm? in z-direction [203]. The pixel size for IBL is smaller with 50x250 pm?,
which improved the already very good resolution in Run 1 [212]. In total, there are 1744
modules in the original layers and disks and IBL has 280 modules [203,213].
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Figure 3.6.: The figure shows a schematic overview of the ATLAS Inner Detector [215].
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Figure 3.7.: The figure shows a schematic overview of the ATLAS Inner Detector end
caps [203]. The IBL layer is missing.
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The semi-conductor tracker

Next to the pixel detector comes the SCT. As the pixel detector, it is a tracking detector,
but as it is located further away from the beam pipe, it uses silicon strips instead of pixels.
It has 4 barrel layers and up to 9 end-cap disks allowing the detector to cover the same
n range of |n| < 2.5 as the pixel detector does. The layers are located 299 mm, 371 mm,
443 mm and 514 mm away from the beam pipe, respectively, as shown in Figure 3.6.
The barrel part extends to 848 mm in positive and negative z-direction, respectively.
The disks are placed in the range from 853.8 mm to 2720.2 mm in positive and negative
z-direction (see Figure 3.7). The strips have a pitch of 80um. The intrinsic accuracy of
the strips is 17 pm in the R — ¢ plane and 580 pm in the z-direction. In total, there are
4088 modules, 2112 in the barrel layers and 1976 in the end caps.

The transition radiation tracker

The TRT is the outermost part of the ID (see Figure 3.6). The barrel part extends from
554 mm to 1082 mm in the radial direction and to 780 mm in the z-direction. The end
caps extend in the z-direction from 827 mm to 2744 mm, which only gives a coverage
up to |n| < 2.0 (see Figure 3.7). The TRT is made from gas filled straws® of 4 mm
diameter, with an electric wire (30 ym) in the middle. Charged particles will ionise the
gas and the electric pulse that is created is registered as a hit (drift time measurement).
The intrinsic accuracy is 130 ym in the R — ¢ plane. Between the straws, polypropylene
fibers are placed in the barrel part and polypropylene foils in the end-caps. When the
particles traverse the boundary layer between the straws and the polypropylene they
send out so-called transition radiation, which is used for particle identification.

3.2.2. The electromagnetic calorimeter

The first calorimeter that is placed outside the solenoid is the electromagnetic calorime-
ter. Its goal is to stop photons and electrons/positrons and record the electromagnetic
shower produced by interactions of these particles with the material. It shares the same
vacuum vessel with the solenoid to reduce material. The full calorimeter (including the
H-CAL) is shown in Figure 3.8. The E-CAL is a sampling calorimeter using liquid Argon
as active material and lead as passive material. The accordion structure assures full ¢
coverage. The n-coverage of the barrel part reaches |n| < 1.475 and the end-caps cover
1.375 < |n| < 3.2. The length of the barrel part is 3.2 m and the radial distance reaches
from 2.8 m to 4 m. The material has a depth of more than 24 radiation lengths in the
barrel part and more than 22 radiation lengths in the end-caps. The energy resolution
was measured to be

op _ 10% v GeV
E VE

A good position resolution is also assured [203].

& 0.17%. (3.1)

5The gas mixture is: 70% Xe, 27% CO2 and 3% Os. The length of the straws is 144 cm in the barrel
part and 37 cm in the end-caps.
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Figure 3.8.: The figure shows a schematic overview of the ATLAS calorimeters [216].

3.2.3. The hadronic calorimeter

Around the E-CAL, the H-CAL is placed (see Figure 3.8). It is again a sampling
calorimeter using different active and passive materials. The barrel part is a tile calorime-
ter, where steel is used as a passive material and scintillator as the active medium. Its
length is 5.8 m for the central barrel and 2.6 m for the extended barrels on both sides.
It reaches an n-coverage of |n| < 1.7. At n = 0, a thickness of 9.7 radiation lengths
is achieved. In the end cap parts, two different calorimeters are placed, the forward
calorimeter and the hadronic end-cap calorimeter (see Figure 3.8). Both are using liquid
Argon as the active material. The hadronic end-cap uses copper as the passive ma-
terial, while the forward calorimeter uses tungsten and copper. The hadronic end-cap
covers 1.5 < |n| < 3.2 and the forward calorimeter covers 3.1 < |n| < 4.9, allowing for
forward jet measurements’. The thickness is again around 10 interaction lengths. The
performance of the hadronic end-cap is about

oE 21.4%v GeV

=" 3.2
E vVE (32)
while for the forward calorimeter
28.5%v GeV
o5 _ BIVGCV g 5, (3.3)
E VE
was measured. The tile calorimeter gives a resolution of
A%V
op _ 56.4%vGeV @ 5.5%, (3.4)

E VE

giving the needed resolution for the harsh LHC environment [203].

" Although no flavour tagging possible as the tracker only covers |n| < 2.5.
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Figure 3.9.: The figure shows a schematic overview of the ATLAS muon spectrometer
[217].

3.2.4. The muon spectrometer

The outermost part of the ATLAS detector is the muon spectrometer (MS). It consists
of several gaseous detector systems and makes use of a large superconducting toroidal
magnet system (see Figure 3.9). As muons are minimal ionizing particles in the context
of the LHC, they traverse the calorimeters only losing a bit of their energy. All other
particles are stopped in the calorimeters and punch-throughs (hadronic particles escaping
the H-CAL) are very rare. To measure the muons a large tracking system was built to
be able to measure the bending radius of the muons created by the magnetic field from
the toroidal magnets. The central part is equipped with monitored drift tubes (MDT),
while at large |n| cathode strip chambers (CSC) are used, placed in wheels for the end
caps. The muon trigger system uses resistive plate chambers (RPC) for the barrel part
and thin gap chambers (TGC) for the end-cap wheels. These detectors do also support
the precision tracking done with the MDTs and CSCs. While the trigger system extends
to |n] < 2.4, the tracking is done up to |n| < 2.7. The MDTs have a spatial resolution of
35 pm and the CSCs achieve 40 ym. The RPCs and TGCs only achieve a few mm but
their signal response comes within 15 to 25 ns, which allows the correct assignment of
the signals to the beam-crossing. To benefit from the good spatial resolution in tracking,
a very precise alignment of the MDTs and CSCs within a few tens um is needed. The
gas mixture is Argon with a few per cent of CO2 in the MDTs and 20% COs in the
CSCs. The gas mixture in the RPC is CoHoF4/Iso-C4H;0/SF¢ with 94.7%, 5% and
0.3%, respectively. The TGCs use CO2 with n-pentane in a ratio 55% to 45% [203].

One of the key signatures of the ATLAS detector is the toroidal magnet system. The
magnets are superconducting (Nb/Ti/Cu, stabilized with Al) and have an air core. They
create B-fields of 0.15 to 2.5 T for the barrel and 0.2 to 3.5 T for the end-caps, which
means the energy stored in them is 1.6 GJ. The B-field is known to have a precision of
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a few mT, which in combination with the tracking precision leads to a muon transverse
momentum resolution of 10% for 1 TeV muons [203].

3.2.5. The ATLAS trigger system

Running a detector at 40 MHz, with an event size of about 1.3 MB [203], does not allow
storing each bunch crossing. The trigger for Run 2 underwent substantial refurbishment
concerning Run 1 [218]. One major difference is that the Level-2 (L2) and Event-Filter
(EF) computing farms were merged, to use the computing power more efficiently. As a
consequence, the trigger became a two-level trigger, with the Level 1 (L1) trigger being
hardware-based and the so-called high-level-trigger (HLT) being software-based. The
L1 trigger uses data from the calorimeters and the muon spectrometer to identify can-
didates of physics objects. Subsequently, the information is processed in the Central
Trigger Processor (CTP). It also manages the dead time of the detector. Its primary
goal is to reduce the incoming data rate from 40 MHz to 100 kHz. If an event gets
accepted by L1, the HLT will request the data from all subdetectors to process the event
further. The L1 trigger also defines regions of interest (Rol), which are passed on to the
HLT to be investigated. The HLT can decide within a few ms to accept the event or
reject it. If it is accepted, the data is passed on to the offline reconstruction and goes
into permanent storage [219]. Although the system was designed to store at a rate of 1
kHz [218], it was capable to achieve 1.2 kHz [219].

To define if an event passes the trigger selection or not, several trigger chains are defined,
setting the requirements on the different physics objects. If these requirements are ful-
filled the event will be recorded. As different analyses are looking for different signatures
there are a lot of trigger chains implemented. The events, depending on which triggers
they pass are processed in six different types of streams:

e the physics stream for events used in physics analyses,

e the express stream (a small subset of the physics stream) to have fast offline mon-
itoring to ensure data quality,

e the debug streams for events where the HLT failed to make a decision,

e the calibration streams to check subdetectors more closely (only partial event in-
formation needed),

e the trigger-level-analysis streams to look at very specific objects (only partial event
information needed)

e the monitoring streams to allow for online detector monitoring (no data will be
recorded).

In special cases, additional streams can be added. During Run 2, a data quality efficiency
of around 95% averaged over the four years could be achieved [219].
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3.2.6. Luminosity measurements

To compare the number of measured events N with a predicted cross-section o, the
so-called luminosity £ needs to be known, as following equation holds:

N =oL. (3.5)

While the cross-section can be calculated, the luminosity is a feature of the particle
accelerator and needs to be measured independently. The most precise luminosity mea-
surement for ATLAS for Run 2 gave a total luminosity of 140.1 + 1.2 fb~! [210]. The
absolute luminosity is determined with van-der-Meer-Scans (vdM-Scans) [220,221]. To
account for small changes in the beam conditions, separate forward detectors are used
for relative luminosity measurements, hence following an approach outlined in [222].
The main detector for this is the LUCID-2 detector [203,223], which is supported by
the beam conditions monitor (BCM) and offline measurement of the number of recon-
structed charged particles and calorimeter information [210]. The LUCID-2 detector is
a Cherenkov detector, which uses quartz as the medium and photomultiplier tubes. It
is located £ 17 m away from the interaction point along the beam pipe (z-axis) and
covers 5.561 < |n| < 5.641. In principle, LUCID-2 measures the number of interac-
tions per bunch crossing by measuring inelastic pp collisions. The probability P is given
by [210,222,223]

Nhit

p=__hit
NpmTNBC

=1—e 4 (3.6)
where € is the efficiency of the photomultiplier tubes and u the number of collisions per
bunch crossing. Nyt is the number of all hits found in all photomultiplier tubes, Npyr
is the number of photomultiplier tubes and Npc the number of bunch crossings. As the
luminosity is given as [210,222, 223]

=3 (37)
=1

with f being the revolution frequency, o the total inelastic cross-section and npg the
number of bunch crossings. So it comes down to a relative measurement of y and an
absolute measurement with vdM-Scans.
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CHAPTER 4

From data and MC simulations to the final event selection

4.1. Data

For this analysis, the pp data recorded by ATLAS during Run 2 is used, which results
in a dataset having an integrated luminosity of 140 fb~!, with an overall uncertainty
of 0.83% [210]. Not every single LHC run can be used for physics analysis, as wrongly
working or non-working detector components can degrade the quality of the recorded
data. Those runs, where data taking happened under conditions being sufficiently good
(see Section 3.2.5), were used to build the good run list (GRL). This analysis makes use
of the full GRL from Run 2, spanning over the years from 2015 to 2018.

4.2. Monte Carlo simulations

Several Monte Carlo simulations for the signal and background processes are used (see
the description below and the full list in Appendix A). The event generation was done
with different matrix element generators interfaced with different shower algorithms. The
parton shower is needed to describe which particles already decay in the beam pipe and
which particles enter the detector. The ATLAS detector simulation was done either with
GEANTY4 for a full detector simulation or with ATLFAST-II, where hadronic showers in
the calorimeters are parametrised to save computation time [224]. A pile-up reweighting
was also applied to match the conditions during data-taking in the MC samples. This
accounts for additional interactions during the same bunch crossing. Technically, this
is done by creating so-called minimum-bias (inelastic) events and superimposing them
with the hard scattering event after the parton shower. As some samples contain a
prompt photon from the matrix element (called dedicated samples, e.g. samples for the
tty signal process), a sample overlap removal procedure was applied to the corresponding
inclusive samples (e.g. the t¢ sample), to avoid counting parts of the phase space twice,
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as the parton shower adds finale state radiation. The procedure is explained in Section
4.2.2. Not all reconstructed photons' are prompt photons. Either electrons or positrons
may be misidentified as a photon. These are called e — ~ fakes. Furthermore, single
hadrons, like pions, can be misidentified as photons. These are called h — ~ fakes.
To categorise such events correctly and distinguish them from prompt photons, the
MCTruthClassifier? information was used. It is based on a AR matching between so-
called truth particles and the reconstructed photon. That means the truth particle and
the reconstructed photon are very close to each other in the n-¢ plane. The information
about the truth particles comes from the simulation and describes all particles before
the detector simulation.

4.2.1. MC samples
tt~ production

The nominal simulation of the photon emission during the production stage (using the
narrow width approximation, see Section 2.6.3) is a 2—3 process, simulated at next-
to-leading order in QCD. The generator used was MadGraph5_aMCQNLO 2.7.3 [225]
with the NNPDF3.0NLO [226] set for the PDFs. The choice for both, renormalisation
and factorisation scale, is Hp/2, which gives the sum over all “transverse masses”>
of all particles in the final state. For the modelling of the showering, hadronisation,
fragmentation and the underlying event, Pythia 8.240 [227] was used with the A14 [22§]
tune and the NNPDF2.3LO PDF-set. The top quark decay, which is decoupled from
the photon emission happening in the production, was done at LO preserving spin-
correlations (MadSpin) [229,230]. Bottom- and charm-quark decays were done with
EvtGen 1.6.0. [231]. Kinematic cuts are applied to avoid singularities (infrared and
collinear) in the photon radiation. Therefore, a pr-threshold of 20 GeV was set for
leptons and 1 GeV for quarks, while it is 15 GeV for photons. For the photon, “Frixione
isolation” is used with 6y = 0.1, ey = 0.1 and n = 2 [232]. The sample is normalised
to the NLO cross-section given by the simulation. The sample provides renormalisation
scale, factorisation scale and PDF variations. The variations are needed to account for
the systematic uncertainties of these inputs to the simulation. The simulation is done
with a different scale choice (factor of 2 up and down) or a systematically modified PDF,
which leads to reweighted events.

In addition, one alternative sample was simulated, where Herwig 7.2.1 [233] was used
instead of Pythia 8.240 [227] for the showering. For the uncertainty on the initial state
radiation (ISR) a second alternative sample was produced, that modifies the appearance
of ISR. Both are normalised to the same cross-section as the nominal sample.

'For the photon definition, see Section 4.3.

2This is a tool used in the event reconstruction (see Sections 4.2.2 and 4.4) to retrieve the truth
object, which was reconstructed as a photon. Information on this tool can be found here:
https://twiki.cern.ch/bin/view/AtlasProtected/MCTruthClassifier. The page is not publicly acces-
sible.

3The transverse mass is defined as: mrt = \/m2 + pQT.
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tty decay

To simulate the emission of a photon during the decay of a top quark (again making
use of the narrow width approximation), first, the 2 — 2 process of ¢ pair production
is simulated at LO. Subsequently, the decay of the top quarks is simulated with the
requirement of one additional photon. The same choice of MC generators as for the ¢ty
production sample is used. As it is a LO-sample, an inclusive K-factor? K NLO,decay Was
derived for the lepton+jets and dilepton channel. It was calculated by comparing the
normalisations from this sample and the ¢ty production sample with the LO tty 2—7
inclusive sample (corrected by the K-factor Knro2-,7 from [1] based on the procedure
given in [185]) using

KNLO,2—>7ULO,2—>7 = KNLO,decayJLO,decay + O N LO,production » (41)

where o are the corresponding cross-sections and K the corresponding K-factors. The
inclusive LO tty 2—7 sample was used for Ref. [1]. Details on the simulation are found
therein. The K-factor Kxn7,0,decay Was found to be 1.50592. The sample was normalised
to its LO cross-section multiplied with the K-factor.

The variations to describe uncertainties on ISR, as well as for renormalisation and fac-
torisation scales and PDFs, are included in the nominal sample. An alternative sample
was produced with Herwig 7.2.1 instead of Pythia 8.240 for the uncertainty on the show-
ering algorithm. The sample is normalised the same way as the nominal sample.

tWe

The tW+ process is also divided into two samples. The separation is based on the narrow
width approximation, corresponding to the photon emission either during production or
during decay. This process is in principle sensitive to the tvy coupling too, but taken
as background in this analysis, because the interest was on tty only. The samples were
produced at LO the same way as the ¢ty samples, but using a 5-flavour PDF scheme,
which allows for b-quarks in the initial state. The samples are normalised to the generator
cross-sections. For modelling uncertainties, the samples provide variations on both scales
(renormalisation and factorisation), and alternative samples with Herwig 7.2.1 for the
showering (instead of Pythia 8.240) were generated.

Vo~

NLO QCD Monte Carlo samples for Vv (V = W, Z), with a prompt photon gener-
ated in the matrix element, were produced with Sherpa 2.2.8 [234] using again the
NNPDF3.0NLO PDF-set [226]. One additional jet was simulated at NLO and up to
2 more jets at LO. These samples were normalised to the cross-section given by the
generator. The whole chain of the event generation up to the final hadronisation is done
with Sherpa. The showering in Sherpa is based on Catani-Seymour dipoles [235-237].

4A K-factor describes the ratio between the NLO cross-section and the LO cross-section to normalise
events generated at LO to their NLO cross-section, assuming no shape dependence.
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The matching of the matrix element with the parton shower is done in the MEPS@QNLO
prescription [238]. Virtual NLO QCD corrections are coming from OpenLoops [239,240].

tt

The generation of inclusive ¢t events was done with Powheg-Box-v2 [241-243] at NLO
in QCD. The showering was done with Pythia 8.230. The same PDF sets and b/c-quark
decay algorithms as before were used, as well as the showering tune and the corresponding
PDF sets (see the details on the ¢ty sample generation). The cross-section is normalised
to a calculation done with Top++2.0 at NLO in QCD, adding NNLL resummations [244].
Alternative samples were produced to have a variation on the Aqamp parameter. This
parameter controls the scale of the first additional emission in the parton shower. Its
nominal value is 1.5 times the top quark mass, while the variation uses three times
the top quark mass. Further, there is an additional sample for ISR variations and an
additional sample for showering (use Herwig 7 instead of Pythia 8). Scale variations are
provided with the nominal sample.

v

The samples for ¢t pair production in association with a heavy vector boson (Z or W)
are generated at NLO in QCD, making use of the same MC generators that were used for
the tty samples. The samples are normalised to NLO QCD and EW predictions [245].

Single-top quark

The three different production modes of single-top production (s-channel, t-channel, and
Wt) are all simulated in dedicated samples. The simulation was done at NLO in QCD
with PowhegBox [241-243] using the NNPDF2.3LO PDF set. The rest of the simulations
(hadronisation, b/c-quark decays) were done as they were done for the t¢ sample. The
samples are normalised to the NNLO cross-section using K-factors [246-248].

Scale variations for the Wt production which are provided with the nominal sample.
The showering uncertainty is taken into account by an alternative sample using Herwig 7
instead of Pythia 8.

V +jets

The inclusive samples for heavy vector boson production (V = W, Z) in association with
jets were done with Sherpa 2.2.1 [234] at NLO in QCD. Up to two additional jets are
simulated at NLO and up to three more jets are simulated at LO. Everything else is
done in the same way as for the V-~ samples. The cross-section is taken from an NNLO
prediction in QCD and NLO in EW [249].
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Diboson

Events with two heavy vector bosons, namely WW, ZZ and ZW events, are generated
with Sherpa 2.2.2 [234], in case both bosons decay leptonically and Sherpa 2.2.1 for the
other samples. The standard PDF set NNPDF3.0NLO is used. The whole chain of the
event generation up to the final hadronisation is done within Sherpa. The samples are
normalised to NLO cross-sections in QCD [250].

4.2.2. Sample overlap removal

There are several samples where the simulation is done without the photon already
present at matrix element level. This means that photon radiation is simulated in the
parton shower. These samples are also called inclusive samples. In this analysis, the
inclusive samples are the following ones: tt, Wt, V+jets, single top s-channel and t-
channel, ¢tV and diboson. Because single top s- and t-channel, t¢V and diboson are small
backgrounds (see Section 4.4.3) only inclusive samples were taken. For the signal process
and the major backgrounds, so-called dedicated samples exist. In these samples, the
photon is simulated at the matrix element level, which is more accurate than producing
photons via FSR and ISR in the showering. This leads to the situation that the phase
space of the dedicated and inclusive samples do overlap but as the phase space covered
by the inclusive samples is larger one cannot simply use the dedicated sample only. On
the contrary, one cannot use the inclusive samples only as they are less accurate. To
avoid double-counting of events from the dedicated and inclusive samples, which fall
into the same region of phase space, a so-called overlap removal procedure is applied.
This procedure is provided as a central algorithm and called VGammaORTool®. The
algorithm only acts on the inclusive samples, where the region of phase space overlapping
with the dedicated samples shall be removed. This assures that the more accurate
samples are fully taken into account, while the inclusive samples only cover the region
of phase space not covered by the dedicated samples.

First, the overlap region must be defined, which is given by the phase space cuts of the
dedicated samples, which are:

e Photon pr >15 GeV,
e AR(l,v) > 0.2.
Next, the photons that need to be taken into account, need to fulfill the following criteria:

e The photon must be a true photon and not a misidentified particle that was re-
constructed as a photon.

e The photon needs to be a stable final state particle, hence not a virtual photon.

e pr >3 GeV.

®Details on this tool can be found here: https://twiki.cern.ch/twiki/bin/viewauth/AtlasProtected /VGammaORTool.
The page is not publicly accessible.
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e The photon needs to be a prompt photon from the event generation and not a
photon from the detector simulation.

e The photon shall not originate from hadrons or 7-leptons.

The information about the “true” origin of a reconstructed photon is retrieved with the
MCTruthClassifier tool, using generator-level information.
For the leptons taken into account, the following requirements are imposed:

e The lepton is a real lepton.
e The lepton must come from the hard interaction.

e If the lepton is a 7-lepton, none of its decay products must be a 7-lepton. This
ensures that the 7 is taken in the state before it decays.

e For electrons and muons the parent particle cannot be a 7.

First, the photons are checked to have pp >15 GeV. If a photon fulfils this criterion,
the AR criterion is checked for every lepton taken into account. If both criteria are
fulfilled the photon is considered to be in the overlap region and therefore the event will
be discarded. The fraction of all generated events that do survive the overlap removal
is about 5%.

4.3. Object definitions

If a bunch crossing leads to a hard interaction, most particles, especially particles like
top quarks, b-quarks, W and Z bosons, decay in the beam pipe. Decay and hadroni-
sation products enter the detector, leaving tracks and energy deposits. Not all of these
particles, entering the detector, are stable. Some particles like pions or kaons will decay
in the detector. The digital signals that the different detector components record, need
to be reconstructed. The reconstructed particles are the objects that will be used for
any analysis. They represent the final state particles from the hard scattering event.
Due to the hadronic environment of the pp collisions, one needs to separate which de-
tector signals correspond to the hard event and which signals are pile-up contamination
and the underlying event. To do so, primary vertices are identified from tracks that
can be interpolated to the interaction region. The primary vertex that defines the hard
event is the vertex with at least 2 tracks and the highest ppr-sum formed by all tracks
with pr > 500 MeV.

The principal objects that are reconstructed and connected to the primary vertex are
the following ones: charged leptons (e, u, 7), photons, muons, jets and E}mss. Every-
thing else, like reconstructed top quarks or neutrinos, for example, is derived from these
main objects. For the preparation of data and simulation the AnalysisTop® software was

5Tnformation on this tool can be found here:
https://gitlab.cern.ch/atlas/athena/-/tree/main/PhysicsAnalysis/ TopPhys/xAOD.
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used, which takes the reconstructed objects, calibration information, and scale factors
to produce so-called ntuples. To allow for the combination with the t¢Z analysis [251],
the same object definitions, with the same uncertainty schemes were used. The details
of object reconstruction are described in the following. As 7-leptons do not play a role
in this analysis, their reconstruction is not further explained.

4.3.1. Photons

The analysis aims explicitly at analysing the coupling between the top quark and the
photon. Consequently, the photon is one of the main objects to be studied. The most
important piece of information is the energy deposits in the ECAL. If these cannot
be connected to any track that photon is labelled as an unconverted photon. In case
of a photon undergoing conversion into an ete™ pair, one needs two showers in the
calorimeter which can be connected to individual tracks in the ID and both tracks must
have an intersection point where the pair creation happened. To have a high background
rejection” in the photon reconstruction and identification, isolation and identification
criteria are applied. Identification criteria are based on variables describing the measured
shower, so-called shower shape variables. Two sets of criteria are available, a so-called
tight set and a loose set, where the tight set gives a better background rejection. This
analysis uses tight identification. The full list of criteria for tight and loose identification
and more details on the photon reconstruction can be found in [252]. For the isolation
the following is required: E§§°|AR<0,4 < 0.022- Ep(y) + 2.45 GeV and p§§°|AR<0,2 <
0.05- Ep(vy) [252]. The first criterion defines how much transverse energy E%*°, which
does not belong to the photon, is allowed to be in a predefined AR cone around the
photon. The second criterion is a similar requirement for the transverse momentum p%ﬁo.
The energy and transverse momentum are reconstructed and calibrated as described
in [253]. Corresponding scale factors are derived. These scale factors do account for
inefficiencies in the photon reconstruction and are derived by data-driven methods [253].
In general scale factors are applied to account for missmodelling in the simulations. A
photon candidate is only accepted as a photon in case it has pr >15 GeV, |n| < 2.37.

4.3.2. Electrons

The reconstruction of electrons (et and e™) is done as a combination of tracking informa-
tion and calorimeter information. Only if a shower can be matched to a track, a possible
electron candidate is found. While the bending radius of the considered electron track is
used to measure pr, the corresponding energy deposits from the calorimeter that can be
matched to the electron track give the E. The track and the location of the shower give
the information on 7 and ¢. From different shower shape variables, a likelihood is cre-
ated in bins of Fr and 7. The value of the likelihood defines if the electron candidate is
accepted or rejected, depending on the threshold that is imposed. For the identification,
the medium threshold is used, while a tight and a loose option is also available. More

"More details on fake photos are given in the following sections of this chapter.
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details on this procedure can be found in [254]. The isolation requirement is chosen to
be loose, using the PLV (prompt lepton veto) method. This is a boosted decision tree
(BDT) to discriminate between prompt leptons and non-prompt leptons (from weak de-
cays in a jet for example) [255]. For the calibrated electrons corresponding scale factors
are derived [253]. Hard cuts are applied to the electron candidates on the transverse
momentum, the impact parameter dg and the z-axis difference between the track and
primary vertex. The cuts are pr > 7 GeV, |dy|/04, < 5 and |Azsin()| < 0.5 mm. For
the pseudorapidity |n| < 2.47 is required.

4.3.3. Muons

Muons are reconstructed from track information from the ID and the muon spectrometer,
which are required to match each other (combined muons). The background is coming
mainly from muons coming from charged hadron decays (soft muons). Track fits and
momentum measurements in general only fit poorly together for the ID and the MS. This
leads to a good differentiation between prompt muons and sof muons. Corrections due
to the energy loss in the calorimeters are applied. The criteria required by the analysis
for muons are medium identification [256] and loose PLV isolation [255]. Corresponding
scale factors are taken into account [256]. The cuts are pr > 7 GeV, |dy|/04, < 3 and
|Azsin(f)| < 0.5 mm. For the pseudorapidity |n| < 2.5 is required.

4.3.4. Jets

Jets are sprays of hadrons and leptons formed in the process of hadronisation, as bare
quarks do not exist® due to confinement. These collimated sprays of particles are merged
into jets as the object which is being used. The algorithm to merge the single particles
into a jet is the anti-k;-algorithm with a radius of R=0.4 [257]. The information used
by the algorithm are so-called particle-flow objects, which already take the information
from the ID and the calorimeters into account. These objects represent the particles,
that form the jet [258]. A calibration procedure to the reconstructed jets is applied [259].
This is necessary as the measurement of the jet’s 4-vector is skewed by many detector
effects which this calibration procedure takes into account, to give better measurements.
The jet candidates need to fulfill pp > 25 GeV and || < 2.5. To reject jets from
pile-up events only jets associated with the primary vertex of the hard event are taken
into account. Therefore, a procedure called jet-vertex-tagging is used and corresponding
scale factors are taken into account [260]. The algorithm constructs a likelihood that
discriminates between jets from the primary vertex of the hard events and other primary
vertices (pile-up). For this analysis, the likelihood value is required to be above 0.59 for
jet pr < 60 GeV and |n| < 2.4. For other jets fulfilling the general jet definition used in
this analysis, pile-up rates are in general low enough.

As top quarks preferentially decay into b-quarks and W bosons, an identification of jets
coming from b-quarks is very useful to suppress background, especially from events with

8Here top quarks are not taken into account as they decay too fast and do not form jets.
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W and Z bosons, as their decays into b-quarks are relatively rare. Because the decay
of B-hadrons is CKM suppressed, they can travel several mm in the beam-pipe before
they decay. This creates secondary vertices and hence the information about them is
quite useful for b-tagging. As track information from the ID is required for it, this limits
b-tagging to jets within |n| < 2.5 and therefore forward jets are not taken into account.
To tag b-jets a multiclass neural network was trained called DL1r and different working
points were calibrated and defined [261,262]. Besides the working points with a fixed
efficiency, also the full distribution with 5 bins is calibrated, where each bin contains
those events that passed the previous working point but not the next tightest working
point. This is called pseudo-continuous b-tagging (PCBT).

4.3.5. Eiss

Collisions in the LHC happen as head-to-head collisions. This means the colliding par-
tons (quarks and gluons within the proton) have negligible momentum in the transverse
plane. From energy-momentum conservation, it follows that the measured transverse
energy /momentum should also be close to 0. If the event contains particles that the
detector does not detect (e.g. neutrinos or hypothetical BSM particles) these can be
identified by measuring an amount of missing transverse energy E}m’ss. This quantity is
computed by taking the negative vectorial sum of all reconstructed physics objects and
from the track and calorimeter signals that were not taken into account for any of the
reconstructed objects (soft term) [263]

Bt =— 3" ph— Y ph— > b= > b= pe— Y pE

electrons photons T—leptons muons jets unused tracks

(4.2)

The algorithm is described in [263,264]. It is guaranteed that no detector signal is
counted twice. This is implemented by a procedure that takes the different objects
in a predefined way into account, which is reflected in the formula given above. As a
consequence, the object definitions have a crucial role, especially the jet definition, as
reconstructed jets undergo a dedicated calibration procedure (see above). This has a
direct impact on the result of the EJ** calculation and the corresponding uncertainties.
The resolution of the E’Tniss calculation is determined with MC simulations comparing
the reconstructed EZ7** and the true E*$ [263,264).

4.3.6. Object overlap removal

In principle, there is the possibility that either the same track information or the same
calorimeter information is used for the reconstruction of two different objects. To avoid
this double-counting a so-called overlap removal procedure is applied. The procedure
follows several steps:

e In case an electron and a muon are assigned to the same track, the electron is
removed and the muon is kept.
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e In case electrons and jets are close to each other the following two-step procedure
is applied. First, it is checked if the jet is closer to the electron than AR = 0.2.
If that is the case, the jet is removed. If this is not the case, it is checked if the
electron is around the jet within a distance of AR = 0.4. If that is the case, the
electron is removed.

e A similar strategy is used for jets and muons. If the jet has only one or two tracks
and is within a distance of AR < 0.2 to the muon, the jet is removed. Otherwise,
the same requirement as for electrons applies.

e Next, if the photon is closer than AR = 0.4 to the lepton, it is removed.

e The last step is to check if there is a jet within AR = 0.4 to a photon. Such a jet
will be removed.

In case in one of the steps an object is removed, it is not taken into account in the
following steps.

4.4. Event reconstruction and selection

For each event in the data and the MC samples, the object reconstruction is done as
described above but not all events are used for further analysis. To store an event a
so-called pre-selection is done. First of all, only events for which a single-lepton trigger
(electron or muon) fired are considered. This is independent of the decay channel, being
either the lepton+jets channel or the dilepton channel.

For the lepton+jets channel the following additional requirements were made:

e At least four jets are required.

e Leptons need to have at least 25 GeV of pr and exactly one of them is required.
Events containing further leptons below that energy threshold are removed.

e Photons need to have at least 20 GeV of pr and only events with exactly one such
photon are accepted. Similarly to the leptons events containing additional photons
below the energy threshold are removed.

In the case of the dilepton channel, the requirements are slightly different:

e At least two jets are required.

e The triggered lepton needs to have pr > 25 GeV, while the second lepton is
required to have pr > 20 GeV. Exactly two leptons are required in any combination
(ee, up and ep) with opposite charge.

e The requirements of the photons are the same as in the lepton-+jets channel.

These rather loose requirements for the pre-selection were chosen to have the possibility
to study backgrounds (see Chapter 5.2). The final signal selection will be given in Section
4.4.3.
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4.4. Event reconstruction and selection

4.4.1. Photon categorisation

In Section 4.3.1 it was already mentioned that reconstructed photons can be other par-
ticles that were misidentified by the reconstruction algorithm. There are two sources
of such mis-reconstructed photons. One source are electrons and the other source are
hadrons, like pions or even jets. Misidentified electrons are called e — ~ fakes, while
hadrons/jets are called h —  fakes. To identify such events in the MC samples to get
a prediction for them, MC truth information is used?. It is checked if the reconstructed
photon can be associated with a true photon at particle level. If this is the case, the
photon is labelled as a prompt photon. In case the reconstructed photon cannot be
matched to a true photon but to a true electron it is labeled as an e — ~ fake. A
photon is labelled as a h — ~ fake if the reconstructed photon can be connected to
a truth jet. These labels are given to the MC events without taking into account the
process in which the fake photon appeared. While processes with prompt photons are
described sufficiently well by the MC simulations, the number of events with photon-
fakes is in general underestimated. Therefore further background studies were done and
corresponding data-driven scale factors to correct for the underestimation were derived
(see Chapter 5.2).

4.4.2. Event categorisation

In the following, it will be described how the MC events are categorised in general
depending on the process and the photon label (prompt, e — ~ fake or h — v fake):

e ttvy from production: event with a prompt photon found in the ¢ty from production
MC samples. Sometimes abbreviated as tty (prod.) or ¢ty production.

e {ty from decay: event with a prompt photon found in the ¢ty from decay MC
samples. Sometimes abbreviated as ¢ty (dec.) or tiy decay.
e Other v: event with a prompt photon found in the following background processes:
— Wity
— Wt (event was not rejected in sample overlap removal)

— tt (these are most likely photons from the showering and hence there is no
sensitivity to the top-photon coupling)

— Single top (s- or t-channel)
-tV

— Diboson

— Vy

— V+jets (event was not rejected in sample overlap removal)

9The same procedure was already used in [1,2].
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4. From data and MC simulations to the final event selection

Table 4.1.: Final selection requirements for the e+jets and p+jets channel.

e+jets \ p+jets
1 photon with pr > 20 GeV, |n| < 2.37 and || ¢ [1.37,1.52]
1 e with pp > 25 GeV 1 p with pp > 25 GeV
In| < 2.47 and |n| ¢ [1.37,1.52] Inl < 2.5

> 4 jets with pp > 25 GeV and |n| < 2.5
1 b-tagged jet at the 70% working point
im(e,y) —myz| > 5 GeV ¥ ‘ -
AR(eor p,y) > 0.4

e ¢ — v fakes from all processes mentioned above, sometimes abbreviated as e-fakes
or e-fake ~.

o h — ~ fakes from all processes mentioned above, sometimes abbreviated as h-fakes
or h-fake ~.

e Lepton fakes (only relevant in lepton+jets channel; see Section 5.2.4), sometimes
abbreviated as Lep. fakes.

4.4.3. Final event selection

Both channels, the lepton+jets channel and the dilepton channel, have advantages and
disadvantages and so there are reasons to look at both. The lepton+jets channel provides
much more statistics but also a larger background, while the dilepton channel in principle
does the contrary. It has lower statistics but is much purer. In the end, both channels will
be measured in a combined way to profit from both. In contrast, the all-hadronic channel
was not considered as its multijet QCD background is too large to get a comparable
precision with the other two channels.

Lepton+jets channel

The final event selection in the lepton+jets channel is given in Table 4.1. While the 7-
cuts on the different objects are given by the detector geometry, the lepton pp-cuts are
imposed by the triggers. The number of jets is given by their expected number at LO (see
Section 2.5.1). The b-tagging working point [261,262], which describes the efficiency to
tag a real b-jet, was studied and it was found that in comparison to Ref. [1], the statistics
allow to select a tighter working point, namely at 70% instead of 77%. This allows for a
better background rejection of mis-tagged light jets in processes without expected b-jets.
The AR between photon and lepton imposed in [1] was loosened as the separation of ¢ty
from production and decay is done with a neural network. The Z-mass window in the
e—+jets channel suppresses e — v fakes from Z+jets events. The yields of the different
categories are given in Table 4.2 and a breakdown of the photon fake yields from the
corresponding processes is given in Table 4.3.
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4.4. Event reconstruction and selection

Table 4.2.: Event yields and their uncer- Table 4.3.: Photon fake yields per pro-

tainties (statistical + system- cess in the lepton+jets chan-
atic (see Section 5.4)) for the nel. Dedicated and inclu-
different event categories in the sive processes are listed sepa-
lepton+jets channel. rately. The individual uncer-
Process Yields tainties were not derived but
tty from production | 12450 + 740 only the total, as presented in
tty from decay 13400 + 3100 Table 4.2.

Other ~v 6300 £ 1700 Process e—=y | h—7y

e — v fakes 6920 + 980 tty from production 45.7 11.0
h — ~ fakes 3600 £ 1200 tty from decay 34.8 15.1
Lepton fakes 640 £+ 100 tt 6026.5 | 3280.4

Total 43900 % 4600 Wiy 3.7 1.3
Data 47767 Wt 189.7 | 108.3

W 0 2.8

W+jets 0.5 67.8

Zy 24.6 0.5

Z+jets 487.6 24.9

ttV 79.6 16.5

single top (s-,t-channel) 1.6 29.5

Vv 27.5 5.0

Dilepton channel

The final event selection in the dilepton channel is given in Table 4.4. The selection
is based on the selections made in [1,2]. The reasons for the n and pp cuts are the
same as in the lepton+jets channel. For the second lepton, the pr cut was loosened a
bit, to take more statistics into account. Both leptons need to have opposite charges
as they are expected to come from a W*- and a W—-boson. The minimum number of
required jets matches again the number of expected jets at LO. For the b-tagging working
point, it was decided to use the one with 85% efficiency, which gave the best trade-off
between signal efficiency and background rejection. The Z-mass window cuts on the
invariant masses help to reduce again Z+jets events. The cut on E’Tniss accounts for the
two neutrinos that are expected and the lower boundary on the dilepton invariant mass
helps to suppress background from low mass resonances. The yields for each category
are given in Table 4.5 and a breakdown of the photon fake yields from various processes
is given in Table 4.6.

0, =91.19 GeV.
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4. From data and MC simulations to the final event selection

Table 4.4.: The final selection requirements for the ee, pup and ey channels.

ee

ef

1 photon with pr > 20 GeV, |n| < 2.37 and || ¢ [1.37,1.52]

1 e with pp > 25 GeV
1 e with pr > 20 GeV
In| < 2.47 and |n| ¢ [1.37,1.52]

1 p with pr > 25 GeV 1 por 1 e with pr > 25 GeV
1 p with pr > 20 GeV 1eorl p with pr > 20 GeV
Inl < 2.5 In| < 2.47 and |n| ¢ [1.37,1.52] for e
In| < 2.5 for p

Both leptons with opposite electric charges.

> 2 jets with pp > 25 GeV and |n| < 2.5

1 b-tagged jet at the 85% working point

AR(eor pu,vy) > 0.4

Im(l,1) —mz| > 5 GeV

|m(l,l,y) —mgz| >5 GeV

E7 > 30 GeV

m(l,1) > 15 GeV

Table 4.5.: Event yields and their uncer- Table 4.6.: Photon fake yields per process

tainties (statistical + system-
atic) for the different event cat-
egories in the dilepton channel.

in the dilepton channel. Ded-
icated and inclusive processes
are listed separately. The in-
dividual uncertainties were not
derived but only the total, as
presented in Table 4.5.

Process Yields
tty from production | 2390 # 110
tty from decay 3110 + 640
Other 1120 + 220
e — ~y fakes 579+ 7.1

h — v fakes 219 £ 82

Total 6900 + 720

Data 7379

o8

Process e—=vy | h—v

tty from production 5.1 0.8

tty from decay 2.5 0.8
tt 144 193.0

Wiy 0.5 0.2

Wt 1.4 6.6

Wey 0 0

W +jets 0 0.1

Z 0 3.3

Z+iets 0.9 | 101

ttV 17.3 2.8

single top (s-,t-channel) 0 0.1

Vv 15.1 1.1




4.5. Fiducial phase space at particle level

4.5. Fiducial phase space at particle level

Differential cross-sections, as described in Section 6.4.1, are measured at particle level.
It is the stage of the event after hadronisation and before the particles enter the de-
tector. For doing such a measurement, a procedure called unfolding (correcting for the
detector effects; for the details see Section 6.4.1) is applied. For that, one needs to define
the fiducial phase space within which the unfolding happens. It should be as close as
possible to the phase space at the reconstruction level to minimise the dependence of
the extrapolation on the simulation. Hence, the object definitions at the particle and
reconstruction level are also as similar as possible. Here are the definitions of the objects
at the particle level:

e For the photon a pr threshold of 20 GeV is applied as well as an n-requirement
of |n| < 2.37. To have a prompt and isolated photon, the photon must not come
from a hadron decay and pr from other particles around the photon within a cone
of AR = 0.2 must be smaller than 5% of the photon’s pr.

e For electrons and muons, the pr and 7 requirements are pr >25 GeV and |n| < 2.5.
Additionally, there is a lower pr requirement, that lepton candidates need to have
at least 7 GeV. The leptons take photons that are within a cone of AR = 0.1 and
do not come from hadrons into account. The leptons themselves are also required
not to come from hadron decays.

e Jets are required to have pr >25 GeV and |n| < 2.5. They are built with the
anti-kg-algorithm with R = 0.4 and non-interacting particles and muons are not
considered for the clustering.

e D-jets are defined as follows: a jet contains a B-hadron with ppr > 5 GeV. If a jet
contains such a B-hadron is checked via ghost matching [265].

e Overlap removal is done between muons and jets, electrons and jets, and photons
and jets. In each case, the radius taken into account is R = 0.4 and if the two
objects are closer than this radius the jet is always removed.

Following the object definitions at the particle level, the fiducial phase space needs to be
defined. In the lepton+jets channel one requires exactly one photon, exactly one lepton,
at least four jets and out of those at least one jet is a b-jet. In the dilepton channel,
the requirements are exactly one photon, two leptons with opposite charges, at least two
jets and again at least one of them must be a b-jet.

99






CHAPTER D

Analysis Strategy

5.1. General outline

In the previous chapters the theory, the experimental setup and the technical setup were
described. This sets the scene for the actual analysis. Therefore, this chapter will now
serve as an overview of the different steps towards the final results. The author’s con-
tributions to these results were listed at the beginning of the thesis.

To be able to measure the signal process (tty from production) it is necessary to have
an accurate description of the background. This is achieved with different methods, of
which some are partially or completely data-driven (see Section 5.2).

As soon as a good background description is available, one can work on the separation
of signal (tfy from production) from the background. This analysis uses neural net-
works for this purpose. In the case of the lepton+jets channel, a multiclass classification
was implemented, while for the dilepton channel, a binary classification was sufficient
enough. The difference in the approach is related to the signal-to-background ratio (see
Section 5.3). The neural network output is then used to define the regions (signal regions
(SR) and control regions (CR)) for the profile likelihood fit to extract the inclusive cross-
sections (see Section 5.3 and Sections 6.1 to 6.3). The model of systematic uncertainties
is described in Section 5.4. The inclusive cross-section is measured for ¢ty from produc-
tion alone and for ¢ty from production and decay together!. These two measurements
are done in the lepton—+jets channel, the dilepton channel and a combined measurement
in both channels. The profile likelihood fit allows the extraction of the so-called signal
strength pt = omeasured/osm. With the prediction of the cross-section ogyy in the fiducial
phase space, the measured cross-section opeasured 1S €xtracted.

Besides the inclusive cross-sections, which are the main results of this thesis, the whole

!This allows to have a comparison to previous measurements, which did not separate t#y from produc-
tion and decay.
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5. Analysis Strategy

analysis, as presented in Reference [3] and shown here for completeness, also aims at
measurements of differential cross-sections (see Section 6.4.1). While the inclusive cross-
section is mostly sensitive to the charge, the differential cross-sections have sensitivity
to the structure of the coupling. Both, the inclusive and differential cross-section mea-
surements and their uncertainties only reveal how standard-model-like the measured
process is. An additional EFT-fit is done to quantify how large the deviations might be
(see Section 6.4.2). As a last step, the analysis presents results of a combined ¢ty from
production and ttZ EFT-fit and a ratio measurement of the two processes. The reason
for this is the complementary information regarding the electroweak couplings that are
provided by the two analyses (see Section 6.4.3).

5.2. Background modelling

Several background processes were studied to ensure their reliable modelling. These
backgrounds are the V'~ processes, the photon fakes (e — v and h — =), and the lepton
fakes. The following sections will describe the treatment of these backgrounds?. For all
backgrounds but the lepton fakes, the same treatment was also used for the ttvy charge
asymmetry analysis [146].

5.2.1. Prompt photon background

One of the main backgrounds are events with prompt photons. Processes such as diboson,
ttV or single-top (s- and t-channel) only contribute a small number of expected events,
due to their distinct signatures. Wtvy, W~ and Zv events are the main sources of the
prompt photon background in the lepton+jets and dilepton channels. While for Wity
modelling uncertainties are taken into account, the modelling of W~ and Z~ was checked
in dedicated control regions described below. Scale factors for the fake backgrounds
were applied accordingly in both control regions. Besides Wtv, the tt process was not
investigated with a dedicated control region, although a contribution to the signal region
is expected. The reason is again that dedicated modelling uncertainties are taken into
account (see Section 5.4), while the other sources of prompt photon events get only
overall normalisation uncertainties assigned.

W~ control region

For the W+ control region (W~ CR), which needs to be statistically independent from
the tty signal region®, there are two competing factors. On the one hand, it is desirable
to have a control region that is pure, but on the other hand, the kinematic properties of
the studied background in that region should be similar to those in the signal region. The

2The studies on the Vv background were done by the author of this thesis, while the other backgrounds
were studied by other members of the analysis team. Their results are reported here for completeness.
In general, Chapter 5.2 is based on the ATLAS internal note of this analysis.

3In general, control regions need to be statistically independent to signal regions.
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5.2. Background modelling

reason is that one needs to understand the behaviour of the respective background in
the signal region without using it. In addition, the statistics should be sufficient. Purity
for the W~-process is achieved by requiring fewer jets, as this removes events with high
jet multiplicities like tty, where already at LO four jets are expected. Therefore, the
jet multiplicity requirement was set to three jets or fewer. To keep the kinematics of
the events at least similar to those in the ¢ty signal region some requirements on the
flavour-tagging of the jets are necessary. To have enough statistics in the control region
and a sizable number of b-jets the b-tagging working point was set to 85% efficiency. To
be statistically independent of the signal region, the jets must not pass the working point
with an efficiency of 70%. For the e+jets channel the Z-mass window was increased to
[70,100] GeV. All other cuts are the same as for the ¢ty signal region. The control regions
were divided into e+jets and p+jets regions to see possible mismodelling.

In general, a clear normalisation offset of about 25% is observed for all variables that
were investigated. As examples, Figures 5.1 to 5.4 are shown, which show the photon

pr and 7 distributions?, as well as the transverse W-mass mp = {/m?2 + p% and the

E;I”SS distributions. Even for variables where lepton-fake events do accumulate in a
certain interval, like E?”SS for example, this behaviour was observed (see Figure 5.4).
Further plots are shown in Appendix C. First, this shows that the lepton-fake estimation
(see Section 5.2.4) seems to be quite robust and second, this is a strong sign that the
interpretation of the data-MC disagreement to be a normalisation issue is correct. A
direct fit of the W~ CR was tested and did not show an improvement of sensitivity
compared to assigning a large Gaussian prior of 50% to the normalisation uncertainty
of the W+~ contribution. Hence, it was decided to assign the large prior, to keep the fit
simple (see Chapter 5.4 and Section 6.2).

Z~ control region

For the Z~ control region (Zy CR), similar considerations were made, about purity,
statistics and kinematic similarity between signal and control region. Because of the
second lepton, it is much easier to construct a pure Zv CR by requiring not more than
3 jets and zero b-tags. Furthermore, no cuts on the Z-mass and on E;l”ss (no neutrinos
are expected) were applied. All other cuts are identical to the ¢ty signal region. A good
data-MC agreement is observed throughout all investigated variables. A few of them are
presented in Figures 5.5 to 5.8, showing the photon pr and 7 distributions as well as a
distribution of AR between the photon and the leading lepton and the invariant mass
distribution of the photon and the nearest lepton. More plots are available in Appendix
C. Consequently, no corrections are applied to this background in the ¢t~ signal region.

4These distributions are so called pre-fit distributions (as any other distribution labeled as pre-fit) as
they show uncertainties before any potential fit was done, which could affect them.
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Figure 5.1.: Distributions for the W~ CR, showing the pr distributions of the photon
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for the p+jets (a) and e+jets (b) subchannels. The uncertainty band shows
statistical uncertainties only. In addition to the different event categories
defined before, here the W+~ and Z~ process are shown individually and a
further subdivison depending on the presence of heavy quarks is made. This
holds for all further plots on the W~ CR in this section.



® Fr T T T T T T T TR
g 50001~ #Data  WWyslight
w Ffs=13TeV, 1401 "' [JWy+c  [JWy+b 4
[ Wy control region [ty (prod) [ltty (dec) i
4000~ W — uv Wh-fake vy [CJe-fake vy = —
[ Pre-Fit [Other v MllLep.fakes
r Wity W Zy+light ]
3000 — Zy+c MZy+b |
L ® o oo noerting ]
2000(~ [ -]
1000/~ 4
A ]
et
. 0
8 125
IS 1.
R E
8 o7sf 3
0'— 5 2 -15 -1 -05 0 05 1 15 2 25
n(y)
(a)
Figure
statistical uncertainties only.
® L o L A e
§ 8000 & Data Ewy+light
o Ffs=13TeV,140fb ' [JWy+c [JWy+b 3
7000 |- Wy controi region [ty (prod) [tly (dec)
FW-—uy Wh-fake v [Je-fake y .
6000 [ Pre-Fit [[Other v [MllLep.fakes J
£ Cwity W Zy+light |
5000 N Wzy+c  [@Zy+b -
E ° hd 72 Uncertainty ]
4000 — . -
. =
! ul
= E|
51 L P S PPy ) 3K 9, 3
e '0“'-‘¢++,"i E
s R 2 :
g 0r5f
055 . . . . .
1] 50 100 150 200 250 300
M (W) [GeV]
(a)
Figure

Events

Data / Pred.

5.2. Background modelling

4500 ¢ Data Wwy-+light
{s=13TeV, 14010 ' [JWy+c [JWy+b
4000 Wy control region [ty (prod) [ty (dec)
3500 W= ev [h-fake y [Je-fake y
Pre-Fit [HOther y  [lLep. fakes
3000 [CIwity W Zy+light
Zy+c M Zy+b
2500

o o Bheerminty o
[ ]

2000

1500

1000

® bbb b b b b b

500

0

1.25 o'o'.o."'o.

0.75

mm..‘; R

05 5 -2 -15 -1 -05 0 05 1 15

N
I
tn

n(y)

(b)

5.2.: Distributionsfor the W~ CR, showing the 7 distributions of the photon for

the p+jets (a) and e+jets (b) subchannels. The uncertainty band shows

Events

Data / Pred.

A B T S L A
¢ Data W Wy-+light
fs=13TeV, 14010 ' [JWy+c [OWy+b

7000

6000 — Wy control region [ty (prod) [ty (dec)
W— ev [Wh-fake y [Je-fake y
5000 |- Pre-Fit [Other y  [lLep. fakes
Cwity W Zy +light
WZy+c B Zy+b
4000 ..... 7 Uncertainty

3000

TT T (@ T T T [T T T T[T T T T [TTTT]

2000

1000

1.25

.3/“/1;&, * w}w 4

-

el
0.75F .1’//
055 : : : : :

0 50 100 150 200 250 300

M (W) [GeV]

(b)

5.3.: Distributions for the W+~ CR, showing the Mp distributions of the leptonic

W-boson for the pu+jets (a) and e+jets (b) subchannels. The uncertainty
band shows statistical uncertainties only.

65



5. Analysis Strategy

“ L L B e e IS e s e e » L B e o B L 2 e e o

g L ¢ Data Wwy+light g 3 ¢ Data Ewy+light

o - Bl — 5 12000 — Bl -

W 12000~ ys =13 TeV, 14010 ' [ JWy+c  [JWy+b ] w [ fs=13TeV, 14010 ' [JWy+c  [IWy+b ]

I Wy controi region [ty (prod) [ltty (dec) B [ Wy control region  [lltty (prod) [tly (dec) ]

10000 - W = 1v [Wh-fake y [Te-fake y ] 10000 — W — ev Wh-fake ¥ [De-fake ¥ |

[ Pre-Fit [[Other y [MLep.fakes [ Pre-Fit [[Other v [MLep. fakes |

L Cwty W Zy+light i - CJwty W Zy+light B

8000~ Wzy+c  WZy+b . et Wzy+c  WZy+b ]

F e 7 Uncertainty B C b ZZ Uncertainty 1

6000 — — 6000 ]

4000 . 4000 .

2000 ) 3 2000 ]

. i i

0 & | _| _ aa | | al

§ e oAReITLL: ; E e BT
S 125F %% q000%e ¢ AL/ B E 2 125F ®e 0ee ¢ )

e £ NAATSRRANS 214 < L L8t 0. ‘*y”i Thida 4

© E o ez / = E ) i R s E

8 o075F 2k & o75F 3

E 6 E E

0.5E . . . . . 055 . . . . . E

50 100 150 200 250 300 0 50 100 150 200 250 300

MET [GeV] MET [GeV]

(a) (b)
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before, here the Z~ process is shown individually and a further subdivi-
son depending on the presence of heavy quarks is made. This holds for all
further plots on the Zv CR in this section.
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Figure 5.6.: Distributions for the Zv CR, showing the 7 distributions of the photon for
the pp (a) and ee (b) subchannels. The uncertainty band shows statistical
uncertainties only.
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Figure 5.7.: Distributions for the Z+ CR, showing the AR distributions between the
photon and the first lepton for the uu (a) and ee (b) subchannels. The
uncertainty band shows statistical uncertainties only.
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Figure 5.8.: Distributions for the Z+ CR, showing the invariant mass distributions for
the photon and the nearest lepton in the uu (a) and ee (b) subchannels.
The uncertainty band shows statistical uncertainties only.

5.2.2. e — ~ fake background

Electrons that are mis-reconstructed as photons (called e — « fakes) are an especially
relevant background in the [4jets channel, while their contribution to the dilepton signal
region is rather negligible. A large contribution of such events comes from Z — ee events.
Therefore a Z-mass window selection cut is applied in the e+jets channel (see Table 4.1),
which suppresses this background contribution strongly, but still, a large fraction of these
events appears in the ¢ signal region (coming from dilepton ete™ tt events; see Table
4.3). In general fake contributions are badly modeled in MC simulations. Therefore
a method that takes data into account is needed. For the e — ~ fakes the so-called
tag-and-probe method is used. The following sections describe in detail the definition
of the control regions, the sources of e — v fakes and the final extraction of the scale
factors and their uncertainties, which are then applied to e — ~ fake events in the ¢ty
signal region to correct for the rather poor modelling obtained by MC simulations. The
same scale factors were also used in [146] and the same procedure was already applied
in [1].

Control regions

To measure the fake rate of e — ~ fakes, it is necessary to define a control region that
is dominated by the e — y fakes. This region was found by the usage of a back-to-back
pair of a photon and an electron in Z — ee events. The concrete definition of this ey
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Table 5.1.: Definitions of the two control regions for the tag-and-probe method to extract
scale factors for e — « fake events.

Object/Requirement e~y control region ee control region
Tag e > 25 GeV > 25 GeV
In| < 2.47 In| < 2.47
Probe e or v > 20 GeV > 20 GeV
In| < 2.37 In| < 2.37
Identification Tight Tight
Isolation Tight Tight
Trigger e must have a trigger match | e (tag) is the one with the trigger match
(if both e have a trigger match
tag and probe are chosen randomly)
A¢ (tag,probe) 150° 150°
m (tag,probe) [mz — 50 GeV,mz + 50 GeV] [mz — 50 GeV,mz + 50 GeV]

control region is given in Table 5.1. A second control region (called ee control region; see
also Table 5.1) is used where the photon is replaced by a second electron (with opposite
charge), called the probe-electron. Comparing both control regions will give the scale
factors (see calculation below).

Extraction of scale factors

The scale factors are extracted in slices of 5 and pr and differentiate between unconverted
and converted photons. In MC simulations, the fake rate is based on the following
calculation using the number of e — « fakes in Z — ee events, where a tag electron was
found and a probe photon detected. For the ey control region, the following equation
holds:

T ) e e 7 4
Ne,w - Ntrue X €reco X €other X pe—w X GW(F)? (5'1)

where Néﬁ is the number of observed events in bin i, N{.. is the number of generated

¢ and €

reco Ciher are the reconstruction
efficiency and other selection efficiencies of the tag electron respectively, p,_,, is the
probability of misidentifying an electron as a photon in bin ¢ and efy( F) is the selection

efficiency of the fake photon. In the ee control region, a similar equation holds:

Z — ee events with the probe electron in bin 7, €

T 7 €tag €tag eprobevi eprobevi
Nee - Ntrue X €reco X €other X €reco X €other (52)

where N/, is the number of observed events in bin i, N}

ue 15 the number of generated
Z — ee events with the probe electron in bin 7, €., and €, .. are the reconstruction

. . . . . Eprobe st
efficiency and other selection efficiencies of the tag electron respectively and edco
eprobeﬂ;

and €other

are the reconstruction efficiency and other selection efficiencies of the probe

70



5.2. Background modelling

electron respectively. The fake rate F R§\40 in MC-simulations in bin ¢ is then simply
given as
i

7 Neﬁ
FRye = 55 (5.3)

In data the fake rate I Rfiam in bin 7 is defined as

i,data i,non—2 4
Ne,’Y - Ney'y - Nreal Yy (5 4)
i,data i,non—2 ? :
Nee — Nez

F Rzlata =

i, dat . . i -7
where N¢5™* are the number of events in the ey control region, Ney”"™“ are background

Ni,data

events, N’ are the events with real photons (MC-estimate), Ne.  are the number

real y
of events in the ee control region and N2 are the background events in the ee
control region. As the background is almost negligible it cannot be estimated from MC.
To account for it the ee or the ey invariant mass spectra in the range from 60 to 120
GeV are fitted. The signal is fitted as a doubled-sided crystal ball function® CB, which
has a Gaussian core and a power law for the tails [266,267]:

CB(z) = A e 22 ) x € [T —a,T+ al (5.5)
B(C—-2%)™" =z ¢[z—a,T+al

(e

where z is the variable to describe, Z the mean of the Gaussian, ¢ its width and a =
zT_i’ defines the point where the Gaussian turns into the power law. A, B and C are
parameters dependent on Z, o, a and n. So the function has 4 parameters to fit. The
background is modelled using a Bernstein-polynomial® B(z) of order 4 [268]

B(z) = f: b (fj) 2i(1— ), (5.6)

i=0
where x is again the variable to describe and b; are the coefficients to fit. The subtraction

of Nﬁeal . 1s done before the fit is done. The final scale factor SF” in bin 4, to scale

simulated e — ~ events correctly to data in the signal region of the tty analysis, is given
by
. FR!
SF' = —__data (5.7)
FRMC’
The binning used in n and pr is the same for converted and unconverted photons:

e for [0, 0.6, 1.37) and [1.52, 1.8, 2.37],
e and for pr [25, 35, 45, 1000] (in GeV).

°In principle the Z mass spectrum is a Breit-Wigner function (as any resonant mass spectrum), but
at the reconstruction level detector effects come into play. The crystal ball function has proven to
describe the tails of the distribution quite well.

5 A polynomial is used, because there is no known analytic function of the background (again the variety
of detector effects are the reason for this), so a Taylor expansion of the unknown real function is used.

71



5. Analysis Strategy

Systematic uncertainties

As sources of systematic uncertainties, the following effects are taken into account:

e The shape of the signal function was changed from the double-sided crystal ball
function to the MC template (using smoothing to reduce fluctuations).

e The fitting range was shortened to 65 to 115 GeV.

e Instead of a 4th-order polynomial, a Gaussian function was used for the background
estimation.

These sources of systematic uncertainties are taken to be uncorrelated and the total un-
certainty on the scale factors is given by adding the individual uncertainties in quadra-
ture. As no impact of the jet multiplicity on the scale factors was observed, the scale
factors are used in both the lepton+jets and the dilepton channel.

5.2.3. h — ~ fake background

A second source of fake photons are jets or single hadrons that are misreconstructed as
photons (h — ~y fakes). The fake rate is again estimated by comparing MC predictions to
data in dedicated control regions to derive scale factors”. For this type of background, the
so-called ABCD method was chosen. For this method to work, two variables are needed
that are relatively uncorrelated. In this case, these variables are photon isolation and
identification criteria®. Both variables help to suppress photon fakes. The method uses
the ratios between prompt photons and fake photons in 4 regions with complementary
cuts concerning the two chosen variables. Three regions, A, B, and C, are dominated
by fakes, while the fourth region, the signal region D, is dominated by prompt photons.
Figure 5.9 shows a sketch to show the way the regions are defined.

Control regions

The four regions that are necessary to use the ABCD method are defined as follows:

e Region A: Photons are required to obey tight isolation criteria but fail tight identi-
fication requirements. Failing tight identification requirements means fulfilling the
requirements for a loose photon identification but not the additional requirements
for tight identification listed in [252]. These criteria are shower shape variables, as
prompt photons have narrower showers than fake photons.

e Region B: Photons are required to fail tight identification requirements as in Region
A. In addition, they also fail tight isolation criteria, again following the description
in [252].

"The extraction of the scale factors was still done with a luminosity of 139 fb~*.
8 All other cuts and requirements listed in Section 4.4.3 for the lepton-+jets channel are the same for all
four regions.

72



5.2. Background modelling
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Figure 5.9.: A sketch that shows the different regions defined for the ABCD method
by using different isolation and identification criteria for the photons. The
sketch is taken from the internal documentation of the analysis.

e Region C: Photons are required to have tight identification requirements but loose
isolation criteria [252].

e Region D: Photons are required to pass tight identification requirements and tight
isolation criteria, as in the signal region [252].

In this case, Region D is the signal region of the lepton+jets channel, where such h —
fakes have quite a substantial impact. Due to the very small impact in the dilepton
channel, the scale factors derived here for the lepton+jets channel are also applied to
the dilepton channel, assuming that the lepton and jet multiplicities have no relevant
impact on the scale factor estimation.

Extraction of scale factors

The main assumption is that photon isolation criteria and identification requirements
are mainly uncorrelated for h — ~ fakes. If that is the case in the four regions, the
following equation should hold for h — v fake events:

h—y h—y
NA _ ND

h—y = arh—y"
NB NC’

(5.8)
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Any deviations from the assumption of uncorrelated variables can be corrected by the
following double ratio estimated from MC:

h—
ND,]L;{C
Nhﬁ’y
Cc,MC
One = —oMC (5.9)
NA,J\IC

h—~y
Ng ve

This gives for the h — « fake estimation in data for Region D

h—y h—y
Nhg),y _ NA X NC

D h—~y
NB

X Opc. (5.10)

To get the estimations of the h — ~ fakes in each of the three control regions the
background is subtracted. The scale factors for e — ~ fakes from the previous section
are taken into account. This gives:

N} = Nata _ yprompt 1 MO yem MO, gpe=y (5.11)
where i is either A, B or C, N4 is the number of data events in the respective region,
NPremp £ MC g the number of MC events with a prompt photon? and Nfﬁ'y’Mc x SFeY
being the e — ~ fake contribution in those three regions. Inserting the results from

Equations 5.9 and 5.11 into Equation 5.10 gives the result for Ngﬁ'y. The scale factors
are finally derived as

SFyyy = —2—. (5.12)

The scale factors are derived in slices of |n| and pr of the photon for converted and
unconverted photons separately with the following binning:

e for |n| : [0,0.25,0.5,1.37] and [1.52,2.37],

e and for pr : [0,50,00] (in GeV).

Systematic uncertainties

The systematic uncertainties taken into account for ©,,¢ are only ¢f modelling uncer-
tainties because approximately 90% of all h — ~ fakes are from ¢t events. Experimental
uncertainties are not only small in comparison to the modelling uncertainties but should
also cancel out in the double ratio in Equation 5.9. Therefore those uncertainties are not

considered. The tf modelling uncertainties taken into account are the following ones'?:

9From processes like tty, Wty, V7 etc.
10The alternative samples used to describe the modelling uncertainties are the same that are listed in
Appendix A.
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e The uncertainty on the parton shower model is estimated by comparing Pythia
8.230 (used for the nominal sample) and Herwig 7.2.1 (given by an alternative
sample; see Section 4.2) both interfaced to the Powheg matrix element generator.

e Renormalisation and factorisation scale uncertainties are estimated by varying the
scales independently up and down by a factor of 2. Variations are implemented in
the nominal Powheg+Pythia 8 setup.

e The uncertainty on ISR due to «; is evaluated by varying the var3c parameter
in the Al4 tune up and down within its uncertainty dictated by the uncertainty
on «y itself at the Z-mass pole: 0.115 and 0.140. This variation is implemented
within the nominal Powheg+Pythia 8 sample.

e The effect of the scale of the first emission is modelled with the so-called hgamp
parameter. Its variation is modelled using an alternative sample (see Section 4.2).

For equation 5.11 the following systematic uncertainties are taken into account:

e ¢ — 7y scale factor uncertainty

e 50% normalisation uncertainty on the prompt photon background Nip rompt 7, MC
Systematic uncertainties are taken to be uncorrelated and Gaussian error propagation
(including statistical uncertainties) is used to calculate the total uncertainty.

5.2.4. Lepton fake background

The last background that needed to be studied carefully is the so-called fake lepton
background. This background comes from non-prompt leptons from heavy-flavour decays
of b/c-hadrons or from particles like pions or kaons that are misreconstructed as leptons.
In the lepton+jets channel, these events mainly come from QCD multijet events in
association with a (fake) photon. Again, this is not well modelled in the MC simulations
and hence data-driven estimates are necessary. For this, the matrix method as used for
nominal ¢t production is applied, following the description in [269]. For the dilepton
channel, the main source of events with a fake lepton are lepton+jets tty or W+~ events,
where the second lepton is a fake lepton. This contribution is negligible (below 0.5%),
as well as events with two fake leptons. As a consequence, the fake lepton background
is only evaluated for the lepton+jets channel.

The matrix method

The matrix method needs two regions. For one region the tight lepton criteria (isolation
and identification) as in the signal region are used (see Sections 4.3.2 and 4.3.3). For the
second region, the loose criteria are applied. For electrons, this means loose identification
criteria [254] and no isolation requirements. For muons, medium identification criteria
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[256] is used and again no isolation requirements. For the number of events N in those
two regions, the following equations hold:

Nloose _ rlgglse +Nf1§£§e (5.13)
= 510

One can define the probability of a fake or a real lepton to pass the tight selection criteria
as €fake and €0a1, respectively. This changes Equation 5.14 to

U — ¢ I NIO%® 4 g NEOS®. (5.15)

eal

Combining Equations 5.13,5.14 and 5.15, gives the following matrix equation

1 1 Nloose Nloose
( ) (Nlig%lse> = <Ntight> : (516)
€real €fake fake
Assuming that €fae # €real, the matrix is invertible!?. This allows to convert Equation
5.16 into

1 loose 1
€ Nrgglse _ [ Cfake Nreal _ €fake —€fake 1 Noose ( 5 17)
fake loose | — Ntlght - ¢ 1 Ntight . .
fake fake €real — €fake real

From Equation 5.17 one gets directly

Ntight _ 6fa¢(€real]\ﬂoose N Ntight)' (5'18)

fak
axe €real — €fake

While N8t and N1°9%¢ are known from the data, €ea and €pge need to be measured
(see next section).
With the knowledge of €, and ege One can define event weights w; using

wi = —E (e = 5), (5.19)
€real — €fake

where d; = 1 in case the event contains a lepton that passes loose and tight lepton criteria
and §; = 0 in case the event contains a lepton that only passes the loose criteria. These
weights are applied to real data events that fulfil all selection criteria of the signal region
(see Section 4.4.3) but loose identification and isolation criteria are required for leptons.
Adding up the weights of all these events gives the lepton fake estimation in the signal
region.
The values for €., and €p,e depend on the lepton kinematics. Therefore the efficiencies
are derived in slices of py and mry, 3 (see next section).

"UThis is justified, as tight identification and isolation cuts are defined such that they suppress fake
leptons.

20therwise Equations 5.13 and 5.14 would not be linearly independent and the matrix method would
not make sense.

13The transverse mass of the leptonic W boson.
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Extraction of the fake efficiency
To estimate the fake efficiency €ge the following two control regions are defined using
the general object definitions described in Section 4.3 but for leptons either the loose or
the tight definitions are applied. The following cuts are placed:

e Exactly one loose/tight lepton.

e Two or three jets.

e At least one b-tagged jet at the 70% working point.

o B < 30 GeV.

The fake efficiency €ge can than be calculated as

Ntight Ntight _ Ntight

_ fake __ real
€fake = Nflolgse - Nloose _ Nloolse’ (52())
ake rea

using the values of these two control regions. For the estimation of Nrteii{lt and ergglse the
MC estimates for the real leptons are used', which come mainly from tf, W/Z+jets and
single-top events. The values for €g, were estimated separately for e+jets and u-+jets
events, because the underlying production mechanism is different (QCD-multijet events
vs. soft muon decays from B-hadrons). The following binning of lepton-pr and myy,.

was chosen:

e lepton pp: [27,35,45,62,1000] GeV for e+jets and [27,35,45,52,60,1000] GeV for
pjets

o mypy,: [0,7,15,25,40,1000] GeV

Extraction of the real efficiency
The real efficiency €e, is estimated from MC predictions as

tight

_ real
€real = ng?)se' (521)

real

In this case, the same two control regions already used for the fake efficiency were used.
The same binning for lepton pr and mr,, as for egye is used.

1470 define a prompt lepton, truth matching between reconstruction-level and particle-level is done.
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Systematic uncertainties

Several sources of systematic uncertainties are taken into account.

The extraction of €..5 Was repeated in a region where almost no fake leptons are present
by choosing E&l”ss > 120 GeV. The difference to the nominal extraction is around 1%
and therefore negligible compared to the other sources of systematic uncertainties taken
into account.

For € the tt normalisation uncertainty, which is about 5%, is taken as a source of
systematic uncertainty. The size of this uncertainty was estimated by reducing the tt
normalisation by 5% and reextracting €. The difference between the nominal values
and this extraction of €g,e gives than the size of the uncertainty, which is symmetrised.
Both efficiencies €g e and €0, were also extracted in two other control regions. One
region only requires at least one jet instead of limiting the control region to events with
two or three jets. The other control regions use a different E}mss range from 30 to 50
GeV. Again the differences are taken as uncertainties.

All these sources of systematic uncertainties are taken into account as one cumulative
up/down variation of the event weight as given in Equation 5.19. For this, the impact
of the different sources is taken as uncorrelated and added up in quadrature.

Two further systematic variations are taken into account independently from each other.
These are two different choices of the parametrisation. While the nominal parametrisa-
tion uses slices of lepton pr and myy, with the binning given above, two other parametri-
sations were also used. One uses the lepton pr and lepton |n| in the following binning;:

e lepton pr: [27,35,45,62,1000] GeV for e+jets and [27,35,45,52,60,1000] GeV for
pjets

e lepton-|n|: [0,0.5,1.0,1.5,2.0,2.5]
The other parametrisation uses lepton-py and A¢(l, EZ¥***) in the following binning:

e lepton pr: [27,35,45,62,1000] GeV for e+jets and [27,35,45,52,60,1000] GeV for
p+jets

o Ag(l, EF¥*#): [0,0.5,1,1.5,2,3.2]

Again in both cases, the differences in the nominal parameter choice are used as an
up/down variation.

5.3. Neural network

One of the main challenges and one of the main tasks of the author of this thesis was
to discriminate, within the ¢ty process, those events where the photon was emitted
during tt production and where the photon was emitted by ¢t decay products. For
more details on what production and decay mean see the corresponding descriptions of
the MC-samples in Section 4.2.1. As outlined in Section 2.6.3 this separation is based
on the narrow width approximation. Due to the similarities of the kinematics, such a
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separation needs the usage of advanced methods based on machine learning. For this
purpose, it was decided to use artificial neural networks (ANNs). To perform the neural
network training the computational framework from the recently published t¢Z analysis
by ATLAS [251] was used. The framework uses the Python library Keras [270] as a front-
end and Tensorflow [271] as its back-end. The idea of ANNs and a short introduction
are given in the next section, while the concrete application of such networks for this
analysis is outlined in the subsequent sections. Those sections are based again on the
description of the analysis in the internal ATLAS documentation.

5.3.1. Introduction to neural networks

Under the term of ANNSs, a lot of different machine learning methods are summarised.
Machine learning itself is an area of computer science, where different sophisticated al-
gorithms are used to learn general features from various forms of input, for example,
pattern recognition. The learned information can then be used to analyse so far unseen
input and draw conclusions on it. ANNs are graphs, where each node and each connec-
tion correspond to a mathematical operation. The output of these operations depends
on weights. These weights are optimised with respect to a certain measure, called loss-
function. More details on the weights and the loss function follow below. One of the
simplest ANN is a so-called feed-forward neural network (FNN) used for classification
tasks. Classification means that the trained FNN gives an output value based on several
input features. Depending on that value the input is classified into predefined categories,
also called classes. An FNN itself contains the input layer, where all the features are
given to the network, several hidden layers and an output layer. A schematic view of
such a network is shown in Figure 5.10. The information is passed on from the input
layer through the hidden layers up to the output layer. Each layer of the network has
a certain number of nodes. In the case of FNNs, these nodes are fully connected to the
previous layer and the subsequent layer, which means one node receives information from
all nodes from the previous layer and passes the output to all nodes of the subsequent
layer'S.

Mathematically the following happens: the vector x, which contains the information of
the previous layer is given a weight w; for each vector entry z; such that the multidi-
mensional input is mapped to the space of real numbers as

N
fx)=z=> wa;+C, (5.22)
=0

where N is the dimension of the vector and C' is a constant offset, also called bias term.
These linear models were not able to learn the exclusive OR!7 [272]. The solution are

'5The website was accessed on November 8th 2023.
1611 graph theory this is called a complete multipartite graph.
1"Exactly one out of two arguments equals a certain condition.
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Figure 5.10.: An example of a fully connected network with 10 input nodes, a first hidden
layer with 5 nodes, a second hidden layer with 10 nodes and an output
layer with 4 nodes. The graph was created using https://alexlenail.
me/NN-SVG/index.htm1'®.

non-linear activation functions'® [273]. The output Z of a node becomes
T =h(f(x)) = h(z). (5.23)

There are different options for these activation functions, like tanh(z), sigmoid or the
rectifier linear unit (ReLU). For the output layer, the softmax function is a very common
choice, as it allows to interpret the output y as a Bayesian conditional probability of the
input vector x to belong to a certain class €, y = P(C|x). To optimise the weights for
each node backpropagation [274] is used to calculate the gradient of the loss function.
The negative gradient gives the direction in the hyperspace of weights to minimise the
loss function L(w). A common choice for binary classification is the so-called binary
cross-entropy, while for multiclass classification a generalised form, the categorical cross-
entropy CCE, is used. The lower its output value, the better the classification. The
change of weights in the weight vector w after each recalculation of the gradient, is
given as

Whnew = Wold nvL(Wold)- (524)

The value 7 is called the learning rate. If 7 is not constant but depends on the differences
in the loss function between two iterations, one has an adaptive learning rate, which can
help to find a good balance between fast but maybe unstable learning (when 7 is chosen
to be large) and slow but computationally expensive learning, which is more accurate

'8Such nodes are called perceptrons and FNNs are therefore also called multilayer perceptrons (MLPs).
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(when 7 is chosen to be small). The adaptive algorithm used in this thesis is the Nadam-
algorithm [275-278].

The training process is done in the following way. The events are sorted into three
statistically independent subsets, used for training, validation and testing. How this is
done exactly is described in the next section. The training set is further divided into
smaller batches. After each batch was processed by the network the weight optimisation
happens.To avoid overtraining, the optimised weights are checked with the validation
set. Only if the loss function improves for the validation set too, the improvement is
valid. In the end, the best set of weights are those that give the minimal loss function
for the validation set. The better the training the larger is also the area under the
curve (AUC) of the receiver-operator-characteristic curve (ROC curve)(for more details
see next section). To have a further test that the trained model can be generalized, a
comparison between the training and the testing set is done. The more similar they
are (ROC curves, classifier output distributions), the better the model generalises. In
this analysis, K-fold cross-validation is used with K = 5 folds. The input is divided
into K subsets. One subset is used for testing while K — 1 subsets are used for training
and validation. The proportion of training and validation can still be varied and is not
fixed a priori. This method allows to increase the training data by the cost of statistical
independence. To minimise the dependence on a specific node and its connections,
randomly a few nodes can be removed from the training. This technique is called dropout
[279]. As from one epoch to the next, other nodes and their connections are removed,
the network gets stable against being dependent on a single node. This helps to prevent
overtraining. A second technique to mitigate overtraining is batch normalisation. This
technique normalises the distributions before those are propagated to the next layer.

5.3.2. Event classification in the lepton+jets channel

Before going into detail about the variable selection, the neural network training and the
usage of the the classification results, a short section about reconstructing top quarks is
given, as the resulting variables are important for the neural network training.

Top quark reconstruction

From the author’s master thesis [280] it was already known on parton level that recon-
structing the top quarks’ invariant mass might be very helpful to distinguish ¢y from
production and tty from decay by the usage of neural networks [280]. As this analysis
tries to apply a similar approach at the reconstruction level to measure cross-sections,
a reconstruction of the top quarks was useful. At the parton level, all decay products
of the top quark are present and it is known which jets are the b-jets. Hence, there is
no ambiguity in the top quark reconstruction. At the reconstruction level, the correct
assignment of the different objects to their corresponding top quark is no longer known.
Therefore the following, rather simple algorithm was applied in the lepton+jets channel:
1. The two b-jets were identified by ordering all jets concerning the pseudo-continuous
b-tagging score. As jets might end up in the same bin of the pseudo-continuous b-tagging

81



5. Analysis Strategy

distribution [262] a second criterion was needed to distinguish between them. For this
purpose, the pr of the jet was used by taking the jet with the highest pyp.

2. From all other jets the permutation of those two jets giving the invariant mass closest
to the W-pole mass was used as the reconstructed W-boson, which decays hadronically.
3. To reconstruct the leptonically decaying W-boson, first the neutrino was recon-
structed. Imposing that the W-boson was produced at its pole mass (80.4 GeV [5]), one
can derive a quadratic equation (see Appendix B.1) for the unknown neutrino p,,. If
the measurements of the detector were exact, this equation would give only one solution.
Due to resolution effects, this is not always the case. In the case of two solutions, the
more physical one is taken, which was in general the solution with the smaller abso-
lute value. In case the equation has no real solution, the discriminant of the quadratic
equation was set to 0. Under the assumptions that the E%”SS is completely the result
of the non-detected neutrino and a negligible neutrino mass, one can use the measured
lepton four-vector, E}”iss, ¢(E}”iss ) and the calculated neutrino p,, to reconstruct the
W -boson.

4. The next step is to combine the two jets defined as being the b-jets with the hadronic
and leptonic W-bosons. This opens the possibility for 2 permutations. Including the
photon gives another two permutations, so one ends up with 4 permutations:

® by + Whaq and ba + Wigp, +
o by + Whaq and by + Wiy + 7
o by + Wiep and by + Wiaq + 7
® by + Wiep and by + Whaq + 7

To order these permutations the following quantity was calculated for each permutation:
Am2 = (ml - mtop)2 + (m2 - mtop)2a (5.25)

where m1 and mo are the invariant masses of the two reconstructed top quarks and my,
the top quark pole mass, which was taken to be 172.5 GeV (the standard value used for
MC simulations [5]). As described in Chapter 7 the following variables were used in the
neural network: mj + mg from all 4 permutations and Am? from all 4 permutations.
The validity of this approach was checked by comparing normalised distributions at the
reconstruction level and the particle level. These are shown in Appendix B.2.

Variable selection

One of the main goals of this analysis is to separate between the contributions from
tty from production and tty from decay. In the lepton+jets channel (in most Figures
this is abbreviated with l+jets) contributions from other backgrounds than ¢ty from
decay are significant. One can group them into two major classes: the prompt photon
background and the fake photon (e/h — «) background. Lepton-fake events were not
considered in the training, because there are too few of them. Hence, it is reasonable to
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define four classes for a multiclass classification. These classes are: tty from production,
tty from decay, photon fakes and other photons. To be able to distinguish the four
classes, it is mandatory to have enough variables, which provide a reasonable capability
to statistically separate the input classes. The separation power S, which quantifies this
capability, can be defined as

1 (Si — bi)Q
S == VA 5.26
z‘eloz;qs Si + b; ( )
where the sum runs over all bins and s and b are the signal and background histograms,
respectively!®. Because S depends highly on the binning, only with a suitable choice of
it, S gives a realistic impression of the real separation power. Besides the good separation
power of the input variables, the simulation data should also give a good description of
real data. This is checked by the data-MC agreement of the different input variables.
In Figure 5.11a one can see the distribution for the photon pr as an example, while
Figure 5.11b shows the separation between different categories. In general, the data-MC
agreement is good. Calculated x? probabilities, including uncertainties before the fit,
range from slightly below 10% to around 90%. There is an offset of about 10% between
data and prediction by MC simulations. However the shape description by MC is good,
as the ratio between data and MC events is mostly flat. Only in a few cases, one sees
shape differences in the tails of the distributions. The full list of plots for all variables
can be found in Appendix D.1. In the following all used variables are listed in the order
of their separation power between tty from production and ¢t~ from decay:

e Invariant mass of photon and lepton
e Photon pr

e Invariant mass of photon and the jet with the highest PCBT-score (PCBT; see
Section 4.3.4); if two b-jets are in the same PCBT-bin they are ordered with respect
to their pr

e AR between photon and lepton

e Invariant mass of reconstructed top quark and anti-top-quark (all four permuta-
tions; see previous section)

e Photon F

e Am of reconstructed top quark and anti-top-quark (all four permutations; see
Equation 5.25 in previous section)

e Invariant mass of all jets, the lepton and the photon

e Hrp (scalar sum of all jet pr)

19Histograms are normalized to unity.
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e pr of leptonic W boson (reconstructed from Ej"?iss and lepton pr)
e pr and E of the first four jets (ppr ordered)

e AR between photon and closest b-jet

o Episs

e Invariant mass of lepton and closest b-jet

e Transverse mass of leptonic W boson

e Number of jets

e AR between lepton and closest b-jet

e Difference between reconstructed W boson mass (leptonic and hadronic) and the
W boson pole mass

e Photon 7

e B-tagging output for the first four jets (PCBT-ordered)
e Photon conversion type (converted or unconverted)

e Number of b-jets (tagged with 70% efficiency)

e Photon ¢

There are different reasons to use these variables. Those related to the top quark re-
construction and the photon kinematics are mainly used to separate between ¢ty from
production and tty from decay, due to the differences in photon kinematics and the
photon’s presence in the decay or the production. The other variables are related to the
full event kinematics and help to separate the other two background classes. The large
number of variables is justified by the complexity of the classification task. In general
variables with a high separation power should have higher priority to be used. But also
the correlations among variables are very important. The neural network is expected to
be able to learn correlations in a high-dimensional space, which unfortunately cannot
be visualised. So even variables with a low separation power can improve the perfor-
mance of the network. Especially for the separation of photon fakes it turned out that
all variables are important (see Figure 5.20 in the next Section).

Training, optimisation and results

The initial neural network training was done with the following setup:
e four hidden layers with 50 neurons each

e one dropout layer following the first hidden layer
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e no batch normalisation layers

e learning rate: 0.01

e activation function: rectifier linear unit
e patience: 100 epochs

e epochs: 5000

e batch size: 100000

e validation size: 5% of the fold used for training
e dropout probability: 0.2

e output activation: softmax

e metrics: accuracy

e loss: categorical cross-entropy

The MC events used in the training were weighted with the same weights used to pro-
duce the variable distributions, which means to take different (object) scale factors into
account, as well as the general MC event weight, the cross section and the luminosity?’.
The reason was to take the events into account in the same way how they contribute to
the theoretical expectation. One problem is the treatment of negative weights coming
from events generated at next-to-leading order. These cannot be taken into account by
ANNSs, but they have a physical meaning because of the NLO calculations they are based
on. It was decided to drop them and adjust the positive weights such that the overall sum
of weights, which gives the total MC prediction, stays the same. Other possibilities were
discarded, like dropping those events fully or taking the absolute value of the weights, as
this would have been even more unphysical. This approach changed the shape of some
distributions slightly but not to an extent that a variable would not have been usable
in the training anymore. Such a comparison?! is shown in Figure 5.12 for the photon
pr. It shows the nominal distributions for signal (¢t from production) and background
(everything else). Besides this, it shows how the distributions would change if one would
only take events with positive weights into account and how the distributions look after
the correction of the normalisation. The ratios of these distributions with respect to the
nominal distributions are shown in the ratio panel below. As the ratios of the corrected
distributions are close to unity and deviations are typically smaller than uncertainties,
the described approach is justified.

Before the training the variables were all transformed into the interval [0,1]. So the
highest value of a certain variable gets the value 1, while the lowest value is set to 0.

20The event weighting for the neural network training was done still taking the luminosity to be 139
b=t
21Further variables are shown in Appendix D.1.
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Figure 5.12.: Comparison of distributions for the pr of the photon in the lepton+jets
channel to check the impact of negative weights on signal (tfy from pro-
duction) and background (all other processes). The uncertainties are sta-
tistical.

All other values are transformed accordingly. This procedure makes sure that variables
with larger values (e.g. given by the chosen unit) do not become more important than
other variables with lower values. The training itself is then done by applying a K-fold
cross-validation with 5 folds. The MC events are divided into the different folds based
on their event number n, using n mod 5. Data events are divided into five sets in the
same way to decide later which of the five trained networks will be applied to which data
event.

In general, the results gave reasonable outputs nevertheless a few hyperparameters were
checked to find the optimal setup. These were the following parameters:

e hidden layers

e neurons per layer

e dropout layers

e batch normalisation layers

Therefore a grid search was made. This means that the values for these parameters were
chosen randomly in a given range. The number of hidden layers varied between one and
six, while the number of nodes per layer was varied for each layer independently between
10 and 90. The random assignment of the dropout layer behind a hidden layer or the
input layer results in zero to five of such layers. The same was done with batch normali-
sation layers. In total 100 different neural network architectures were tested. The other
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parameters listed above were not changed, either because the given choice is known to
be rather optimal or because the problems (convergence for example) that one could
mitigate with these variables have not shown up here. It was also tested to use fewer
and more classes, but four classes showed again a good balance between complexity and
necessary information reduction.

From the output results of these tests, it was then decided to use the original network
architecture. The reason for this was that it showed a relatively good trade-off for the
different classes in the confusion matrix and the ROC curves (see below). All the config-
urations tested to optimise the hyperparameters gave similar results or the improvement
in one class came with a worse classification of other classes. Therefore, the results of the
original network architecture were eventually chosen to be applied to define the signal
and control regions for the final fit to extract the inclusive cross sections. The quality of
the training procedure itself can be controlled by comparing the evolution of the training
loss and the validation loss (see Figures 5.13 to 5.15), as well as the ROC curves (see
Figures 5.16 and 5.17).

The evolution of the loss functions is shown for each fold. As can be expected the loss
function of the training set decreases faster at the beginning of the training, while the
validation loss needs around 10 to 20 epochs to decrease to the same or nearly the same
value. For a few tens of epochs, both, the validation loss and the training loss, decrease
in a similar way but with larger fluctuations for the validation loss. This is because the
optimisation is done on the training set, while the validation set controls the optimi-
sation to prevent overtraining. From the loss curves, it is seen that at some point the
validation loss reaches a plateau, while the training loss still decreases. This is the point
where overtraining starts. The overtraining is prevented because in the end the set of
weights for the neural network that is chosen is the one giving the smallest validation
loss. After 100 epochs without improving the validation loss, the training stops auto-
matically (early stopping) and does not carry on till the full 5000 epochs are executed.
The ROC curves do show almost no sign of overtraining. Only for the “other photon”
classifier a slight overtraining is visible (see Figure 5.17). As the main focus of the clas-
sification is to separate tt~y from production from ttvy from decay and it is not too large,
this was taken to be acceptable. ROC-curves do compare the dependence of the true
positive rate as a function of the false positive rate (for the definitions see below). For
this, they use the final output distributions for the training set and the testing set. For
each of the four output nodes, there is one output distribution. The higher the output
value for a certain event the more signal-like the event. In this particular case, the out-
put values are between 0 and 1 and can be interpreted as a Bayesian probability of how
signal-like the event is. For each output node, one of the four defined classes is consid-
ered signal. The rest is considered background. This form of multiclass classification is
called one versus all.
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The output distributions for the testing and the training sets for fold 1 for each output
node are shown in Figures 5.18 and 5.19. The distributions for the other folds are in
Appendix D.1. These distributions check the agreement of the neural network output
by comparing training and testing sets. As described before, the neural network should
not be sensitive to statistical fluctuations of the training set but should generalise well to
the testing set. From the ratio panels, it can be seen, that mostly there is an agreement
within statistical uncertainties. Only for the “other photon” classifier a slight mismatch
is visible showing the small tendency of overtraining for this class. From these distribu-
tions, the ROC curves are calculated. For a given output value the true positive rate
is calculated as the fraction of all signal events being above that given output value.
The false positive rate is calculated similarly, but using the background events. The
more background and signal are separated by the output distribution, the steeper the
ROC curve rises for small values of the false positive rate. The area under the curve
(AUC) of a ROC curve gives a measure of how well the classification works. If signal and
background are fully separable it becomes 1. If the neural network cannot differentiate
between signal and background it becomes 0.5. In this case, the neural network is not
better than tossing a coin to tell if an event is either signal or background. If there is no
overtraining, the ROC curves for the training set and the testing set should look similar
and AUC values should be nearly the same, although it can be expected that the value
is slightly higher for the training set, because it was used to optimise the weights. All
ROC curves for all folds and all output nodes are shown in Figures 5.16 and 5.17. In
general, there is no overtraining seen but slightly for the “other photon” classifier, re-
flecting the slight mismatch between training and testing curves described before. This
was considered to be acceptable, as the main focus was to separate tty from production
from ttvy from decay.

The importance of the variables was checked using the procedure of permutation impor-
tance. This technique shuffles the input values of one input variable among the different
events. This breaks the expected correlations among the different variables and results in
smaller AUC values. The larger the difference between the nominal AUC and the AUC
obtained with permutation importance, the more important the respective variable is.
As indicated before, especially for the “fakes” classifier the variables are mostly of similar
importance (see Figure 5.20). The other plots showing the permutation importance are
shown in Appendix D.1.

Due to the usage of K-fold cross-validation with five folds, five neural networks have
been trained. They are combined such that each event is passed through the network for
which it was in the testing set. In that way, the final output distributions are derived.
For the actual data, the procedure is the same. The final output distributions are shown
in Figures 5.21 and 5.22 and show clearly that the neural network can classify the events
quite correctly. This can be shown too by the confusion matrix. To derive the confusion
matrix, each event is classified according to the highest output value of the four output
nodes. The confusion matrix is shown in Figure 5.23. The fraction of correctly classified
events by this method varies between 45% to 60%.
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Figure 5.22.: The full output distributions of the (a) “fake photons” classifier and the (b)
“other photon” classifier. The uncertainty band corresponds to the total
uncertainty, including stat. and syst. uncertainties.
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Figure 5.23.: The confusion matrix for all four classifiers.

Definitions of signal and control regions

For the final cross-section fits pure signal and control regions are needed. For the lep-
ton-+jets channel, this means that four regions are needed, where each region is enhanced
in one of the four classes defined for the neural network training. The signal region is
expected to be dominated by ¢ty from production, while one control region should be
dominated by tty from decay, one by photon fake events (e and h — ~ fakes) and one
by the prompt photon background. These regions are defined using the neural network
output. As they form a four-dimensional space, it is not easy to visualise it. To get a
better understanding of this complex space two-dimensional distributions were created,
showing one classifier output as a function of another classifier output. For the four
classes, this yields six different possibilities. To see the correlations of two classifiers for
a certain category there is one distribution for each of the six output classifier combina-
tions. The categories that were checked individually are: ¢ty from production, ¢ty from
decay, h — ~ fakes, e — ~ fakes, Wity and other prompt photons.

Hence in total 36 plots were checked to define the signal and control regions®?. An ex-
ample plot is shown in Figure 5.24 for the “fake photons” and “other photon” classifiers
for tty from production events. One can see that the tfy from production events accu-
mulate in the lower left corner. This shows that ¢y from production events get small
output values from the “fake photons” and the “other photon” classifier, as it should
be. If one compares this with the two-dimensional distributions for the same output
classifiers but for h — 7 fakes and e — ~ fakes (see Figure 5.25) events, one can see that
most events have higher output values on the “fakes” classifier (as expected) but similar
output values for the “other photon” classifier. One can also see that e — v fakes are
better classified than h — ~ fakes. The final signal and control regions were defined by

22These are the regions used in the fits (see Chapter 6). The signal region is dominated by the signal
process. The other regions are called control regions, but they are all treated the same way in the fit.
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Figure 5.24.: The two dimensional distribution of MC events for ¢ty from production
with respect to the “fake photons” and the “other photon” classifiers.

using these two-dimensional distributions trying to separate the classes as much as pos-
sible and keeping enough statistics in each region?®. As there is a trade-off between the
different classes and the focus of this analysis is on the ¢ty (from production and decay)
contributions, first, these two regions were defined. Especially the ¢ty from production
region is important as it defines the region for the EFT fits and the combination with
the ttZ analysis. For the signal region, the following cuts were found:

e tty (dec.) classifier below 0.15, “fake photons” classifier below 0.2 and “other
photon” classifier below 0.5

Next, the control region for ¢ty from decay was defined to be:
e tivy (dec.) classifier above 0.25 and “other photon” classifier below 0.4

From the two classes left, the two photon fake categories are the much larger background.
Therefore this region was defined next:

e ity (dec.) classifier below 0.15, “fake photons” classifier above 0.2 and “other
photon” classifier below 0.5

All remaining events form the control region for the prompt photon background. In
general, due to the focus on getting pure regions for ¢y from production and decay the
two regions for photon fakes and prompt photon background are less pure. Deriving
purer regions for photon fakes and the prompt photon background would result in less
pure regions for both ¢ty contributions and less precise differential measurements. The

23The corresponding two-dimensional distributions not shown here are found in Appendix D.1.
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Figure 5.25.: The two dimensional distribution of MC events for (a) e — v fakes and
(b) h — ~ fakes, both with respect to the “fake photons” and the “other
photon” classifiers.

distributions chosen to be used in the fit in each of the four regions are the following
ones:

e Signal region: Neural network output distribution for ¢ty from production classifier

e Control region ¢ty (dec.): Neural network output distribution for ¢ty from decay
classifier

e Control region for photon fakes: Subleading PCBT score
e Control region for prompt photon background: Subleading PCBT score

For the two tty enhanced regions the respective neural network output distributions were
used as these provide the best sensitivity. The other two control regions are not as pure
and here different distributions were chosen. As photon fakes and other prompt photon
background show a different behaviour as a function of the subleading PCBT score??,
this variable was chosen. The four final distributions used in the inclusive cross-section

fits are shown in Figure 5.26.

5.3.3. Event classification in the dilepton channel
Variable selection

The dilepton channel has a much lower background than the lepton+jets channel due
to the second lepton which suppresses events contributing to photon fake events, es-
pecially e — ~ fakes which become almost negligible. Z~ events contribute to ee and
e subchannels and Wity to all combinations of leptons. In contrast to the lepton+jets

24In most cases no second b-jet is expected.
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Figure 5.26.: Distributions of the tty (prod.) classifier for the signal region (SR) (a),
the tty (dec.) classifier for the ¢ty (dec.) control region (CR) (b), the
subleading PCBT score for the photon fakes CR (c) and for the other
prompt photon background CR (d). The uncertainty band corresponds to
the total uncertainty, including statistical and systematic uncertainties.

98



5.3. Neural network

channel, where about 60% tty events are expected (after pre-selection), in the dilepton
channel almost 80% of the events are tty (production and decay counted together). This
allows a binary classification instead of the multiclass classification and one can expect
that fewer variables are sufficient. ¢y from production was defined as the signal, while
everything else composes the background. The following variables were used?’:

e AR and invariant mass between photon and closest lepton
e Photon pp

e Invariant mass between photon and closest b-jet
e Photon F

e Scalar sum of all jet pp

e Jet pr and F of the first two jets

e AR between photon and closest b-jet

o Episs

e Number of jets

e Photon 7

e Number of b-jets

e Photon ¢

Those variables that are related to the photon kinematics are used for the separation
between tty from production and tty from decay. The other variables shall help to
separate the other backgrounds from ¢t from production. Again, as already seen in the
lepton+jets channel, the MC simulations underestimate the number of events observed
in data. The offset seems to be constant, so the shapes of the distributions are described
well, which is the important point to use the variables in the neural network training,
besides their separation power. Both, distributions and separation plots are shown in
Appendix D.2. In the tails sometimes there seems to be some mismodelling and a slope
in the ratio panel is seen. Two important examples are shown in Figure 5.27. This kind
of mismodelling has been accepted due to the importance this variable has shown in the
training. Unfortunately, the mismodelling got enhanced in one of the folds, so it shows
a visible impact on how data behaves when it gets processed by the neural network (see
next Section). It could be proven that this has no impact on the final results (see next
but one Section).

25 Again, the variables are ordered with respect to their separation power between both ¢+ contributions.
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Figure 5.27.: The invariant mass (a) and AR (b) distributions between the photon and
the closest lepton. The uncertainty band corresponds to the total uncer-
tainty, including stat. and syst. uncertainties.

Training, optimisation and results

For the initial training, the same architecture and hyperparameters were chosen as in
the lepton+jets channel:

e four hidden layers with 50 neurons each

e one dropout layer following the first hidden layer
e 1no batch normalisation layers

e learning rate: 0.01

e activation function: rectifier linear unit

e patience: 100 epochs

e epochs: 5000

e batch size: 100000

e validation size: 5% of the fold used for training

e dropout probability: 0.2
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Figure 5.28.: Comparison of distributions for the pr of the photon in the dilepton channel
to check the impact of negative weights on signal (¢ from production) and
background (all other processes). The uncertainties are statistical.

e output activation: softmax
e metrics: accuracy
e loss: binary cross-entropy

Again, the input variables are transformed to the interval [0,1], a 5-fold cross-validation
is applied and negative weights are not taken into account, but the positive weights
are scaled so that the original normalisation is kept the same. As before the input
distributions are only varied slightly by this procedure and the overall shape is kept. This
can be seen again in the constant ratios between nominal distributions and modified ones.
An example plot presenting the photon pp is shown in Figure 5.28. For all other variables,
the corresponding plots are in Appendix D.2. For the hyperparameter optimisation, the
following parameters were varied:

e hidden layers

e neurons per layer

e dropout layers

e batch normalisation layers

A grid search was performed, where the number of hidden layers was varied between one
and six, while the number of nodes per layer was varied for each layer independently
between 10 and 90. The numbers were chosen randomly. To assign a dropout layer
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Figure 5.29.: The confusion matrix for the binary classifier in the dilepton channel.

behind a hidden layer or the input layer was again decided randomly, which resulted in
zero to five of such layers. The same was done with batch normalisation layers. In total
100 different neural network architectures were tested. In the end, the initial architecture
proved to be the one to use, based on the confusion matrix (see Figure 5.29). Looking at
the comparison of the testing and the validation loss for all five folds (see Figures 5.30
to 5.32) shows a coherent convergence behaviour. The agreement of training and testing
sets for signal and background is given within statistical uncertainties. For fold one,
three and five a slight slope for the background is seen, which is not significant. As an
example, the distributions for fold one are shown in Figure 5.33a, while the distributions
for all other folds are in Appendix D.2. No further sign of overtraining is observable.
The corresponding ROC curves are shown in Figure 5.33b and there is no indite of
overtraining. The five neural networks are applied the same way, as it was done for
the lepton+jets channel. The final output distribution is shown in Figure 5.34. A good
separation between tty from production and decay is visible, which can also be seen in
the confusion matrix in Figure 5.29. The data point in bin 8 was further investigated
to understand the deviation between data and prediction and it could be proven that it
does not cause any problems or that any mistake was made previously. The results are
presented in the next section.

Cross checks for deviating data point

In Figure 5.34 it can be seen that for bin number eight the difference between data and
MC prediction gets large. Investigating this, showed that it is a consequence of the
procedure to assign the events to the folds and that it has no impact on the measure-
ment. The first check that was done, was to look for a mismodelling in one of the three
subchannels ee, puu and eu. No relevant mismodelling could be found. The next step
was to redo the neural network training by sorting out the variables with the smallest x?
probability of data and MC to agree. First, only those variables having a x? probability
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below 0.2 were removed. These were the following ones:
o E (1st jet)
o AR(l,7)
L4 Njets
e Hp

Afterwards, all variables with a x? probability below 0.3 were removed. The following
additional variables were removed from the training:

e 1(7)
o minv(lu'Y)

While the bump was still visible in the first check, it was gone in the second check. So as
a closure test, the neural network training was repeated by removing the variables with
a X2 probability between 0.2 and 0.3. Again, the bump was still visible. This meant,
that not only one variable is the reason for the bump but several of them. A look at
the permutation importance (see Figure 5.35) of the original neural network training
showed that the two most important variables were AR(l,~) and miny(l,y). Removing
only these two variables made the bump disappear. Looking at the ROC curves (see
Figure 5.36), it can be seen that the separation is much worse than in the original
training (see Figure 5.33b). By reducing the complexity of the network in three different
ways by either halving the number of layers, halving the number of nodes per layer or
halving both, it could be shown that the neural network architecture has no impact on
the bump. Scaling the weights of the signal events such that signal and background
have the same sum of weights only smeared out the bump. From these results, it was
concluded that the bump is a feature of the simulated events used for training. Checking
the output distributions for data and MC for the testing set for each fold individually,
showed a small bump in each of the folds, especially in fold 4 (see Figure 5.37). So this
showed that the main reason behind the bump is due to the distribution of data and
simulation into the five folds. In the tests of the fit setup it could be shown that the bin
with the bump has no significant impact on the final measurement (see Section 6.2), and
in consequence this neural network setup and its final output distribution, as shown in
Figure 5.34, can be used for the fit to extract the cross-section.
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5.4. Systematic uncertainties?®

Several systematic uncertainties need to be taken into account. On the one hand, there
are theoretical uncertainties affecting the simulations and therefore the SM prediction.
These uncertainties are described in Section 5.4.1. On the other hand, the detector itself
and the event reconstruction are sources of systematic uncertainties, which are generally
called experimental uncertainties. These are described in Section 5.4.2. The individual
uncertainties are taken as uncorrelated, while each uncertainty is taken to be correlated
among the different regions used in the final fits (see Chapter 6). Before describing
the actual systematic uncertainties (see Sections 5.4.1 and 5.4.2) three procedures (sym-
metrisation, pruning and smoothing) on how systematic uncertainties are treated are
explained in the following.

Symmetrisation of systematic uncertainties

Uncertainties are either two-sided or one-sided. T'wo-sided means that there is an up and
a down variation of a given uncertainty (e.g. scale uncertainties), where the up variation
is connected to a larger value of a certain parameter and the down variation to a smaller
value. These uncertainties are symmetrised to correct for asymmetric up and down
variations or cases where both variations are in the same direction. The symmetrisation
formula giving the symmetrised uncertainty opeyw is the following:

Onew = |JUP| +2|O-down|’ (5.27)

where oy, is the up variation and oqown is the down variation. In case of uncertainties
where only one variation is available (e.g. parton shower uncertainty), the difference to
the nominal prediction is mirrored with respect to the nominal prediction.

Pruning

The overall impact on the final measurement of some of the uncertainties that are taken
into account as nuisance parameters®’ in the fit is negligibly small. Therefore a “pruning
technique” is used. This reduces the number parameters used in the fit and helps to
make the fit numerically more stable and faster, without affecting the precision of the
measurement. A threshold to drop uncertainties was set at 0.1% on the relative impact
of an uncertainty on the total input for both effects that an uncertainty can induce,
shape and normalisation effects (see Section 6.1). As a closure test to prove that the
precision of the measurement is not artificially improved, this threshold was compared to
a threshold of 0.05%. The respective Asimov fits showed only an impact on the rounding
digit, which is the third digit.

26The information in this chapter are based on the ATLAS-internal documentation of this analysis.
2"How uncertainties are incorporated as nuisance parameters in fit is described in Section 6.1.
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Smoothing

Uncertainties that are evaluated either by using an alternative sample, as is done for
some of the theoretical uncertainties, or those experimental uncertainties not evaluated
with a reweighting method, are smoothed. Smoothing means that the histograms of
the systematic uncertainties are adjusted following an algorithm (here the algorithm de-
scribed in Reference [281] was used) to avoid statistical fluctuations, which are physically
not meaningfull. The underlying assumption is that the behaviour of uncertainties is
smooth and that large fluctuations in their estimation are due to statistical noise.

5.4.1. Theoretical uncertainties

For the main processes considered in this analysis, which are tty from production and
tty from decay, Wty and tt, different theoretical uncertainties are taken into account.
These uncertainties are estimated with different generator setups described in Section
4.2, where the difference between the nominal prediction and the alternative prediction
is taken to be the uncertainty. The alternative predictions are all normalised to the same
fiducial cross section of the respective process.

tt~y (production and decay)

For both tty contributions, the same theoretical uncertainties are taken into account.

Scale uncertainties ur and pg:

Renormalisation and factorisation are mathematical procedures that allow calculations
in QFT with physically meaningful results. The choice of the corresponding scales (for
more details see Sections 2.4 and 4.2.1) should not affect the final results. For MC event
generators has to be chosen. To estimate the effect of the scale choices on the final
result one varies the scales by a factor of 2 up and down. This results in different event
weights, which change the input distributions. The difference between the nominal and
the varied distributions serves as a estimate of the uncertainty.

Parton shower uncertainty:

As QCD becomes non perturbative for energies approximately around and below 1 GeV,
the whole process of hadronisation, low energy gluon emissions and jet formation, can-
not be calculated from first principles. Hence parametric models are used and tuned to
data. The differences between the models is quite significant. To account for the re-
sulting uncertainty one compares different parton shower algorithms interfaced with the
same event generator. In this case the event generator is MadGraph and the two shower
algorithms are Pythia 8 and Herwig 7 (see Section 4.2 for the exact version numbers).
The difference in the distributions is taken as a one-sided uncertainty and symmetrised
accordingly.
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ISR radiation:

The frequency and the hardness of gluon emissions in the initial state is modelled by the
parton shower algorithm, which depends on the value of the strong coupling constant
as. Varying the value within its experimental uncertainties results in different tunes for
the shower algorithm. The so called var3c parameter of the Pythia A14 tune, describing
higher and lower ISR emission rates, is used to reweight the events and again the dif-
ferences between the resulting distributions and the nominal are taken as up and down
variations to account for this uncertainty.

PDF uncertainties:

As already described in Section 2.4, the inner structure of the colliding protons is de-
scribed by the parton density functions (PDF). These functions cannot be derived from
first principles. They are derived at a certain energy scale and afterwards extrapo-
lated to higher energies through the DGLAP equations. The uncertainties on the PDFs
also need to be taken into account. For this the so called PDF4LHC15 prescription
is used [282]. This prescription provides event weights for 30 independent systematic
variations and one baseline prediction. The difference of the baseline prediction with
respect to each systematic uncertainty is taken as a one sided, independent uncertainty,
which is symmetrised accordingly.

Wit~y

For the Wt~ samples, the parton shower uncertainty is taken into account as well as the
scale uncertainties. The same procedure as described for the ¢ty samples is used. The
resulting uncertainty is taken to be uncorrelated for Wty and inclusive Wt samples.

tt

The uncertainties described here are only relevant for the ¢ events with prompt pho-
tons surviving the overlap removal. Besides the aforementioned uncertainties on the
renormalisation and factorisation scales ur and pp, the parton shower uncertainty and
the ISR uncertainty (all treated in the same way as described for the ¢ty samples), two
further uncertainties are taken into account.

Uncertainty on the hdamp parameter:

The so called hdamp parameter controls the energy scale of the first hard emission in
the development of the showering. The nominal value given in Section 4.2 is doubled.
The difference of the distributions of the nominal sample and the alternative sample are
taken as a one-sided uncertainty and symmetrisation is applied.

Matrix element matching to parton shower:

As quarks and gluons are generated at NLO with the matrix element generator, their
matching with the parton shower algorithm is a non-trivial task, needed to avoid double
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5.4. Systematic uncertainties
counting of phase space regions. The different matching schemes®® (see for example [285])
lead to different results, which form a further source of uncertainty on the prediction.
This uncertainty is taken into account by comparison with an alternative sample, where
the matching within Pythia is changed. Therefore, the so called pThard-parameter is
changed to the alternative model described in Reference [286]. The difference between
this sample and the nominal sample is again taken as a one-sided uncertainty and sym-
metrised.

5.4.2. Experimental uncertainties

Experimental uncertainties are grouped by the reconstructed object they affect. These
uncertainties are related to the object reconstruction, identification, resolution, calibra-
tion and possible isolation criteria. All these uncertainties, but two concerning E7'**%, are

two-sided. Further experimental uncertainties are related to the luminosity and pile-up.

Photons

The photon identification data-to-MC scale factors are derived using three different
methods: radiative Z-decays, an electron extrapolation method with Z — ee events
using the similarities of photons and electrons in the ECAL, and the matrix method with
samples with isolated high-pr photons. The results from each method are combined. The
influence of isolation and identification requirements on the scale factors is studied to
derive the uncertainties [252]. Further uncertainties are related to the combined energy
calibration of photons and electrons [253].

Electrons

Besides the uncertainties related to the combined photon and electron energy calibration
[253], there are several uncertainties on the electron data-to-MC scale factors, related
to the identification, reconstruction, isolation and trigger efficiencies. The scale factors
for electrons are derived with the tag-and-probe method using Z — ee events in slices
of ET%s 1 and pr [254,255].

Muons

To derive data-to-MC scale factors for muons, as well as their momentum calibration, the
tag-and-probe method is employed. In this case Z — pp and J/¥ — pu events are used.
Uncertainties are estimated by performing the identification, isolation, reconstruction
and trigger efficiency measurements under slightly modified conditions [255,256].

Jets

For jet-related uncertainties, the so called reduction scheme is used [259]. This results
in 30 independent uncertainties concerning the jet energy scale. It takes reconstruction

28Pythia uses the CKKW matching [283] for dipole cascades [284,285].
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and calibration effects into account related to pile-up, jet flavour composition, single-
particle response, punch-through effects (jets passing through the calorimeter into the
muon spectrometer), modelling and statistical uncertainties on the extrapolation of the
jet calibration from the central region, high-pr jet behaviour and b-jet energy scale
uncertainties. For each uncertainty an up and a down variation is provided.

The jet energy resolution contributes with 12 uncertaintes derived by an eigenvalue
decomposition of the corresponding covariance matrix. One further uncertainty is added
to account for data-MC (dis-)agreement in samples where the detector simulation is done
with the fast simulation setup [224]. The jet energy resolution itself is measured by a
comparison of the energy measurements of photons and Z bosons with those of jets. The
impact of the jet-vertex cut is estimated by varying it [260].

b-tagging

B-tagging is done using a multiclass neural network, which tries to tag b-jets, c-jets
and light jets [287,288]. The systematic uncertainties assigned to its calibration are
quite numerous and hence a decomposition of the eigenvalues of the covariance matrix
is done. In this analysis the pseudo-continuous b-tagging (PCBT) is used, whose uncer-
tainty decomposition gives 45 independent uncertainties for b-jets and 20 independent
uncertainties for c-jets and light jets each. The PCBT is only calibrated for jets below
a certain energy. For b-jets this limit is 400 GeV, for c-jets 250 GeV and for light jets
300 GeV [287,288]. As there is a fraction (around 1%) of jets above these thresholds,
a 50% normalisation uncertainty for events with jets above these thresholds is applied,
independently for uncalibrated b-jets, c-jets and light jets, resulting in three additional
uncertainties.

miss
ET

As outlined in Section 4.3.5, E}m’ss is derived from the measurements of all other re-
constructed objects plus the soft term [263,264]. While the uncertainties on the energy
measurements of the reconstructed objects are already taken into account, the uncer-
tainties on the soft term are new. These uncertainties are added as well. They are
derived from the parallel and perpendicular projections of the soft term onto the hard
term in Z — uu events with one or zero jets. The root mean square of the deviations
from the expectation (momentum imbalance) is taken as the uncertainty [263,264].

Luminosity

The luminosity uncertainty of 0.83% is taken from Reference [210].

Pile-up

For the pile-up reweighting procedure an uncertainty is derived based on the pile-up
dependence of two different algorithms that are used for instantaneous luminosity mea-
surements, as pile-up and the instantaneous luminosity are closely related [289,290].
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5.4.3. Background normalisation uncertainties

The different background contributions are the subject of normalisation uncertainties.
As the tf normalisation is known up to a precision of about 5% [291], this was the
uncertainty assigned. In the lepton+jets channel the smaller other prompt photon back-
grounds all receive a conservative uncertainty of 50%2°. The reason to have a large nor-
malisation uncertainty for the W+ process too, is that a significant data-MC mismatch
was observed in the W+ control region (see Section 5.2.1). With the large uncertainty
the fit will be able to vary and constrain it accordingly. In the dilepton channel again
all minor contributions to the other prompt photon category receive an uncertainty of
50%. Because Zv is well modelled (see Section 5.2.1), an uncertainty of 20% seems to be
sufficient. For the tty from decay process in both channels a normalisation uncertainty
of 20% was assigned (to account for the k-factor used; see Section 4.2.1) in cases where
only one normalisation factor for the whole ¢ty process is used in the fit (see Chapter
6). In cases where both normalisations, ¢ty from decay and ¢ty production, are left free
floating, no uncertainty is assigned.

The photon and lepton fake contributions receive the uncertainties, which were derived
for the respective scale factors (see Sections 5.2.2 to 5.2.4). While photon fakes are
important in both channels, lepton fakes are only relevant for the lepton+jets channel,
while being negligible in the dilepton channel.

2°In general this exceeds the precision of theory calculations.
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CHAPTER 6

Results

6.1. Profile likelihood fits and inclusive cross-section
measurements

To extract the cross-sections for ¢ty from production and for ¢ty from production and
decay together, as described in Section 5.1, using the signal and control regions defined in
Section 5.3, the method of maximum likelihood estimator is applied in different setups.
The idea of the likelihood function is to describe the joint probability distribution of IV
measured data points, which depend on several parameters. Maximising the likelihood
function L gives the most likely set of values for these parameters. For a fit to extract
the signal strength p with predictions for signal and background and a given number of
nuisance parameters, the likelihood function L is defined in the following way:

L(n,00lp,0) = || P(nilp- Si(6) + Bi(6)) x [[ G(6)016;, 26;) x [[ P(nilyivs). (6.1)

The likelihood depends on the data n with n; entries in the ¢-th bin, the normalisation
factor p and the nuisance parameters 8, where g is the nominal value for all nuisance
parameters. Each nuisance parameter represents one systematic uncertainty. S; and
B, are the signal and background predictions for bin ¢ respectively. Their distribution
is taken to be a Poisson distribution P. The nuisance parameters are constrained by
a Gaussian distribution G for each nuisance parameter, with 6;¢ being the nominal
central value of the j-th nuisance parameter and Af; the corresponding 1-0 uncertainty.
Here, the Gaussian distributions are chosen to be standard Gaussians with ;9 = 0 and
Af; = £1. Additional nuisance parameters are included for the uncertainty introduced
by the statistics of the MC samples in each bin. One nuisance parameter per bin is
assigned. They are described by Poisson distributions, where ~; is a parameter and v; is
the MC prediction for the respective bin i [292]. This likelihood is used in the case where
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both tty contributions are measured together as signal. In the case of the measurement
where one normalisation factor for each ¢ty contribution is used, the likelihood function
changes to

L(n, 00|, 12, 0) = | [ P(nilpmr - Si1(8) + pa - Sia(6) + Bi(0)) x | [ G (650105, A0;) x [ [ P(nilivs)-
(6.2)

The fit is done by minimising the negative log-likelihood — In(L) simultaneously for
and @, which is equivalent to maximising L but numerically easier and more stable. The
results are called /i and . For this the ATLAS internal framework TREx-Fitter! is
used. It uses the CERN-software package ROOT [293], with the HISTFACTORY [294]
package for using ROOFIT [295] and ROOSTATS [296].

The uncertainties on the nuisance parameters 6 and the signal strength p are estimated
using the profile likelihood ratio Rppr. This ratio is defined as

L(n,a,0
Rpir = Lin.,6) '[f A), (6.3)
L(m, j1,0)

where /i and @ are the values obtained from maximising the likelihood. @ and ji are
the set of optimised nuisance parameters and signal strength for one parameter n being
varied, which can be either the signal strength or a nuisance parameter. By vary-
ing this one parameter and optimising all others, the respective likelihood is profiled.
From the resulting profile, the uncertainty for each parameter is estimated. Because
—2In Rprr follows a x? distribution, the uncertainties are given for those values of 7,
where —21In Rppg = 1/2. This evaluation is implemented using MINUIT and the MI-
NOS and MIGRAD algorithms therein [297].

The number of expected events after the fit (post-fit values) depends on the nuisance
parameters. In general, there are three ways in which nuisance parameters influence the
number of expected events in a bin. Firstly, this is the influence of a finite number of MC
events. The corresponding nuisance parameter is called ~;, where the index ¢ denotes
the bin. For each bin, an independent nuisance parameter is assigned. Furthermore,
each systematic uncertainty that is incorporated as a nuisance parameter into the fit has
two effects on the post-fit values. One component is its effect on the shape of the fitted
distribution, called o;, and the second component is the effect on the normalisation of
the fitted distribution, called d. If the overall normalisation is left free floating in the fit,
as a signal strength fi,, this is included as well. Hence the expected yields ¢, ; in a bin
(of a given process p) is given as

Gpsi = YillpVp,i Hai,j5j7 (6.4)
J

where j runs over all nuisance parameters described by a Gaussian function. Before the
fit all these factors are set to unity and ¢,; = v,;. After the fit, the yields are adjusted

'"More information on this tool can be found here: https://trexfitter-docs.web.cern.ch/trexfitter-docs/.
The website is not publicly accessible.
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according to the extracted values for the nuisance parameters. While the results for v;
and p, can be taken directly from the fit, the results for the other nuisance parameters
must be interpolated. For the shape component, a linear interpolation is used:

H(Ii,up - Ii,nom.) 0 > 0

, (6.5)
G(Ii,down - Ii,nom.) 0 <0

i = 1+ I@j with IL]' = {

where 0 is obtained from the fit and I; wp, I down and I; nom. are the predicted yields
for the up variation, down variation and the nominal prediction respectively in the
corresponding bin ¢ for the respective nuisance parameter j. This interpolation is done for
each nuisance parameter taken into account and not pruned away. For the normalisation
component, an exponential interpolation is used as follows:

(Iup/Tnom.)? 6 > 0

, 6.6
(Idown/Inom.)ie 0<0 ( )

5j—1+IjWitth—{

where 0 is obtained from the fit and I,p, Igown and Inom. are the predicted yields for
the up variation, down variation and the nominal prediction respectively for the total
number of events for the respective nuisance parameter j. Again this is only applied to
nuisance parameters not pruned away.

From the extracted value for p and its uncertainty one can determine the measured
fiducial inclusive cross-section with

Omeasured = M * Opred., (67)

where opeq. is the predicted fiducial cross-section. The prediction is calculated as

N
Opred. — f, (6.8)

where N is the number of weighted MC-events in the fiducial phase space and L is the
luminosity. Possible influences of the reconstruction efficiency and possible migration
effects are described by the correction factor C' = Nyeco/N, where Ny eco is the weighted
number of reconstructed MC events. This factor is taken into account when normalising
the MC events to the same fiducial cross-section and is therefore indirectly taken into
account. No uncertainty on op,.eq. is assigned as all theoretical uncertainties are taken
into account for the extraction of u and therefore are quantified in the uncertainty on pu.

6.2. Tests of the fit setup

Before performing the fit to data and extracting the values for the signal strength,
different tests of the fit setups were done to check for any problems that might occur.
The first step was an Asimov fit, where the MC prediction was also used as “pseudo-
data” in the fit. This helps to check the general consistency and convergence of the fit.
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The next step was to unblind the fit but keep the signal strength blinded. This was done
to investigate the pulls and constraints of some nuisance parameters. The pull is defined
as (6 — ©y)/AO, where O is the best-fit value of the corresponding nuisance parameter
and O¢ the expectation (usually 0 or 1) and A® being the pre-fit uncertainty on the
nuisance parameter (usually 1). Constraints mean by how much the uncertainties on
the nuisance parameters are reduced by the fit.

6.2.1. Asimov tests
Lepton+jets channel

In the lepton+jets channel, two fit setups were tested. The first setup uses two nor-
malisation factors (NF) for both ¢ty processes and no normalisation uncertainty for ¢t~y
from decay. The second setup uses only one NF for a joint measurement of tty from
production and decay. For this fit the normalisation uncertainty for ¢¢y from decay was
used. In both cases, the resulting NFs are 1, as expected. The uncertainties on these

Asimov results show the expected uncertainties for the final fit. These were obtained to
be:

JAVTI =1L838§§, (6.9)
A/’Ltf'y (prod.) :tgggg, (610)

for the fit setup with 1 and 2 (only the uncertainty on the NF for ¢ty from production
is shown) NF respectively. As expected no pulls are observed. The main observations
concerning the nuisance parameters are the respective constraints. While most nuisance
parameters are unconstrained a few show relevant constraints. For the normalisation
uncertainty on the W+ contribution a constraint to +0.48 and -0.40 was observed in
both fits. The large constraint is expected, due to the large prior uncertainty assigned
on purpose. Further nuisance parameters with relevant constraints between 0.75 and 0.9
are:

e Parton shower uncertainties for ¢ty from production and ¢t from decay,

e B-tagging uncertainty on light jets, first eigenvalue of principle component analysis
(PCA) decomposition

e B-tagging uncertainty on b-jets, first and second eigenvalue of PCA decomposition
(Bo, B1)

e h- and e-fakes scale factor uncertainties,
e Uncertainty on uncalibrated light jets in PCBT,
e Jet pile-up density (called: rho topology),

e Lepton fake scale factor uncertainty.
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In the case of the fit with one NF the normalisation uncertainty on ¢t from decay is also
largely constrained. As in the case of the W~ normalisation uncertainty, this is not a
surprise, as the 20% are quite large. The constraints show that the uncertainties might
be overestimated, but still, they are not large enough to hint at an undetected problem
in the fit.

To analyse the importance of each nuisance parameter for the total uncertainty on the
signal strength the following four fits are done:

e The fit is done with the respective nuisance parameter being fixed to its pre-fit
value? and its up variation of the pre-fit uncertainty.

e The fit is done with the respective nuisance parameter being fixed to its pre-fit
value and its down variation of the pre-fit uncertainty.

e The fit is done with the respective nuisance parameter being fixed to its post-fit
value? and its up variation of the post-fit uncertainty.

e The fit is done with the respective nuisance parameter being fixed to its post-fit
value and its down variation of the post-fit uncertainty.

For each of these four fits the difference Ay concerning the signal strength of the nominal
fit is calculated. The larger Ay, the more important that nuisance parameter is. The
ranking plots for both fit setups is shown in Finumpages = 36,gure 6.1. While most
nuisance parameters have an expectation of 0, v factors (white dots in the ranking plots)
and additional normalisation factors (red dots in the ranking plots) have an expectation
of 1. Hence their pulls are not centered around 0 but around 1 in the ranking plots?.
In both cases, the ranking is quite similar, with the impact of the second NF for the
fit with two NFs in one case and the normalisation uncertainty on tty from decay in
the other case. The most relevant difference is that in the fit where the signal strength
only describes tty from production the showering uncertainty “tty Herwig 7” is much
less important. This makes sense as this nuisance parameter is not directly relevant for
tty from production. In general, the most important uncertainties are those on the tty
modelling. But also jet, b-tagging and photon-related uncertainties play an important
role. MC-related statistical uncertainties are important, too. The correlations between
the nuisance parameters are mostly as expected because they occur between nuisance
parameters describing similar systematic uncertainties. For completeness, the matrices
are shown in Appendix E.1. Those uncertainties that are ranked quite high do also have
large correlations with the signal strength, which is expected. The main observation is
that the impact of the normalisation uncertainty in the fit with one NF has a negative
correlation with the signal strength and in the fit with two NF the second normalisation
factor has a positive correlation with the signal strength. The reason for this are the
differences in the signal definition. In the end, for the lepton-+jets channel consistent

2The nuisance parameter is taken as given by the respective distribution and not varied.
3The nuisance parameter’s optimal value determined by the fit is taken.
4This holds for all ranking plots shown in this thesis.
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Figure 6.1.: Rankings of the 25 nuisance parameters with the largest impact on the signal
strength for the Asimov fits in the lepton+jets channel. (a) shows the results
for the fit setup with one NF, while (b) shows it for the fit setup with two
NFs. The blue and turquoise bars show the pre-fit and post-fit importance
expressed by Ay, while the black bars and dots show the post-fit values
for the nuisance parameters and their uncertainties. More details about the
different nuisance parameters are given in Section 5.4 and the corresponding
references.
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results are observed and the general fit setup shows no problems.

For completeness and for later comparisons with the unblinded results the impact of
several groups of uncertainties are estimated. These estimations are done by applying
the following procedure: first, the systematic uncertainties are grouped into different
groups. For each group, the fit is done without those uncertainties. This results in a
smaller uncertainty o’ for the signal strength. Doing a quadratic subtraction with the
nominal uncertainty gives the impact ogroup to be

Tgroup = V02 — 0’2 (6.11)

In the tables 6.1 and 6.2 the groups and their impact is shown. The largest impact
have the tty from production modelling uncertainties, jet-related uncertainties and b-
tagging uncertainties. More details on these uncertainties are given in Section 5.4. This
is in agreement with the results from the nuisance parameter ranking. Large differences
between the fits are seen where expected. So the impact of ¢ty from decay is less
important for the signal strength in the fit with two NFs, as here the signal strength
describes tty from production. In the case of the fit where both tty contributions are
described with one NF, their impact gets large, while that of the ¢ty from production
modelling uncertainties reduces slightly. The statistical uncertainty also is larger for the
fit with two NFs, as the signal region for ¢#y from production has less statistics than the
control region for ¢ty from decay. In the fit with one NF, both regions become important
and so the statistical uncertainty gets smaller. The uncertainty on the second NF (in
the fit with two NF) has less impact on the signal strength than the normalisation
uncertainty on tty from decay (in the fit with one NF). In the end, this results in a
similar total uncertainty for the signal strength.

Dilepton channel

In the dilepton channel, the same two fit setups were used. One fit was used to measure
tty from production as the signal strength and ¢ty from production as a second nor-
malisation factor. The second setup measures tty from production and decay together
as the signal strength. In this case, where only one normalisation factor is used in the
fit, tty from decay has a normalisation uncertainty of 20% assigned. Again the Asimov
setup leads to the expected values of 1 for the normalisation factors. The uncertainties
are estimated to be

__+0.074

OINF =_0.069> 6.12)
0.076

O2NF :i0.070 . (613)

In comparison to the lepton+jets channel, these uncertainties are a bit larger. This is
mainly due to the statistical component.

No pulls are observed and in both cases, only one nuisance parameter gets constrained
by the fits. This is the parton shower uncertainty for the ¢£y sample. The ranking of the
most important nuisance parameters shows a similar ranking between the two setups
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(see Figure 6.2). As seen before in the lepton+jets channel, the rankings in the dilepton
channel look similar and therefore consistent between the two setups. Comparing the
rankings plots in Figure 6.1 (lepton+jets channel) with those in Figure 6.2 (dilepton
channel), one can observe that the same uncertainties are the most important ones. Most
uncertainties appear in all four rankings and also at a similar position within the ranking.
One main difference between the two channels can be seen for the h — v fakes scale factor
uncertainty, which is among the most important nuisance parameters in the dilepton
channel, while not relevant in the lepton+jets channel, where the e — ~ fakes scale
factor uncertainty is important. The reason for this becomes clear when looking at the
distributions for the fits (see Figures 5.26 and 5.34). In the lepton+jets channel the e — ~
fake contribution has a much larger impact than in the dilepton channel. In contrast
to that, the h — ~ fake contribution, although not negligible, is less important in the
lepton+jets channel, while being relatively important in the dilepton channel. Another
difference concerns the var3c uncertainty for ¢ty from production. In the lepton+jets
channel, it is the most important nuisance parameter, while in the dilepton channel, it is
much less important. Nevertheless, the similar rankings demonstrate the consistency not
just between the two fit setups but also between the channels. The correlations between
the nuisance parameters are smaller in comparison to the lepton+jets channel, which
mainly concerns the jet and b-tagging uncertainties, while modelling, normalisation and
photon-related uncertainties are similar. Due to its importance the uncertainty on the
h — ~y fake scale factor shows larger correlations. The correlation matrices are shown in
Appendix E.1.

The impact of different groups of uncertainties was studied for the dilepton channel in the
same way as it is done for the lepton-+jets channel. The corresponding tables with the
concrete values are shown in Tables 6.1 and 6.2. While ¢ty from production modelling
uncertainties have become smaller, other uncertainties have become larger, especially
the statistical uncertainties. Their impact has doubled, which can be expected as the
whole number of events in the dilepton channel is roughly four times smaller than in
the lepton+jets channel. Still one can say that the behaviour seen in both channels is
consistent.

Combination

Once the robustness of the fit is ensured, at least at Asimov level, the combination of
both channels can be done. Combining different decay channels into one single fit is the
logical step, as the decay channel has no or only a small impact on the photon radiation.
Hence, it is expected that both 7 contributions behave the same in both channels. The
previously seen consistency between the fits in the dilepton channel and the lepton-+jets
channel supports this prediction. Doing the combined fits can validate this.

The Asimov fit results on the signal strength and a comparison with the results from the
individual fits are shown for both fit setups in Figure 6.3. The central values are 1, as
they should be. The uncertainties are reduced, which is also expected. As the fits are not
totally uncorrelated, the uncertainty reduction is a bit less than a factor of 1/1/2. Again
for both fit setups a ranking was investigated (see Figure 6.4). The ranking follows more
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Figure 6.2.: Rankings of the 25 nuisance parameters with the largest impact on the signal
strength for the Asimov fits in the dilepton channel. (a) shows the results
for the fit setup with one NF, while (b) shows it for the fit setup with two
NFs. The blue and turquoise bars show the pre-fit and post-fit importance
expressed by Ap, while the black bars and dots show the post-fit values
for the nuisance parameters and their uncertainties. More details about the
different nuisance parameters are given in Section 5.4 and the corresponding
references.
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Figure 6.3.: A comparison of the best-fit value with one NF (a) and with two NF (b).
The central value is, as expected, 1, while the uncertainties are reduced in
the combinations with respect to the fits in the individual channels.

the ranking seen in the lepton+jets channel, which seems to dominate the fit. Also,
the constraints are similar to the lepton+jets channel. The combined correlations do
not reveal anything unexpected (see Appendix E.1). The final step was to extract the
grouped uncertainties and compare them to the uncertainties from the individual fits.
Table 6.1 and 6.2 provide the results. The main reduction comes from the ¢ty modelling
uncertainties, the jet-related uncertainties and the b-tagging uncertainties. In the case of
the fit with one NF also the normalisation uncertainty on ¢ty from decay has a strongly
reduced impact.
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6.2. Tests of the fit setup

Table 6.1.: Summary of the impact of the systematic uncertainties on the signal strength
for the Asimov fits with 1 NF grouped into different categories. The quoted
uncertainties are obtained by repeating the fit with certain sets of nuisance
parameters removed from the fit and subtracting in quadrature the resulting
uncertainty from the uncertainty from the full fit. For the total uncertainty
average means the sum of the up and down uncertainty divided by two.

Group of uncertainties Lepton—+jets | Dilepton | Combination
Total uncertainty (average) 0.069 0.072 0.051
Statistical uncertainty 0.008 0.015 0.007
MUC statistical uncertainty 0.012 0.015 0.009
Normalisation uncertainty for ttvy (dec.) 0.37 0.036 0.021
Modelling uncertainties
tty (prod.) modelling 0.049 0.035 0.029
tty (dec.) modelling 0.009 0.012 0.009
Background modelling 0.007 0.003 0.006
Prompt background normalisation 0.015 0.023 0.022
Experimental uncertainties
Jet uncertainties 0.028 0.026 0.016
B-tagging uncertainties 0.021 0.017 0.010
Extrapolation uncertainties 0.006 0.008 0.004
Fake lepton background estimate 0.004 - 0.001
Fake photon background estimate 0.010 0.015 0.016
Photon 0.005 0.014 0.008
Missing transverse energy 0.003 0.003 0.004
Other experimental 0.014 0.017 0.014
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6. Results

Table 6.2.: Summary of the impact of the systematic uncertainties on the signal strength
for the Asimov fits with 2 NF grouped into different categories. The quoted
uncertainties are obtained by repeating the fit with certain sets of nuisance
parameters removed from the fit and subtracting in quadrature the resulting
uncertainty from the uncertainty from the full fit.

Group of uncertainties ‘ Lepton+jets | Dilepton | Combination
Total uncertainty (average) 0.070 0.073 0.051
Statistical uncertainty 0.018 0.031 0.015
MC statistical uncertainty 0.012 0.014 0.009
Normalisation factor for ttvy (dec.) 0.022 0.030 0.021
Modelling uncertainties
tty (prod.) modelling 0.052 0.037 0.029
tty (dec.) modelling 0.005 0.012 0.008
Background modelling 0.007 0.005 0.005
Prompt background normalisation 0.015 0.022 0.022
Experimental uncertainties
Jet uncertainties 0.028 0.026 0.015
B-tagging uncertainties 0.021 0.017 0.010
Extrapolation uncertainties 0.005 0.009 0.004
Fake lepton background estimate 0.004 - 0.001
Fake photon background estimate 0.009 0.017 0.016
Photon 0.004 0.014 0.007
Missing transverse energy 0.002 0.004 0.003
Other experimental 0.014 0.017 0.014
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Figure 6.4.: Rankings of the 25 nuisance parameters with the largest impact on the
signal strength for the combined Asimov fits in the lepton+jets and dilepton
channel. (a) shows the results for the fit setup with one NF, while (b) shows
it for the fit setup with two NFs. The blue and turquoise bars show the pre-
fit and post-fit importance expressed by Apu, while the black bars and dots
show the post-fit values for the nuisance parameters and their uncertainties.
More details about the different nuisance parameters are given in Section
5.4 and the corresponding references.
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6. Results

6.2.2. Tests for fits to data

From the previous section, it is known that the fit setup seems to be working fine. The
Asimov results look consistent between the two fit-setups and between the two channels.
The combination gives also sensible results. Hence, the next step was to do the fit to
data but keep the final value of the signal strength blinded. This allows one to see how
the fit behaves when real data is used and one can investigate possible issues concerning
the different nuisance parameters.

Lepton+jets channel

Unblinding the fit revealed a consistent behaviour of the nuisance parameters between
the two fit setups. In comparison to the Asimov fits, the constraints are quite similar and
only a few pulls are observed (see Appendix E.2). From the pulls, the most important
ones to investigate further are the b-tagging uncertainties BO and B1, as well as the
extrapolation uncertainty on light jets. From the modelling uncertainties, the scale and
parton shower uncertainties on the ¢ty from production sample are investigated further,
as well as the parton shower uncertainty on the ¢ty from decay sample. For the fit
with one NF the uncertainty on the ¢#y from decay normalisation is checked too. These
uncertainties were chosen because they also appear in the ranking to be among the most
important uncertainties. Other uncertainties with moderate pulls were therefore not
checked more deeply. The rankings (see Figure 6.5) look similar to the rankings from
the Asimov fits (see Figure 6.1). Except for the pulls of the extrapolation uncertainty
on light jets and the shower uncertainty for ¢y from production, all other investigated
pulls are moderate and less than half a 0. The changes seen in the correlation matrices
are also moderate with respect to the Asimov fit setup (see Appendix E.2).

To investigate the uncertainties mentioned above, two studies were done. One study
was to decorrelate each uncertainty concerning its shape and normalisation effect. The
second check was to decorrelate them between the four regions. For the two b-tagging
uncertainties under investigation, the decorrelation between shape and normalisation
effect shows that the pull comes from the shape effect. Decorrelating between the re-
gions shows that the pulls are strongest in the two control regions that use the PCBT
distributions as input, which is reasonable. In both cases, for the renormalisation and
factorisation scale uncertainties, the pull is driven by the impact of the uncertainties
on the shape of the distributions. Because both uncertainties act on the ¢ty from pro-
duction sample, their impact is largest in the signal region. Again this is a reasonable
result. The pull on the parton shower uncertainty for ¢ty from decay comes from both ef-
fects, shape and normalisation. Decorrelating between the regions shows that the pull is
driven by the tty from decay control region, but also by the other photon control region,
while the fakes control region and the signal region show a pull in the opposite direction.
From the corresponding plots, showing the impact of the uncertainty (see Figures 6.6
and 6.7), one can see that the negative pull preferred by the fit corresponds to the up-
variation, which is obtained by interfacing the nominal simulation with Herwig 7 (while
the down-variation is the symmetrised up-variation). This indicates that the Herwig 7
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Figure 6.5.: Rankings of the 25 nuisance parameters with the largest impact on the signal
strength for the fits to data in the lepton+jets channel. (a) shows the results
for the fit setup with one NF, while (b) shows it for the fit setup with two
NFs. The blue and turquoise bars show the pre-fit and post-fit importance
expressed by Ap, while the black bars and dots show the post-fit values
for the nuisance parameters and their uncertainties. More details about the
different nuisance parameters are given in Section 5.4 and the corresponding
references.
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Figure 6.6.: The distributions show the size of the parton shower uncertainty in the
lepton+jets channel for the ¢ty (dec.) contribution in the signal region (left)
and the tty decay control region (right). The black line shows the nominal
expectation, while the red and blue lines show the up and down variations.

prediction is closer to data than the nominal prediction interfaced with Pythia. As one
can expect, the pull and constraint on the normalisation uncertainty on the ¢y from
decay sample is driven by the ¢ty from decay control region. No decorrelation into shape
and normalisation component is made, because the uncertainty is defined as an overall
flat uncertainty of 20%.

Two uncertainties show large pulls of about 1 o (extrapolation uncertainty on light jets)
and 1.3 o (parton shower uncertainty for tfy from production). The pull for the extrap-
olation uncertainty on light jets is driven by its shape component and is strongest in
the signal region. This behaviour is supported by the plots showing the impact of this
uncertainty for the four regions (see Figures 6.8 and 6.9). While the impact is almost
negligible in the control region for tty from decay, for the two other control regions a
slight slope is seen, which is even much stronger in the signal region. This slope in
the signal region drives the pull. The largest pull is observed for the parton shower
uncertainty on the ¢ty from production sample. The decorrelation into regions shows
that the main impact comes from the signal region, although all regions show a pull in
the same direction. That this pull is a shape effect shows the decorrelation into shape
and normalisation components. Hence, the large pull is mainly explained by the strong
slope seen in the SR, while the other regions also show clear slopes (see Figures 6.10
and 6.11) but are less important for the ¢ty from production contribution, because the
control regions are not dominated by it.

With these results, the sources of the relevant pulls have become clear and are under-
standable. As only two nuisance parameters show pulls around or above 1 ¢ in a rather
complicated fit setup no need to change anything on the nuisance parameter model used
for the final fit has become visible.
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Figure 6.10.: The distributions show the size of the parton shower uncertainty in the
lepton—+jets channel for the ¢ty from production contribution in the signal
region (left) and the tty decay control region (right). The black line shows
the nominal expectation, while the red and blue lines show the up and
down variations.
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Dilepton channel

In the dilepton channel, the fits to data reveal good results. Almost no pulls are seen.
The visible pulls come from the following uncertainties: uncertainty on h — ~ fake
scale factor, uncertainty on pile-up reweighting scale factor, extrapolation uncertainty
for light jets and the parton shower uncertainties on both ¢y samples. None of these
pulls goes beyond 0.5 o and the constraints look similar to the Asimov fits (see Appendix
E.2). The ranking of the nuisance parameters is again very similar to the Asimov fits
(compare Figure 6.2 with Figure 6.12) and correlations look as expected from Asimov
fits. For completeness they are shown in Appendix E.2. So in general the results for
the dilepton channel look good. No indication of a problematic behaviour of any of the
nuisance parameters could be detected. Therefore no further investigations are done.

In Section 5.3.3 it is checked that the bump in the data/MC ratio in the neural network
output distribution is a statistical fluctuation caused by two input variables and the
way how MC events are distributed into the five folds used for cross-validation. Despite
having studied that the neural network behaves correctly, still, the impact of the bump
on the final result needs to be checked. Therefore the following procedure was used in
the fit with two normalisation factors (no check was done for the fit with one NF), one
for each of the two tty samples: the blinded output values for the normalisation factors
were stored in hexadecimal values (to keep them hidden but usable for calculations),
whereas the uncertainties on the normalisation factors were unblinded. With such a
setup several fits were made, where different bins of the fit distribution (see Figure 5.34)
were removed from the fit. The results (hexadecimal values) were used to calculate the
difference of the normalisation factors pinom. — ftait. concerning the default fit setup with
all bins included. pnom. is the signal strength of the nominal fit setup and p.y. the signal
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Figure 6.12.: Rankings of the 25 nuisance parameters with the largest impact on the
signal strength for the fits to data in the dilepton channel. (a) shows the
results for the fit setup with one NF, while (b) shows it for the fit setup
with two NFs. The blue and turquoise bars show the pre-fit and post-fit
importance expressed by Au, while the black bars and dots show the post-
fit values for the nuisance parameters and their uncertainties. More details
about the different nuisance parameters are given in Section 5.4 and the
corresponding references.
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6.2. Tests of the fit setup

Default + Default ——
Bin 1 removed * Bin 1 removed ——
Bins 1-2 removed + Bins 1-2 removed —_——
Bins 1-4 removed - Bins 1-4 removed —_———
Bins 1-6 removed + Bins 1-6 removed _—— —_—
Bin 8 removed * Bin 8 removed ——
S e o o ar R I R ¥ S
Hnom. — Halt. Hnom. — Halt.
(a) (b)

Figure 6.13.: Both plots show the difference of the normalisation factors pnom. — ttait. be-
tween the nominal fit setup and fit setups with certain bins being removed
from the fit, as well as the corresponding uncertainties. The left one shows
the results for the normalisation factor for the ¢ty from production sample
and the right plot shows the results for the normalisation factor for the ¢ty
from decay sample.

strength in the alternative fit setups. The following configurations were used: default
(with all bins), bin 1 is removed, bins 1 and 2 are removed, bins 1 to 4 are removed, bins
1 to 6 are removed and bin 8 (the bin with the bump) is removed. The idea of removing
bins from the left is, to see if that makes the bin with the bump (bin 8) more important
and changes the final results, which would be visible in a larger or smaller Ayu. Bin
8 was removed to see if that bin in general has an impact on the measurement. The
results for both normalisation factors are shown in Figure 6.13. The pulls and constraints
between the different setups do not vary much and therefore show that the results on
the normalisation factors are stable. It can be seen that none of the different fit setups
has a significant impact on the normalisation factor for ¢ty from production. That this
is the case for the fits where the bins dominated by tfy from decay are removed can
be expected, but it also shows that the bin has no special impact on the measurement.
Removing that bin itself also has no significant impact on the central value for the
normalisation factor for t£y from production, but also on the uncertainties no impact
is observed. This proves that the bump has no special impact on the measurement.
The central values for the normalisation factor for ¢ty from decay do not differ much
for removing up to the first four bins but the uncertainties get much larger, which can
be expected due to the reduced statistics. Removing six bins makes the result on the
normalisation factor for ¢ty from decay useless, as the uncertainty grows so much that
the shift in the central value does not become significant. The most important fit setup
where the bin with the bump is removed shows again consistent results concerning the
default fit for both, central value and uncertainties. Hence, the conclusion is that the
default fit procedure is reliable and the bump does not bias the final result.
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6. Results

Combination

Unblinding the combination of dilepton and lepton+jets channels in both fit setups
behaves mostly as expected. The pulls and constraints are mostly similar to the pulls
and constraints seen in the individual fits in the lepton+jets channel. The rankings,
which are consistent with the Asimov results, are shown in Figure 6.14. Nevertheless,
two observations are made: first, the pull on the var3c uncertainty for the ¢ty from
production sample is pulled much stronger than in the lepton+jets fit. In the dilepton
fit it was not pulled at all. Second, the parton shower uncertainty is less pulled than
in the lepton+jets fit. Both uncertainties are highly correlated® and so their interplay
was investigated for the fit setup with two NF. To understand the larger pull in the
combination, the var3dc uncertainty was decorrelated into the different regions. This
showed that the main impact on the pull comes from the signal region in the lepton—+jets
channels. Decorrelating shape and normalisation effect of the nuisance parameter showed
that the pull is a normalisation effect, which becomes clear when checking the impact
plots of the systematic uncertainty for the different regions (see Figures 6.15 and 6.16).
The shape of the uncertainty is rather flat and therefore the pull is related to the impact
this uncertainty has on the normalisation.

These decorrelation studies help to understand the origin of the pull but still, the in-
terplay of it with the parton shower uncertainty on the ¢ty from production sample must
be investigated. In a first step, this was done by removing one of the two uncertainties
from the fits completely. The result was that in case the var3c uncertainty is removed
the parton shower uncertainty is pulled a little less in the combination, while in the
other case, besides a pull reduction of the var3c uncertainty, larger pulls for the first two
uncertainties on the b-tagging are observed. This can be explained by the larger correla-
tions these important uncertainties have concerning the parton shower uncertainty. To
further study the impact of the combination the parton shower uncertainty was decor-
related between the two channels. This leads to pulls similar to those seen in the fits
for the individual channels but larger uncertainties on the NF for ¢ty from production,
which rise from approximately 5.2% to 6%. The correlations also show that they are
dominated strongly by the high correlations showing up between the var3c uncertainty
and the parton shower uncertainty in the lepton+jets channel, which was not present
in the single channel fits. Doing so-called 2-u fits (each channel has its normalisation
factor defined) in both cases (decorrelating the parton shower uncertainty between the
two channels or not) gives compatible results with the fits where a combined normalisa-
tion factor is defined. Therefore, a x? test between the default and the 2-y fits is done,
showing a better compatibility of almost 77% in the case of the decorrelation. In case of
not decorrelating the parton shower uncertainty between the channels, the test gives a
compatibility of 35%. Also, no significant modelling differences in the basic objects are
seen between the two channels.

The results of the studies led to the decision to keep the setup unchanged. Although
decorrelating reduces the pulls slightly it does not release any constraints as there were

S5Correlation matrices are shown for completeness in Appendix E.2.
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Figure 6.14.: Rankings of the 25 nuisance parameters with the largest impact on the
signal strength for the fits to data in the combination of lepton+jets and
dilepton channel. (a) shows the results for the fit setup with one NF, while
(b) shows it for the fit setup with two NFs. The blue and turquoise bars
show the pre-fit and post-fit importance expressed by Au, while the black
bars and dots show the post-fit values for the nuisance parameters and
their uncertainties. More details about the different nuisance parameters
are given in Section 5.4 and the corresponding references.
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6.3. Final fit and inclusive cross-section extraction

practically none. The correlations seen are not unphysical as both uncertainties do affect
the parton shower. In one case the hadronisation model is different and in the other
case, the rate of additional radiation is changed. The fact that the 2-u fits show better
agreement for the decorrelated setup can be explained by the larger uncertainties on the
normalisation factors observed. And in addition to these reasons, there is no physics
argument in favour of the decorrelation, as both channels are not too different in their
modelling.

6.3. Final fit and inclusive cross-section extraction

After unblinding the fits, while keeping the normalisation factors blinded, different pulls
of the nuisance parameters were investigated more closely. In the end, no changes were
made to the final fit setup. Hence, the rankings, pull plots and correlation matrices from
the previous section are also valid for the final fit setup, where the results are presented
in this section. The final values for the signal strength (the normalisation factor for ¢ty
from production) are shown in Figure 6.17 for the fit with two normalisation factors. The
results on the second normalisation factor for ¢ty from decay are shown in Figure 6.18.
The results for the fit with one normalisation factor (combined measurement of both
tty contributions) are shown in Figure 6.19. In both cases the combined result is lower
than the two results for the individual channels. The reason for this are correlations
among the different nuisance parameters, which leads to different pulls and constraints,
which eventually make up the difference. The corresponding post-fit plots for fits with
one or two NF in the individual channels for the regions used in the fits are shown in
Figures 6.20 and 6.21. They all show that the fit can describe the data well. Further
post-fit plots are shown in Appendix E.3. The grouped uncertainties® are shown in
Table 6.3 for the signal strength for the fit with two normalisation factors. The grouped
uncertainties for the fit setup with one normalisation factor are shown in Table 6.4. The
dominant uncertainties are those related to the modelling of ¢ty from production. In the
case of the fit with two normalisation factors, the second factor and its uncertainty have
also quite an impact on the total uncertainty, while in the fit with one normalisation
factor, this impact comes from the normalisation uncertainty for ¢ty from decay. Further
groups that contribute largely are jet and b-tagging uncertainties. In the combination,
the uncertainty reduction comes mostly from reductions on the uncertainties of exactly
the aforementioned groups.

From the measured values of the normalisation factors the cross-sections are derived.
For that Equation 6.7 is used. The uncertainty on the calculated values is given as

A, = Auo'pred. > (614)

SFor the final results the grouping was slightly changed with respect to the tests shown in the previous
section. While the extrapolation uncertainties are added to the b-tagging group, the other experi-
mental group was split into pile-up, luminosity and lepton-related uncertainties. The uncertainty on
the JVT scale factor was moved to jet-related uncertainties.
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6. Results

where A, is the uncertainty on the corresponding normalisation factor. These are the
final results for the lepton+jets channel:
Oty (prod.) = 288775 fb = 28877 (syst.) + 5(stat.) fb, (6.15)
Oty (prod.+dec) = 704750 fb = 70473 (syst.) & 5(stat.) fb. (6.16)

For the dilepton channel, the following values are obtained:

Tty (prod.y = 45. 7753 fb = 45.773 0 (syst.) T 13 (stat.) fb, (6.17)
Oty (prod.+dec) = 116.1732 fb = 116.173{(syst.) & 1.7(stat.) fb. (6.18)

And finally the results for the combination of the two channels:

Oty (prod.) = 319 =15 fb = 3197} (syst.) & 4(stat.) fb, (6.19)
Oty (prodtdec.) = 788733 fb = 788F 33 (syst.) & 5(stat.) fb. (6.20)
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Figure 6.17.: The results for the signal strength in the combination of lepton+jets and
dilepton channel in comparison to the individual fits in the setup with two
NF, showing total and statistical uncertainties.
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Figure 6.18.: The results for the best-fit value for the ¢t from decay normalisation factor
in the combination of lepton+jets and dilepton channel in comparison to
the individual fits for the setup with two NF.
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6.3. Final fit and inclusive cross-section extraction

Table 6.3.: Summary of the impact of the systematic uncertainties on the signal strength
for the unblinded fits with two NFs grouped into different categories. The
quoted uncertainties are obtained by repeating the fit with certain sets of
nuisance parameters removed from the fit and subtracting in quadrature the
resulting uncertainty from the uncertainty from the full fit.

‘lepton+jets dilepton | combination

Total uncertainty (average) 0.078 0.077 0.052
Statistical uncertainty 0.018 0.033 0.015
Total syst. uncertainty 0.076 0.071 0.050

MC statistical uncertainty 0.015 0.015 0.010

Normalisation factor for ttvy (dec.) 0.024 0.031 0.021
Modelling uncertainties

tty (prod.) modelling 0.051 0.016 0.030

tty (prod.) showering 0.024 0.037 0.009

tty (dec.) modelling 0.003 0.013 0.008

Background modelling 0.007 0.002 0.005

Prompt background normalisation 0.015 0.020 0.020

Experimental uncertainties

Jet uncertainties 0.035 0.030 0.017

B-tagging uncertainties 0.026 0.021 0.010

Fake lepton background estimate 0.004 - 0.001

Fake photon background estimate 0.008 0.015 0.016

Photon 0.005 0.015 0.008

Missing transverse energy 0.003 0.004 0.004

Leptons 0.013 0.014 0.013

Pile-up 0.003 0.007 0.005

Luminosity 0.008 0.010 0.008
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6. Results

Table 6.4.: Summary of the impact of the systematic uncertainties on the signal strength
for the unblinded fits with one NF grouped into different categories. The
quoted uncertainties are obtained by repeating the fit with certain sets of
nuisance parameters removed from the fit and subtracting in quadrature the
resulting uncertainty from the uncertainty from the full fit.

‘lepton—i—jets dilepton | combination

Total uncertainty (average) 0.076 0.076 0.052
Statistical uncertainty 0.008 0.016 0.007
Total syst. uncertainty 0.075 0.074 0.051

MC statistical uncertainty 0.015 0.015 0.010
Modelling uncertainties

tty(prod.) modelling 0.049 0.015 0.029

tty (prod.) showering 0.023 0.035 0.009

tty (dec.) modelling 0.006 0.013 0.008

tty (dec.) normalisation 0.041 0.037 0.020

Background modelling 0.007 0.002 0.005

Prompt background normalisation 0.015 0.021 0.020
Experimental uncertainties

Jet uncertainties 0.034 0.029 0.017

B-tagging uncertainties 0.026 0.021 0.011

Fake lepton background estimate 0.004 - 0.001

Fake photon background estimate 0.008 0.014 0.016

Photon 0.005 0.016 0.008

Missing transverse energy 0.003 0.004 0.004

Leptons 0.012 0.014 0.012

Pile-up 0.004 0.007 0.005

Luminosity 0.008 0.010 0.008
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Figure 6.19.: The results for the signal strength in the combination of lepton+jets and
dilepton channel in comparison to the individual fits in the setup with one
NF, showing total and statistical uncertainties.
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Figure 6.20.: Post fit distributions for the fit with two NF for the fit-regions in the
lepton+jets channel ((a)-(d)) and the dilepton channel (e). The fits were
made separately in the channels.
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Figure 6.21.: Post fit distributions for the fit with one NF for the fit-regions in the
lepton+jets channel ((a)-(d)) and the dilepton channel (e). The fits were
made separately in the channels.
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6.4. Further results

The analysis of the tfy process with the full Run 2 data set was not limited to only
measuring inclusive cross-sections as presented in the previous section. In addition,
differential cross-sections are measured and an EFT interpretation is made. Because the
tty and ttZ process are both sensitive to electroweak couplings, the same EFT operators
are relevant. To make use of this, a combined EFT interpretation is done too. These
three measurements, also published in Reference [3], are summarised here to give a full
picture of the publication. Further details can be found there.

6.4.1. Differential cross-sections

The top-photon coupling, as presented in Section 2.6.2, does not only predict the fre-
quency with which ¢f pairs appear in association with a photon but also determines the
kinematic properties of the photon. If the top-photon coupling is modified this might
not change the overall cross-section but only the shape of certain distributions. To be
sensitive to such modifications, differential cross-sections are measured. Their measure-
ment is done by applying the method of profile likelihood unfolding [251]. Here the
unfolding was done to particle level.

The method of profile likelihood unfolding turns the unfolding into a maximum likeli-
hood fit. In principle, the fit is based on the same likelihood as the inclusive cross-section
measurement with the difference that each bin gets an individual normalisation factor
for the signal strength. The predictions are given by the respective distributions at the
particle level and the application of the response matrix. The response matrix describes
how distributions on the particle level get transformed into distributions on the recon-
struction level, taking migration, efficiency and acceptance effects into account. As the
normalisation stays the same, fitting the folded distributions gives the normalisations at
the particle level. Uncertainties are taken into account via dedicated response matrices.
For the lepton+jets channel (on the figures in this section it is called single lepton) the
same regions are used that are used in the inclusive cross-section measurements. In the
dilepton channel, two regions (one control region and one signal region) are created,
based on the neural network output. The cut is placed at a neural network output of
0.6. The cut is chosen to minimise the expected uncertainties.

Further optimisation is done for the binning. Two criteria are applied. First, the bins
should be wide enough to keep the statistical uncertainties below 10% and fairly sim-
ilar in each bin. The second criterion is related to the migration effects. Due to the
resolution of the detector events might migrate from one bin to another bin when the
response matrix is applied to the particle level distribution. To have only small migra-
tions between the bins, they should have at least a width of two times the respective
resolution. The bin optimisation concerning the statistical uncertainty already assures
small migrations.

A closure test is done to verify that the unfolding procedure reproduces the underlying
true distribution. For this, the input shapes of the distributions which are unfolded
are altered and the resulting true distributions are compared. The necessary closure is
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6.4. Further results

achieved. Furthermore, stress tests are made. They verify that the unfolding itself is not
biased to any specific distribution. Therefore the shape of the distributions is linearly
changed and it is checked if the procedure recovers the changed distributions, which
it does. Hence, the whole setup for the differential measurements is working correctly.
Additionally, this was confirmed by Asimov fits.

Differential distributions are measured for ¢+ from production only and for ¢+ from pro-
duction and decay. Hence, the fit setups from the inclusive cross-section measurements
are repeated. The combination of both channels is only done for ¢ty from production
and there only for the photon n and pr distributions. In general, the following variables
are chosen to be measured:

e Both channels: br (’7)7 \77‘(7)7 ARmzn(’V’ l)7 ARmzn(77 b)> ARmzn(l’])a pr (jet with
highest pr ),

e Only dilepton channel: AR(v,l1), AR(~,l2), |An(l,1)|, A¢(l, 1), pr(l,1).

All of these variables have a physics motivation which is outlined in the following. While
the pr of the photon as a kinematic property is sensitive to the strength of top-photon
coupling, hence the charge and the electromagnetic coupling, the angular variables are
especially sensitive to the structure of the coupling. The jet pr is not directly sensitive
to the top-photon coupling but is sensitive to the energy scale of the process. In the
dilepton channel, additional variables are tested. While the angular distances between
the photon and the leptons are again sensitive to the coupling structure, the variables
concerning both leptons are sensitive to the spin correlations of the top quarks, which
are also altered by the photon emission and the changed fraction of the different initial
states in comparison to plain tt events.

The final results for ¢ty from production are shown for the absolute and normalised
differential cross-sections in Figure 6.22 for the photon py. Further results for ¢y from
production are in Appendix F. The complete set of results, including all differential
distributions for ¢ty from production and decay, are found in Reference [3]. The un-
certainties for the absolute cross-sections range from slightly below 10% up to 30% in
some bins of the tails of some distributions for the dilepton channel. In the case of the
normalised cross-sections, the uncertainties drop in most cases below 10%. This is due
to the cancellation of the normalisation uncertainties. The agreement between data and
prediction is quantified as a y? per degree of freedom and the corresponding p-values.
Summarising them, one can say that the agreement between data and prediction is mod-
est. One general observation is that for the measurements for ¢ty from production the
agreement is on average better than for the full ¢{#y measurements. This is explained by
the fact the ¢ty from decay sample is an LO sample and hence gives a poorer description

than the NLO sample for ¢y from production. The exact values are given in Appendix
F.
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Figure 6.22.: The particle-level unfolded distributions of the photon pr in the lep-
ton+jets channel ((a) and (b)), dilepton channel ((c) and (d)) and
their combination ((e) and (f)) in absolute ((a),(c),(e)) and normalised
((b),(d),(f)) form. The error bars represent both statistical and systematic
uncertainties. Overflow events are included in the last bin of each distri-
bution. Plots were taken from [3].

6.4.2. EFT interpretation

Differential distributions unfolded to particle level are a good method to search for pos-
sible deviations between the SM predictions and measured data to find hints for new
physics. But they only allow to quantify the possible (dis-)agreement. One way to use
possible disagreements is to compare them to very specific models. This allows to set
relatively precise limits for the parameters of such models. However, the drawback is
that these limits are not generalisable. To derive more general, model-independent (and
therefore less precise) limits on possible BSM physics the EFT method is a good choice
(see Section 2.6.2 and especially Equation 2.52).

Following Reference [172] two operators are relevant to probe the top-photon coupling.
These two operators are called Oy and Oyp. They modify the weak hypercharge cou-
pling and the weak isospin coupling. Both couplings are the underlying couplings forming
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the electromagnetic coupling. The cut-off scale A (see Equation 2.52) was set to 1 TeV.
The most sensitive distribution to these two operators is the photon pr distribution.
Therefore the EFT interpretation is done based on the differential measurement ob-
tained for the photon pp for the combined phase space of lepton+jets and dilepton
channel. The necessary MC samples are simulated at LO and the nominal EFT sample
(SM-like) is scaled to the NLO cross-section prediction for the different bins of the pho-
ton pr distribution for the ¢ty from production sample. The obtained scale factors are
then applied to all other EFT samples, which provide predictions for different Wilson
coefficients for the named operators. To test the fit setup, injection tests are done.

The limits on the operators are obtained with different fit-setups, using a Bayesian sta-
tistical approach with EFTfitter [298]. Two sets of fits are done. One fit is done with
both operators (real and imaginary parts are taken as independent parameters) simulta-
neously to obtain the best-fit value for the Wilson coefficients (called global mode). The
two-dimensional contours are shown in Figure 6.23. The limits are then derived from the
marginalised distributions and can be found in Appendix G. A second set of fits is done
where each parameter is fitted independently with a quadratic parametrisation and the
corresponding limits are derived. They are in the Appendix G too.
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Figure 6.23.: The two-dimensional contours for the real and imaginary part of ¢;p and
¢y Wilson-coefficients derived from the photon pr distribution from ¢ty
from production from the combined measurement in the lepton+jets and
dilepton channels. Plots were taken from [3].
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6.4.3. ttZ-tty combination

The connection between the photon and the Z-boson described in the electroweak uni-
fication does lead to the situation that both couplings, the top-photon and the top-Z
coupling depend on the same underlying couplings of hypercharge and weak isospin. As
a consequence, the same EFT operators are probed. In both analyses, this was done
with similar fit setups, based on the minimisation of a negative log-likelihood function.
Hence, a combination is somehow the logical consequence to exploit the complementarity
of both processes, tty and ttZ.

For a combined EFT-interpretation the photon and Z-boson pr distributions from both
analyses are taken. While for the photon pp the differential distribution from both chan-
nels is used, for the Z-boson pr distribution the combination of the 3-lepton and 4-lepton
channels is used [251]. The treatment of uncertainties was harmonised in advance. So
all experimental uncertainties are correlated between the channels, while modelling and
background normalisation uncertainties are taken to be uncorrelated. The cuts on the
fiducial phase space were set to avoid any overlap and assure statistical independence.
Again the same fitting procedure as outlined in the previous Section is applied. The
limits from the global fit using marginalised distributions and the limits from the inde-
pendent fits are in Appendix G. To illustrate the importance of combinations the two
dimensional contour plots are shown in Figure 6.24. There the Wilson coefficients ¢y
and c¢;z for the operators Oy and O;z are shown. These operators are obtained as
rotations of O;p and Ouy. While for t¢Z a degenerate structure is seen (as expected)
the degeneracy is resolved by adding the results from the ¢ty measurement, which in
addition leads to more constrained contours as well.
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Figure 6.24.: The two-dimensional contours for the ¢;y and ¢;z Wilson-coefficients. The
individual contributions from the ¢tZ (orange) and tty (green) measure-
ments are displayed in addition to the combined results (blue). The best-fit
value (global mode) and the SM prediction are shown as well. Plots were
taken from [3].
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CHAPTER [

Conclusions

This analysis aimed at the investigation of the top-photon coupling and the charge of
the top quark. While previous analyses had the same aim, this analysis added new
insights due to its design. First, there is the separation between photons coming from
the production part of the tty process and those coming from the decay. This approach,
based on the narrow-width approximation, was used for the first time in a tty cross-
section measurement. The separation was only achievable with sufficient precision due
to the usage of feed-forward neural networks and multiclass classification, which allowed
to exploit the predicted shape differences of both ¢y contributions and their differences
concerning the different background processes.

In addition to the results of this thesis the full analysis measured a large number of
differential distributions and for the first time, an EFT interpretation of the top-photon
coupling was performed within a ¢ty ATLAS analysis. Another measurement performed
for the first time was the combination of t¢y and ttZ [251], leading to improved con-
straints on EFT operators compared to the individual measurements.

Although this novel treatment of the ¢y process leads to new uncertainties, related to the
separation, the results are compatible with or even better than similar analyses. In the
following, the inclusive cross-section measurements done by the author will be analysed
and possible improvements for possible Run 3 analyses will be suggested. Some of the
suggestions have a somewhat general character and are relevant for other analyses as well.

Possible improvements for future analyses

As already mentioned, the newly introduced treatment of tfy events divided into a
production part and a decay part was done to enhance the sensitivity to the top-photon
coupling. The feed-forward neural network used for this yielded a good separation
between tty from production and tt7y from decay. This is shown by the high purity of
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the defined signal region and ¢ty from decay control region in the lepton-+jets channel.
The drawbacks were the fewer pure fakes and other prompt photon control regions. To
further improve this, one might search for variables specific to the different background
processes. Such new variables would improve the binary classification in the dilepton
channel too. For example, the h — ~ fake events are very similar to real tty events. This
comes from the fact that these events mainly come from tf events. Therefore the overall
kinematic structure of these events is very similar to tfy events, especially to ¢ty from
decay events. The most useful approach would be to better identify these photon fakes.
In the 36 fb~! ATLAS analysis [1] a tool called Prompt Photon Tagger was used for
this. It is based on feed-forward neural networks using so-called shower-shape variables'.
Unfortunately, large shape uncertainties had to be assigned to its usage, which diluted
the promising results. As most reconstruction and identification algorithms are refined
for analyses concerning data from LHC Run 3, the usage of such a tool might be useful
already at that stage. Hence, the rejection of photon fakes would improve. This would be
a benefit for all analyses involving photons. Furthermore, a better background rejection
could be archived with improved b-tagging and the possibilities a larger data set offers.
With the data that is foreseen to be collected in Run 3, it might be useful to apply tighter
efficiency requirements and/or require more b-tags and still have enough statistics with
minimal statistical uncertainties.

The next point concerns the definition of signal and background. This analysis measured
fiducial cross-sections where the predictions came from the simulated samples themselves.
Better results can be expected from a more inclusive approach, as employed in the tty
analysis for ey final states [2]. In the full theory calculation, including non-doubly-
resonant diagrams, Wity events were included as signal, allowing for a more consistent
signal treatment. Such calculations are much more difficult for lepton+jets events and
hence were not available at the time of this thesis. The reason is that much more
diagrams need to be taken into account due to the high number of involved quarks. In
addition, a coherent treatment in the simulations of the interferences between tty and
Wty would be beneficial. Otherwise, the generally used diagram removal and diagram
subtraction scheme would introduce further uncertainties, if one would simply go from
LO (as used here) to NLO simulations for the Wty process. So a simulation similar to
the progress known from the bb4l-generator [299] seems necessary. In consequence, Wit~y
was treated as background in this analysis although the production part of it contains
the same information about the top-photon coupling as the t#y from production events.
Hence, including Wt~ as signal should result in more precise measurements if the above-
mentioned requirements are fulfilled.

One of the main systematic uncertainties concerns the normalisation of the ¢ty from
decay sample, which is a LO sample. A simulation at NLO would further improve the
situation.

Furthermore, it is unclear where the approximately 10% difference between data and
MC comes from, which results in the measured signal strengths for ¢ty and tty from
production. This might be due to even higher order corrections.

!These variables describe the shower evolution in the calorimeters.

154



A further possibility Run 3 offers is related to the increased centre-of-mass energy from
13 to 13.6 TeV. This allows for a comparison between Run 2 and Run 3 results and
allows for a measurement of the ratio of ¢q initiated events and those events initiated
by gluon-gluon fusion. No ISR-photons are expected from events stemming from gluon-
gluon fusion and in consequence cross-section ratios might be more sensitive. Such a
measurement might also serve as input to constrain parton density functions.

Comparison to other tty measurements at /s = 13 TeV

Because previous analyses did not make the splitting into ¢#y from production and tty
from decay, only the obtained results for their combined measurements can be compared
to previous analyses. In the end, this analysis achieved a precision in the individual
channels of approximately 7.5%. This is a similar precision compared to the partial Run
2 analysis, although the statistical uncertainty decreased. The reasons are mainly the
uncertainties introduced by the splitting of the ¢ty process into production and decay.
The combination of lepton+jets and dilepton channels was able to achieve similar uncer-
tainties than the ey analysis [2]. In comparison to the CMS measurements for inclusive
tty cross-sections [29,30], which have relative uncertainties of 6.1% in the lepton+jets
channel and 3.9% in the dilepton channel, it looks like a less precise measurement. The
problem is that the ATLAS and CMS measurements cannot be directly compared to
each other. There are important differences in the way how uncertainties are taken into
account and the definitions of the fiducial phase spaces. What can be compared is the
measured agreement with the corresponding predictions. While this analysis measured
signal strengths of about 10% above the predictions, the CMS dilepton analysis has sim-
ilar results. In both cases, the theory uncertainty is larger than 10%, where the CMS
predictions [30] have much larger uncertainties in comparison to the predicted uncer-
tainties of this analysis (see Chapter 6), as LO-samples were used and this analysis used
NLO samples, at least for the tfy from production part. Hence both measurements are
well in agreement with the SM prediction. In the case of the lepton+jets channel CMS
measures lower signal strength in their regions with 4 or more jets than this analysis
does. But again the final results lie well within the theory uncertainties, which again are
larger for the CMS analysis due to the same reasons as given above (see Reference [29]
and Chapter 6). Additionally, all the uncertainties coming from the splitting into ¢ty
production and decay part were not relevant for the CMS analyses and they make up
quite a large fraction in this analysis. All in all the presented results in Section 6.3 are
as precise as possible, taking the newly developed approach into account.

Interpretation of the results

Given the results of this novel analysis, what has been learned about the top-photon
coupling and the top quark charge with this analysis?

From the decay of the top quark it is already known that an exotic model with a top
quark charge of -4/3 [187,188] is excluded [189-191] up to 8¢ [192]. So is there room
for a modified top quark charge? In principle, one can take the top-photon coupling
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and add a continuous parameter ¢ to it. Such a parameter would not spoil the charge
conservation in the top quark decay but it would modify the overall rate of ty-events.
At LO the cross-section of the t7y from production process has a quadratic dependence
on the top quark charge. So under the assumption of the narrow width approximation
one can calculate the cross-section for tty from production as a 2 — 3 process, either as
qq — tty or gg — tty. From the ISR in gg-annihilation, a constant term is part of the
cross-section, so it can be parametrised as

Utt_'y == 714 + B, (71)

where A is the part that gets changed by the parameter ¢ and B is the part related to ISR
and stays constant. Such a model can be implemented in MadGraph quite easily [280].
Doing the calculation with different top quark charges allows one to quantify A and B
from a system of linear equations. With the signal strength p, measured with different
setups in Section 6.3, one gets the relation

4¢?
HOtty,Q=2/3 = ?A + B7 (72)

assuming that oz, g—2/3 is the cross-section expected from SM. From this follows that
the modified charge in the coupling would be?

2 [HOyQ=2/3— B
Q= 3 _\/ 1 . (7.3)

With the result from the combination (4 = 1.07819-9%%) this would yield
Q = 0.70 £ 0.02, (7.4)

assuming the uncertainty on the signal strength to be dominant concerning the uncer-
tainty on A and B coming from the integration uncertainty by MadGraph. The deviation
of around 1.50 concerning the SM prediction would presumably vanish when taking the-
ory uncertainties (e.g. scale and PDF uncertainties) into account, but they were not
quantified for this simple calculation.

The caveat concerning this calculation is the following: from a QED perspective the
introduction of the parameter ¢ might be ad-hoc but unproblematic concerning features
such as gauge-invariance and renormalisability. The problem comes when looking at the
whole SM. There the photon emerges from a rotation in the space of the gauge field
for hyper-charge and the third gauge field for the weak force. The question becomes
now, how the parameter ¢ can be implemented into this rotation without any problems
concerning the couplings of the particles to the Z-boson? Unfortunately, no definite
answer to this question can be given here.

2The relative sign of the square-root has no importance here, as it enters squared any cross-section
calculation. It might be relevant in constructing a model consistent with electroweak unification.
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Inclusive and differential cross-sections can only reveal possible deviations. For a quan-
titative interpretation of any deviations either a well-defined BSM model is needed or
model-independent EFT operators. Because limits on the Wilson-coefficients of EFT
operators can be interpreted in a more general way than limits on concrete models,
this analysis made an EFT interpretation. The limits (see Section 6.4.2) show that the
measured top-photon coupling is consistent with the SM prediction. Consequently, any
significant deviation that might be measurable in the future will be rather small. So the
main message of this analysis is that, within current uncertainties, the top quark couples
to the photon as predicted by the SM.
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APPENDIX A

Monte Carlo Samples

The following tables! give an overview of the Monte-Carlo samples used for this analysis.

Table A.1.: Monte-Carlo samples with top quarks used for the analysis. Some of them

contain filters for exactly one lepton, at least one lepton or two leptons. The
stated cross-sections include k-factors and possible generator filter efficien-

cies.
Process Generator Tune Xsec [pb]
tty (NLO 2 — 3, inclusive) aMC@NLO + PyTHIA8  Al14 NNPDF2.3LO 1.572
tty (var3c up) aMC@NLO + PyTHIA8  Al4 NNPDF2.3LO 1.572
tty (var8c down) aMC@NLO + PyTnia8  Al4 NNPDF2.3LO 1.572
tty (NLO 2 — 3) aMCQ@QNLO + HeErwiG7  H7.1-Default 1.575
tt + v from decay (LO 2 — 2) MGS5 + PYTHIA8 A14 NNPDF2.3LO 2.261
tt + v from decay (shower variation) MG5 + HERWIGT H7.1-Default 2.280
Wty (v from production) MG5 + PYTHIAS8 A14 NNPDF2.3LO 0.25
Wty (v from decay) MGS5 + PyYTHIAS Al14 NNPDF2.3LO 0.29
Wity (v from production, shower variation) aMC@NLO + Herwic7 MMHT2014 0.25
Wty (v from decay, shower variation)) aMC@NLO + Herwic7 MMHT2014 0.30
tHw aMC@NLO + PyTHIA8  Al14 NNPDF2.3LO 0.60
ttvy aMCQ@QNLO + PYTHIA8 A14 NNPDF2.3LO 0.17
ttqq aMC@NLO + PyTHiA8  Al14 NNPDF2.3LO 0.59
ttee aMCQ@QNLO + PyYTHIAS8 A14 NNPDF2.3LO 0.04
ttup aMC@NLO + PyTHIA8  Al4 NNPDF2.3LO 0.04
ttrT aMC@NLO + PyTHIA8  A14 NNPDF2.3LO 0.04

1The tables are taken from the internal ATLAS documentation. Some internal information has been

removed.
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A. Monte Carlo Samples

Table A.2.: Further Monte-Carlo samples with top quarks used for the analysis. Some
of them contain filters for exactly one lepton, at least one lepton or two
leptons. The stated cross-sections include k-factors and possible generator
filter efficiencies.

Process Generator Tune Xsec [pb]
tt (inclusive) POwHEG + PYyTHIA8  Al4 NNPDF2.3LO 452.34
tt (inclusive, AFII) PowHEG + PyTHIA8  Al4 NNPDF2.3LO 452.34
tt (14+jets, hdamp variation) POWHEG + PyYTHIA8  Al4 NNPDF2.3LO 364.74
tt (1+jets, pr hard) PowHEG + PyTHIA8  Al1l4 NNPDF2.3LO 320.12
tt (1+jets, shower variation) PowHEG + HERwWIG7  HT7.1-Default 320.12
tt (dilepton) PowHEG + PyTHIA8  Al4 NNPDF2.3LO 87.71
tt (dilepton, AFII) PowHEG + PyTHIA8  Al4 NNPDF2.3LO 87.71
tt (dilepton, hdamp variation) PowHEG + PyTHIA8  Al4 NNPDF2.3LO 87.72
tt (dilepton, pr hard) POWHEG + PyTHIA8  Al4 NNPDF2.3LO 76.96
tt (dilepton, shower variation) PowHEG + HERwIG7  H7.1-Default 76.95
Wt (inclusive, ¢, DR) PowHEG + PyTHIA8  Al4 NNPDF2.3LO 35.86
Wt (inclusive, ¢, DR) PowHEG + PyTHIA8  Al4 NNPDF2.3LO 35.85
Wt (inclusive, t, shower variation) ~PowHEG + HErwic7 MMHT2014 35.85
Wt (inclusive, t, shower variation) ~POWHEG + HERwIGT MMHT2014 35.85
Wt (dilepton, ¢, DR) POWHEG + PYTHIAS A14 NNPDF2.3LO 3.78
Wt (dilepton, ¢, DR) PowHEG + PyTHIA8  Al4 NNPDF2.3L.O 3.78
Wt (dilepton, ¢, shower variation) = POwHEG + HErwic7 MMHT2014 3.78
Wt (dilepton, t, shower variation) =~ POWHEG + HERwIG7T ~MMHT2014 3.78
s-channel, top PowHEG + PyTHIA8  Al4 NNPDF2.3L.O 2.06
s-channel, anti-top POWHEG 4+ PYTHIA8  A14 NNPDF2.3LO 1.29
t-channel, top PowHEG + PyTHIA8  Al4 NNPDF2.3L.O 44.15
t-channel, anti-top POWHEG 4+ PYTHIA8  A14 NNPDF2.3LO 26.28

Table A.3.: Monte-Carlo samples for V-~ and V'V production used for the analysis. The
samples are split into slices of photon transverse momenta. The stated cross-
sections include k-factors and possible generator filter efficiencies.

Process Generator Tune Xsec [pb]
evy SHERPA 2.2.8 (NLO) NNPDF3.0NNLO 356.31
Qv SHERPA 2.2.8 (NLO) NNPDF3.0NNLO 358.25
VY SHERPA 2.2.8 (NLO) NNPDF3.0NNLO 356.36
eey SHERPA 2.2.8 (NLO) NNPDF3.0NNLO 98.705
ey SHERPA 2.2.8 (NLO) NNPDF3.0NNLO  98.690
TTY SHERPA 2.2.8 (NLO) NNPDF3.0NNLO 98.715
vuy SHERPA 2.2.8 (NLO) NNPDF3.0NNLO  57.023
77 — el SHERPA 2.2.2 NNPDF3.0NNLO 1.25
ZW — ety SHERPA 2.2.2 NNPDF3.0NNLO 4.58
WW/ZZ — ¢lvv  SHERPA 2.2.2 NNPDF3.0NNLO 12.50
WZ — lvvv SHERPA 2.2.2 NNPDEF3.0NNLO 3.23
Z7Z — qquv SHERPA 2.2.1 NNPDEF3.0NNLO 4.31
Z7Z — qqll SHERPA 2.2.1 NNPDF3.0NNLO 2.20
WZ — qquv SHERPA 2.2.1 NNPDF3.0NNLO 6.80
WZ — qqbl SHERPA 2.2.1 NNPDF3.0NNLO 3.43
WW — qql~v SHERPA 2.2.1 NNPDF3.0NNLO 24.71
WW — qqttv SHERPA 2.2.1 NNPDF3.0NNLO 24.72
WZ — lvqq SHERPA 2.2.1 NNPDF3.0NNLO 11.42
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Table A.4.: Monte-Carlo samples for Z+jets production used for the analysis. The sam-

ples are split into slices where max refers to max(Hrp, p%), and the samples
contain vetoes/filters on b-quarks and c-quarks to optimise statistics. The
stated cross-sections include k-factors and possible generator filter efficien-

cies.

Process Generator Tune Xsec [pb]
Z — ee, max € [0,70) GeV, b-veto, c-veto SHERPA 2.2.1 NNPDF3.0NLO 1587.02
Z — ee, max € [0,70) GeV, b-veto, c-filter SHERPA 2.2.1 NNPDF3.0NLO  220.00
Z — ee, max € [0,70) GeV, b-filter SHERPA 2.2.1 NNPDF3.0NLO 127.09
Z — ee, max € [70,140) GeV, b-veto, c-veto SHERPA 2.2.1 NNPDF3.0NLO 74.90
Z — ee, max € [70,140) GeV, b-veto, c-filter SHERPA 2.2.1 NNPDF3.0NLO 20.32
Z — ee, max € [70,140) GeV, b-filter SHERPA 2.2.1 NNPDF3.0NLO 12.74
Z — ee, max € [140, 280) GeV, b-veto, c-veto SHERPA 2.2.1 NNPDF3.0NLO 24.42
Z — ee, max € [140, 280) GeV, b-veto, c-filter SHERPA 2.2.1 NNPDF3.0NLO 9.23
Z — ee, max € [140, 280) GeV, b-filter SHERPA 2.2.1 NNPDF3.0NLO 6.08
Z — ee, max € [280,500) GeV, b-veto, c-veto SHERPA 2.2.1 NNPDF3.0NLO 4.80
Z — ee, max € [280,500) GeV, b-veto, c-filter SHERPA 2.2.1 NNPDF3.0NLO 2.25
Z — ee, max € [280,500) GeV, b-filter SHERPA 2.2.1 NNPDF3.0NLO 1.49
Z — ee, max € [500,1000) GeV SHERPA 2.2.1 NNPDF3.0NLO 1.76
Z — ee, max > 1000 GeV SHERPA 2.2.1 NNPDF3.0NLO 0.15
Z — pp, max € [0,70) GeV, b-veto, c-veto SHERPA 2.2.1 NNPDF3.0NLO 1588.47
Z — pp, max € [0,70) GeV, b-veto, c-filter SHERPA 2.2.1 NNPDF3.0NLO 219.52
Z — pp, max € [0,70) GeV, b-filter SHERPA 2.2.1 NNPDF3.0NLO 127.13
Z — pp, max € [70,140) GeV, b-veto, c-veto SHERPA 2.2.1 NNPDF3.0NLO 73.42
Z — pp, max € [70,140) GeV, b-veto, c-filter SHERPA 2.2.1 NNPDF3.0NLO 20.91
Z — pp, max € [70,140) GeV, b-filter SHERPA 2.2.1 NNPDF3.0NLO 1251
Z — pp, max € [140,280) GeV, b-veto, c-veto ~ SHERPA 2.2.1 NNPDF3.0NLO 23.30
Z — pp, max € [140,280) GeV, b-veto, c-filter ~ SHERPA 2.2.1 NNPDF3.0NLO 9.14
Z — pp, max € [140,280) GeV, b-filter SHERPA 2.2.1 NNPDF3.0NLO 6.08
Z — pp, max € [280,500) GeV, b-veto, c-veto ~ SHERPA 2.2.1 NNPDF3.0NLO 4.66
Z — pup, max € [280,500) GeV, b-veto, c-filter  SHERPA 2.2.1  NNPDF3.0NLO 2.21
Z — pp, max € [280,500) GeV, b-filter SHERPA 2.2.1 NNPDF3.0NLO 1.47
Z — pp, max € [500,1000) GeV SHERPA 2.2.1 NNPDF3.0NLO 1.74
Z — pp, max > 1000 GeV SHERPA 2.2.1 NNPDF3.0NLO 0.14
Z — 77, max € [0,70) GeV, b-veto, c-veto SHERPA 2.2.1 NNPDF3.0NLO 1612.53
Z — 771, max € [0, 70) GeV, b-veto, c-filter SHERPA 2.2.1 NNPDF3.0NLO 211.71
Z — 77, max € [0,70) GeV, b-filter SHERPA 2.2.1 NNPDF3.0NLO 127.09
Z — 77, max € [70,140) GeV, b-veto, c-veto SHERPA 2.2.1 NNPDF3.0NLO 74.71
Z — 77, max € [70,140) GeV, b-veto, c-filter SHERPA 2.2.1 NNPDF3.0NLO 20.53
Z — 77, max € [70,140) GeV, b-filter SHERPA 2.2.1 NNPDF3.0NLO 12.77
Z — 771, max € [140,280) GeV, b-veto, c-veto ~ SHERPA 2.2.1 NNPDF3.0NLO 24.59
Z — 77, max € [140,280) GeV, b-veto, c-filter =~ SHERPA 2.2.1 NNPDF3.0NLO 9.30
Z — 77, max € [140, 280) GeV, b-filter SHERPA 2.2.1 NNPDF3.0NLO 6.17
Z — 77, max € [280,500) GeV, b-veto, c-veto SHERPA 2.2.1 NNPDF3.0NLO 4.76
Z — 77, max € [280,500) GeV, b-veto, c-filter ~ SHERPA 2.2.1 NNPDF3.0NLO 2.24
Z — 77, max € [280,500) GeV, b-filter SHERPA 2.2.1 NNPDF3.0NLO 1.49
Z — 77, max € [500,1000) GeV SHERPA 2.2.1 NNPDF3.0NLO 1.76
Z — 71, max > 1000 GeV SHERPA 2.2.1 NNPDF3.0NLO 0.14
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A. Monte Carlo Samples

Table A.5.: Monte-Carlo samples for W+jets production used for the analysis. The sam-
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ples are split into slices where max refers to max(Hr, p%v ), and the samples
contain vetoes/filters on b-quarks and c-quarks to optimise statistics. The
stated cross-sections include k-factors and possible generator filter efficien-

cies.
Process Generator Tune Xsec [pb]
W — ev, max € [0, 70) GeV, b-veto, c-veto SHERPA 2.2.1 NNPDF3.0NLO  15324.22
W — ev, max € [0,70) GeV, b-veto, c-filter SHERPA 2.2.1 NNPDF3.0NLO  2430.66
W — ev, max € [0,70) GeV, b-filter SHERPA 2.2.1 NNPDF3.0NLO 832.20

W — ev, max € [70,140) GeV, b-veto, c-veto SHERPA 2.2.1 NNPDF3.0NLO 618.70
W — ev, max € [70, 140) GeV, b-veto, c-filter SHERPA 2.2.1 NNPDF3.0NLO 224.00
W — ev, max € [70,140) GeV, b-filter SHERPA 2.2.1 NNPDF3.0NLO 77.93
W — ev, max € [140, 280) GeV, b-veto, c-veto SHERPA 2.2.1 NNPDF3.0NLO 197.31
W — ev, max € [140,280) GeV, b-veto, c-filter =~ SHERPA 2.2.1 NNPDF3.0NLO 94.96
W — ev, max € [140, 280) GeV, b-filter SHERPA 2.2.1 NNPDF3.0NLO 36.54
W — ev, max € [280,500) GeV, b-veto, c-veto SHERPA 2.2.1 NNPDF3.0NLO 38.34
W — ev, max € [280,500) GeV, b-veto, c-filter SHERPA 2.2.1 NNPDF3.0NLO 22.36

W — ev, max € [280,500) GeV, b-filter SHERPA 2.2.1 NNPDF3.0NLO 9.59
W — ev, max € [500,1000) GeV SHERPA 2.2.1 NNPDF3.0NLO 14.60
W — ev, max > 1000 GeV SHERPA 2.2.1 NNPDF3.0NLO 1.20
W — v, max € [0,70) GeV, b-veto, c-veto SHERPA 2.2.1 NNPDF3.0NLO  15317.86
W — pv, max € [0,70) GeV, b-veto, c-filter SHERPA 2.2.1 NNPDF3.0NLO  2431.20
W — pv, max € [0,70) GeV, b-filter SHERPA 2.2.1 NNPDF3.0NLO 828.88

W — pv, max € [70,140) GeV, b-veto, c-veto SHERPA 2.2.1 NNPDF3.0NLO 618.56
W — v, max € [70,140) GeV, b-veto, c-filter SHERPA 2.2.1 NNPDF3.0NLO 223.36
W — pv, max € [70,140) GeV, b-filter SHERPA 2.2.1 NNPDF3.0NLO 76.73
W — pv, max € [140,280) GeV, b-veto, c-veto SHERPA 2.2.1 NNPDF3.0NLO 197.79
W — upv, max € [140,280) GeV, b-veto, c-filter ~ SHERPA 2.2.1 NNPDF3.0NLO 96.45
W — pw, max € [140, 280) GeV, b-filter SHERPA 2.2.1 NNPDF3.0NLO  36.51
W — uv, max € [280,500) GeV, b-veto, c-veto ~ SHERPA 2.2.1 NNPDF3.0NLO 38.30
W — pv, max € [280,500) GeV, b-veto, c-filker ~ SHERPA 2.2.1 NNPDF3.0NLO 22.40

W — pv, max € [280,500) GeV, b-filter SHERPA 2.2.1 NNPDF3.0NLO 8.77
W — pv, max € [500,1000) GeV SHERPA 2.2.1 NNPDF3.0NLO 14.56
W — pv, max > 1000 GeV SHERPA 2.2.1 NNPDF3.0NLO 1.20
W — 1v, max € [0,70) GeV, b-veto, c-veto SHERPA 2.2.1 NNPDF3.0NLO  15324.89
W — 7v, max € [0,70) GeV, b-veto, c-filter SHERPA 2.2.1 NNPDF3.0NLO 2443.43
W — 7v, max € [0,70) GeV, b-filter SHERPA 2.2.1 NNPDF3.0NLO 837.63

W — Tv, max € [70,140) GeV, b-veto, c-veto SHERPA 2.2.1 NNPDF3.0NLO 619.45
W — 7v, max € [70,140) GeV, b-veto, c-filter SHERPA 2.2.1 NNPDF3.0NLO 222.60
W — Tv, max € [70,140) GeV, b-filter SHERPA 2.2.1 NNPDF3.0NLO 76.99
W — 7v, max € [140, 280) GeV, b-veto, c-veto ~ SHERPA 2.2.1 NNPDF3.0NLO 197.36
W — Tv, max € [140,280) GeV, b-veto, c-filter =~ SHERPA 2.2.1 NNPDF3.0NLO 93.90
W — 7v, max € [140, 280) GeV, b-filter SHERPA 2.2.1 NNPDF3.0NLO 34.82
W — 7v, max € [280,500) GeV, b-veto, c-veto SHERPA 2.2.1 NNPDF3.0NLO 39.28
W — Tv, max € [280,500) GeV, b-veto, c-filter =~ SHERPA 2.2.1 NNPDF3.0NLO 22.25

W — 7v, max € [280,500) GeV, b-filter SHERPA 2.2.1 NNPDF3.0NLO 9.49
W — tv, max € [500, 1000) GeV SHERPA 2.2.1 NNPDF3.0NLO 14.60
W — 7v, max > 1000 GeV SHERPA 2.2.1 NNPDF3.0NLO 1.20




APPENDIX B

Additional information on the top quark reconstruction

B.1. Quadratic equation for neutrino p.

The starting point to derive the neutrino p. , by using the W-boson’s pole mass my, as
a constraint is the following equation:

miy = piy = (P1+P)%, (B.1)
where py, p; and p, are the 4-vectors of the W-boson and the lepton and neutrino it
decays into. This can be written as

m¥, —m? —m?2 =~ m¥ = 2ppy, (B.2)
with m; and m, being the lepton and neutrino masses, which are much smaller than
myy. Expanding this into its components gives

2

m
TW = ElEl/ - (px,lpm,u + Dy, 1Py,v + pz,lpz,u)- (B3)

Given that neutrinos are almost massless one gets

2
m
TW = El\/p:%,y + pgj,u +pz’,y - (pﬂﬂ,lp%’/ + Dy, iPy,v + p;;Jpz,u)- (B4)

Moving (pz,1Pz,v + Py,iPy,y + D21P-,v) to the left side of the equation, defining
miy
2

and squaring the equation gives

+ Pz, iPzv + Dy Dy = C (B.5)

C? + p2 02, + 20papz0 = EF (0%, + 150 +12,)- (B.6)
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B. Additional information on the top quark reconstruction

Ordering this by the powers of p. , and using pg’y + pf,’,/ = p%’y gives

0= (Ef —p2)p2, — 2Cp.ip= + Efpr, — C*. (B.7)
Defining
a=Ej — Piz (B.8)
miy
b ZQsz,l =2 (2 + Pz, 1Px,v + py,lpy,u) Dzl (Bg)
m2 2
c :E?p%“,y - (2‘4/ + Dz, 1Pz + py,le,y) (B.lO)

and using pr, = EJS p,, = Epss Cos(ng?nss) and p,, = B Sin(qu%niss) leads to
expressions of a, b and c¢ that are only dependent on the measureable quantaties FEj,
Dlas Plys Pz, B and ¢(E£57**%). The solutions for the p, , are given by the standard
formula to solve quadratic equations

b b2 c
=——=x14/— - -. B.11
Pz 2a 4a? a ( )

B.2. Plots on top-quark reconstruction

T o3 T T T T T T T 3 T T T T T T T

T
Vs=13 TeV, 139 " O
[ty (docay)

T
Vs=13 TeV, 139 5" LY
[ty (decay)

single lepton single lepton

b b b b i |
°
8

T[T [T [T [T T[T [T

°
o & 2
T T

oo bbb b b

i
TS| « o ° 3 | LE
g8 2 ees g8 2
= | O - = ] S E
’E é’ .. o ® 'E.'Q °.°
200 400 600 800 1000 1200 1400 1600 1800 2000 0 200 400 600 800 1000 1200 1400 1600 1800 2000
m(t+)  [GeV] m,,,(t+]) [GeV]
(a) (b)

Figure B.1.: The distributions for the summed mass of both reconstructed top quarks
(best permutation as described in Section 5.3.2) for tty (dec.) and tiy
(prod.) at reco-level (left), while on the right the same distributions at
particle level are shown.
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B.2. Plots on top-quark reconstruction
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Figure B.2.: The distributions for the mass difference of the reconstructed hadronically
decaying W boson and the W pole mass for tty (dec.) and tty (prod.) at
reco-level (left), while on the right the same distributions at particle level
are shown.
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Figure B.3.: The distributions for the mass difference of the reconstructed leptonically
decaying W boson and the W pole mass for tty (dec.) and tty (prod.) at
reco-level (left), while on the right the same distributions at particle level
are shown.
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APPENDIX C

Additional plots on prompt photon background control regions

C.1. W~ control region
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Figure C.1.: Distributions for the W+ control region, showing the ¢ and E distributions
of the photon for p+jets ((a) and (c¢)) and e+jets ((b) and (d)) subchannels.
The uncertainty band shows statistical uncertainty only.
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Figure C.2.: Distributions for the W+~ control region, showing the
of all jets for u+jets ((a) and (c) and e+jets ((b) and
uncertainty band shows statistical uncertainty only.
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Figure C.3.: Distributions for the W+ control region, showing the ¢ and E distributions
of all jets for u+jets ((a) and (c)) and e+jets ((b) and (d)) subchannels.
The uncertainty band shows statistical uncertainty only.
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Distributions for the W+ control region, showing the pr and 7 distributions

of the charged lepton for p+jets ((a) and (c)) and e+jets ((b) and (d))
subchannels. The uncertainty band shows statistical uncertainty only.
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Figure C.5.: Distributions for the W+ control region, showing the ¢ and E distributions
of the lepton for u+jets ((a) and (c)) and e+jets ((b) and (d)) subchannels.
The uncertainty band shows statistical uncertainty only.
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Figure C.7.: Distributions for the W~ control region, showing the b-jet multiplicity dis-
tributions at the 85% working point and the invariant mass of the b-tagged
jet and the lepton for u+jets ((a) and (c)) and e+jets ((b) and (d)) sub-
channels. The uncertainty band shows statistical uncertainty only.
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C. Additional plots on prompt photon background control regions
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Figure C.8.: Distributions for the W+ control region, showing the AR distributions of
the lepton and the b-tagged jet at the 85% working point and the Hrp
distributions for u+jets ((a) and (c)) and e+jets ((b) and (d)) subchannels.
The uncertainty band shows statistical uncertainty only.
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shows statistical uncertainty only.
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C.2. Z~ control region
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Figure C.11.: Distributions for the W+ control region, showing the AR distributions of
the photon and the leading pr b-tagged jet, as well as the invariant mass
of the lepton and the photon for p+jets ((a) and (c)) and e+jets ((b) and
(d)) subchannels. The uncertainty band shows statistical uncertainty only.
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Figure C.12.: Distributions for the Z~ control region, showing the ¢ and F distributions
of the photon for pu ((a) and (c)) and ee ((b) and (d)) subchannels. The
uncertainty band shows statistical uncertainty only.
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Figure C.13.: Distributions for the Zv control region, showing the pr and » distributions
of all jets for pup ((a) and (c)) and ee ((b) and (d)) subchannels. The
uncertainty band shows statistical uncertainty only.
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Figure C.14.: Distributions for the Z+ control region, showing the ¢ and E distributions
of all jets for uu ((a) and (c)) and ee ((b) and (d)) subchannels. The
uncertainty band shows statistical uncertainty only.
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Figure C.15.: Distributions for the Zv control region, showing the pr and 7 distributions
of all leptons for pp ((a) and (c)) and ee ((b) and (d)) subchannels. The
uncertainty band shows statistical uncertainty only.
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Figure C.16.: Distributions for the Z~ control region, showing the ¢ and F distributions
of all leptons for pu ((a) and (c)) and ee ((b) and (d)) subchannels. The
uncertainty band shows statistical uncertainty only.
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Figure C.17.: Distributions for the Z~ control region, showing the jet multiplicity and
Hyp distributions for pp ((a) and (c)) and ee ((b) and (d)) subchannels.
The uncertainty band shows statistical uncertainty only.

30000 =T T

2 [ T T 2 T T 2 T T T 2 T T T
s L ¢0aa W (prod) & 20000 ¢0aa W (prod) H ¢ Data i (prod) § ¢ Data ¥ (proc)
i D is=13Tev,1401b ' [tfy (dec) [h-fake v M is=13Tev, 1401 ' [Mtly (dec) [h-fake ¥ i ls=13TeV, 1401 ' Mtiy (dec) Mh-fake v H {s=13TeV, 14010 ' [tfy (dec) Mh-fake v
| 18000 Zy control region  [lefake y [HOthery 2y control region  [lefake y [HOther 2y control region  [e-fake y [IOther
16000 p. fakes Wty 3 Z p. fakes Wty p. fakes Wty
Pre-Fit WZyvight [WZrsc slight - [Zysc
14000 WZysb 7 Uncertainty Mzsb Uncertainty |
12000
r 10000
8000
10000
6000
5000 4 4000
2000
g 0 5 0 5 5
£ 1258 £ 125 £ 1255 o 4 e E|
< < < 2000208 0e0eh 0tent oo & LYY .
5 3 3 - L 3 e LI N -
& o075t 2 B o7 B orsf E E
o o o
250 800 3 2 o 1 2 3 3 2 1 o 1 2 3
E7*[Gev] ET*[GeV] @ (ET) 9(ET)

Figure C.18.: Distributions for the Z~ control region, showing the E*$ and ¢(E*)
distributions for pu ((a) and (c)) and ee ((b) and (d)) subchannels. The
uncertainty band shows statistical uncertainty only.

195






APPENDIX D

Additional plots on the neural network training

In this Appendix additional material is shown related to the neural network training. For
both channels the input distributions, the separation values, distributions showing the
impact of negative weights and distributions showing the comparison between training
and testing are presented. For the lepton+jets channel the permutation importance is
shown and the full set of correlation plots used for the definition of the fit regions.

D.1. L+jets channel

D.1.1. Input distributions
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D. Additional plots on the neural network training
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Figure D.1.: The E, n and ¢ distributions (from left to right) of the photon inserted into
the NN training. The uncertainty band corresponds to the total uncertainty,
including stat. and syst. uncertainties.
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Figure D.2.: The invariant mass distributions of the photon and leading b-jet, and the
photon and the lepton, as well as the AR distribution between the photon
and the leading PCBT jet (from left to right) inserted into the NN training.
The uncertainty band corresponds to the total uncertainty, including stat.
and syst. uncertainties.

P e I I I I I R T UL RAR AR R RARAE AN AR AN Ranns F RS RS Rl RS R RRRRN RS
s 7S 1 2 7000f E
S 7000FVs = 13 TeV, 140 fb™* @ Data Wty production] £ Vs =13 TeV, 140 fb™* ¢ Data Wty production] £ [ {s=13TeV, 140 fb™ @ Data W tty production 7
> F Ijets [Mtty decay [h-fake y 1 ¢ [Mtty decay [h-fakey 1 £ gogoll+jets [Mtty decay [h-fakey ]
:,‘5, 6000 [Ce-fakey [JOthery | o [Ce-fakey [JOthery e C [e-fake y []Other y ]
frr F Pre-Fit MlLep. fakes” Uncertainty [l Lep. fakes”” Uncertainty { soooipre-Fi( Ml Lep. fakes”” Uncertainty j
5000F B ] F ]
F ] E E 2 E
) J ) . ] ]
E o ER E P 3
a a L) a ,
3 //%W///%////////’////////%//////////%//é 3 WWW 3 /;WWW
Z o5 g Z o5
05 50 100 150 200 250 300 350 400 0'50,5 15 2 25 3 35 4 45 5 0'50.5 15 2 25 3 35 4 45 5
m(l,B-Jet 70%(closest)) [GeV] AR(y,l) AR(],B-Jet 70%(closest))

(a)

(b)

()

Figure D.3.: The invariant mass distribution of the lepton and the closest b-jet, and the
AR distributions between the photon and the leading b-jet, and between the
lepton and the closest b-jet (from left to right) inserted into the NN training.
The uncertainty band corresponds to the total uncertainty, including stat.
and syst. uncertainties.
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Figure D.4.: The pp distributions of the first, second and third jet (from left to right)
inserted into the NN training. The uncertainty band corresponds to the
total uncertainty, including stat. and syst. uncertainties.
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Figure D.5.: The pr distribution of the fourth jet and the E distributions of the first
and second jet (from left to right) inserted into the NN training. The
uncertainty band corresponds to the total uncertainty, including stat. and
syst. uncertainties.
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Figure D.6.: The F distributions of third and fourth jet and the PCBT distribution of
the leading PCBT jet (from left to right) inserted into the NN training.
The uncertainty band corresponds to the total uncertainty, including stat.
and syst. uncertainties.
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Figure D.7.: The PCBT distributions of the sub-, third- and fourth-leading PCBT jet
(from left to right) inserted into the NN training. The uncertainty band
corresponds to the total uncertainty, including stat. and syst. uncertainties.
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Figure D.8.: The multiplicity distributions of jets and b-jets per event and the E%”“
distribution (from left to right) inserted into the NN training. The uncer-
tainty band corresponds to the total uncertainty, including stat. and syst.
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Figure D.9.: The photon conversion type (0 means unconverted, 1 means converted)
distribution and the transverse mass and pr distributions of the leptonicaly
decaying W-boson (from left to right) inserted into the NN training. The
uncertainty band corresponds to the total uncertainty, including stat. and
syst. uncertainties.
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Figure D.10.: The Hr distribution, the invariant mass of all reconstructed objects and
sum of the invariant masses of top and anti-top quark of the best permuta-
tion to reconstruct them (from left tot right) inserted into the NN training.
The uncertainty band corresponds to the total uncertainty, including stat.
and syst. uncertainties.
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Figure D.11.: The distributions for the sum of the invariant masses of top- and anti-
top-quark of the second, third and fourth best permutation to reconstruct
them (from left to right) inserted into the NN training. The uncertainty
band corresponds to the total uncertainty, including stat. and syst. un-

certainties.
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Figure D.12.: The distributions for the sum of the squared differences between the pole-
mass and the reconstructed masses of top- and anti-top-quark for the best,
second and third best permutation (from left tot right) inserted into the
NN training. The uncertainty band corresponds to the total uncertainty,
including stat. and syst. uncertainties.
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Figure D.13.: The distributions for the sum of the squared differences between the pole-
mass and the reconstructed masses of top- and anti-top-quark for the
fourth best permutation and for the differences between the leptonicaly
and hadronicaly reconstrcuted W-masses and the W pole mass (from left
to right) inserted into the NN training. The uncertainty band corresponds
to the total uncertainty, including stat. and syst. uncertainties.
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D.1.2. Separation plots
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Figure D.14.: The separation values for the ¢, E and n distributions of the photon (from
left to right) for the different event categories.
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Figure D.15.: The separation values for the invariant mass distributions of the photon
and the closest b-jet, of the photon and the lepton and of the lepton and
the closest b-jet (from left to right) for the different event categories.
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Figure D.16.: The separation values for the AR distributions of the photon and the
leading PCBT jet, of the photon and the lepton and of the lepton and the
closest b-jet (from left to right) for the different event categories.
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The separation values for the pp distribution of the fourth jet and the F

distributions for the first and second jet (from left to right) for the different

event categories.
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the reconstructed W-boson mass and the pole mass for the (hypothetical)
leptonicly and (hypothetical) hadronicly decaying W-boson (from left to
right) for the different event categories.

D.1.3. Negative weight comparisons
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Figure D.27.: The impact of negative weights on the 7, ¢ and E distributions of the
photon (from left to right) inserted into the NN training.
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Figure D.28.: The impact of negative weights on the invariant mass distributions of the
photon and closest b-jet, of the photon and the lepton and of the lepton
and the closest b-jet (from left to right) inserted into the NN training.

2 25 10" T T T T T T @ Mo T T ) 107 T T T T T T T T

H E attas  smuaton intemal B 5 2E amas = £ = T Signal gNomina\) 3

& C 137ev ] @ 20 137Tev —= 2 F (s=13TeVv — — Signal (Corrected) B

5 E q 5 E 3 d E 7 Signal (W>0) : |

c 20— tty I+jets channel — c 18-ty tets channel = 5 E iy I+jets channel Background (Nominal)

g £ 7 T = = ° 20— — Background (Corrected) —

8 r B 8 E E| S E e Background (W>0) B

[ = & 1 = 3 £ |

C i 12 3 g 15— —

C ] E E| w C |

10 - E E 10— -

S = E 3 E —

o up = ° = PR I , =
5 E 5 E 5
& E & 8

o0sE- 3 0sE- o o0sE- 3

L B L e L

s 75 I
Delta R(y,b70) Delta R(ly) AR(,B-Jet 70%(closest))

Figure D.29.: The impact of negative weights on the AR distributions of the photon and
the leading PCBT jet, of the photon and the lepton and of the lepton and
the closest b-jet (from left to right) inserted into the NN training.
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Figure D.30.: The impact of negative weights on the pr distributions of the first, second
and third jet (from left to right) inserted into the NN training.
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Figure D.31.: The impact of negative weights on the pr distribution of the fourth jet
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and on the F distributions of the first and second jet (from left to right)
inserted into the NN training.
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Figure D.32.: The impact of negative weights on the E distributions of the third and
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fourth jet and on PCBT distribution of the leading PCBT jet (from left
to right) inserted into the NN training.
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Figure D.33.: The impact of negative weights on the PCBT distributions of the sub-,

third- and fourth-leading PCBT jet (from left to right) inserted into the
NN training.
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Figure D.34.: The impact of negative weights on the distributions of the number of jets
and b-jets per event and on the EM¥$ distribution (from left to right)
inserted into the NN training.
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Figure D.35.: The impact of negative weights on the photon conversion type (0 means
unconverted, 1 means converted) distribution and on the distributions of
the transverse mass and momentum of the leptonicly decaying W-boson
(from left to right) inserted into the NN training.
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Figure D.36.: The impact of negative weights on the Hr distribution and on the distri-
bution of the invariant mass of all reconstructed objects, as well as on the
distribution of the sum of the invariant masses of top and anti-top quark
of the best permutation to reconstruct them (from left to right) inserted
into the NN training.
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Figure D.37.:
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The impact of negative weights on the distributions of the sum of the
invariant masses of top- and anti-top-quark of second, third and fourth
best permutation to reconstruct them (from left to right) inserted into the
NN training.
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The impact of negative weights on the distributions of the sum of the
squared differences between the pole-mass and the reconstructed mass of
top and anti-top-quark for the best, second best and third best permuta-
tion (from left to right) inserted into the NN training.
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Figure D.39.:

The impact of negative weights on the distribution of the sum of the
squared differences between the pole-mass and the reconstructed masses of
top and anti-top-quark for the fourth best permutation and on the distri-
butions of the invariant masses of the leptonicly and hadronicly decaying
W-boson shifted by the W-pole-mass (from left to right) inserted into the
NN training.

D.1.4. Comparison of training and testing output distributions

Figure D.40.:

214

Output distributions for signal ((a):tty (prod.), (b):tty (dec.), (c): photon
fakes and (d):other photons) and background (everything not considered
as signal in the respective plot) for the tty (prod.) classifier (a), the tiy
(dec.) classifier (b), the photon fakes classifier (¢) and the other photon
classifier (d) for fold 1.



D.1. L+jets channel

(a) (b) (c) (d)

Figure D.41.: Output distributions for signal ((a):tty (prod.), (b):tty (dec.), (¢): photon
fakes and (d):other photons) and background (everything not considered
as signal in the respective plot) for the tty (prod.) classifier (a), the tiy
(dec.) classifier (b), the photon fakes classifier (¢) and the other photon
classifier (d) for fold 2.

Figure D.42.: Output distributions for signal ((a):tty (prod.), (b):tty (dec.), (¢): photon
fakes and (d):other photons) and background (everything not considered
as signal in the respective plot) for the t#y (prod.) classifier (a), the tty
(dec.) classifier (b), the photon fakes classifier (c¢) and the other photon
classifier (d) for fold 3.
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Figure D.43.: Output distributions for signal ((a):tty (prod.), (b):tty (dec.), (¢): photon
fakes and (d):other photons) and background (everything not considered
as signal in the respective plot) for the tty (prod.) classifier (a), the tiy
(dec.) classifier (b), the photon fakes classifier (¢) and the other photon
classifier (d) for fold 4.
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Figure D.44.: Output distributions for signal ((a):tty (prod.), (b):tty (dec.), (¢): photon

216

fakes and (d):other photons) and background (everything not considered
as signal in the respective plot) for the t¢y (prod.) classifier (a), the tty
(dec.) classifier (b), the photon fakes classifier (c¢) and the other photon
classifier (d) for fold 5.



D.1. L+jets channel

D.1.5. Permutation importance
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Figure D.45.: Permutation importance for the tty (prod.) classifier.
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Figure D.46.: Permutation importance for the ¢ty (dec.) classifier.
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Figure D.47.: Permutation importance for the photon fakes classifier.
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Figure D.48.: Permutation importance for the other photon classifier.
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D.1. L+jets channel

D.1.6. Output correlation plots
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Figure D.49.: The distributions of the téy (prod.) classifier vs. the tty (dec.) classifier
(a), of the tty (prod.) classifier vs. the photon fake classifier (b) and of
the ¢ty (prod.) classifier vs. the other photon classifier (c) for ¢ty (prod.)
events.
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Figure D.50.: The distributions of the ¢ty (dec.) classifier vs. the photon fake classifier
(a), of the tty (dec.) classifier vs. the other photon classifier (b) and of
the photon fake classifier vs. the other photon classifier (c¢) for ¢ty (prod.)
events.
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Figure D.51.: The distributions of the tty (prod.) classifier vs. the tty (dec.) classifier

Fake photons Score

(a), of the tty (prod.) classifier vs. the photon fake classifier (b) and of
the tty (prod.) classifier vs. the other photon classifier (¢) for t&y (dec.)
events.
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Figure D.52.: The distributions of the ¢ty (dec.) classifier vs. the photon fake classifier
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(a), of the tty (dec.) classifier vs. the other photon classifier (b) and of
the photon fake classifier vs. the other photon classifier (c) for tty (dec.)
events.
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Figure D.53.: The distributions of the tty (prod.) classifier vs. the ¢ty (dec.) classifier
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(a), of the tty (prod.) classifier vs. the photon fake classifier (b) and of
the tty (prod.) classifier vs. the other photon classifier (c) for e — v fake
events.
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Figure D.54.: The distributions of the ¢ty (dec.) classifier vs. the photon fake classifier
(a), of the tty (dec.) classifier vs. the other photon classifier (b) and of
the photon fake classifier vs. the other photon classifier (c) for e — v fake
events.
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Figure D.55.: The distributions of the tty (prod.) classifier vs. the tty (dec.) classifier
(a), of the tty (prod.) classifier vs. the photon fake classifier (b) and of
the tty (prod.) classifier vs. the other photon classifier (c) for h — v fake

events.
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Figure D.56.: The distributions of the t#y (dec.) classifier vs. the photon fake classifier
(a), of the tty (dec.) classifier vs. the other photon classifier (b) and of
the photon fake classifier vs. the other photon classifier (c) for h — v fake
events.
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Figure D.57.: The distributions of the tty (prod.) classifier vs. the ¢ty (dec.) classifier
(a), of the tty (prod.) classifier vs. the photon fake classifier (b) and of
the tty (prod.) classifier vs. the other photon classifier (c) for Wty events.
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Figure D.58.: The distributions of the ¢ty (dec.) classifier vs. the photon fake classifier
(a), of the ttvy (dec.) classifier vs. the other photon classifier (b) and of the
photon fake classifier vs. the other photon classifier (c) for Wt~y events.
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Figure D.59.: The distributions of the tty (prod.) classifier vs. the ¢ty (dec.) classifier
(a), of the tty (prod.) classifier vs. the photon fake classifier (b) and of the
tty (prod.) classifier vs. the other photon classifier (¢) for other photon
events.
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Figure D.60.: The distributions of the ¢ty (dec.) classifier vs. the photon fake classifier
(a), of the ¢ty (dec.) classifier vs. the other photon classifier (b) and of the
photon fake classifier vs. the other photon classifier (c¢) for other photon

events.
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D.2.1. Input distributions
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Figure D.61.: The ppr and n and ¢ distributions of the photon (from left to right) inserted
into the NN training. The uncertainty band corresponds to the total
uncertainty, including stat. and syst. uncertainties.
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and second jet (from left to right) inserted into the NN training. The
uncertainty band corresponds to the total uncertainty, including stat. and
syst. uncertainties.
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Figure D.64.: The distribution of the number of b-jets per event and the E:’}”SS and
Hyp distributions (from left to right) inserted into the NN training. The
uncertainty band corresponds to the total uncertainty, including stat. and
syst. uncertainties.
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Figure D.65.: The invariant mass and AR distributions between the photon and the
closest lepton inserted into the NN training. The uncertainty band corre-
sponds to the total uncertainty, including stat. and syst. uncertainties.
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Figure D.66.: The invariant mass and AR distributions between the photon and the clos-
est b-jet inserted into the NN training. The uncertainty band corresponds

to the total uncertainty, including stat. and syst. uncertainties.

D.2.2. Separation plots
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Figure D.67.: The separation values for the pr and n and ¢ distributions of the photon
(from left to right).
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Figure D.68.: The separation values for the F distribution of the photon and for the pr
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Figure D.69.: The separation values for the E distributions of the first two jets and for
the distribution of the number of jets per event (from left to right).
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Figure D.71.: The separation values for the invariant mass and AR distributions between
the photon and the closest lepton (from left to right).
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Figure D.72.: The separation values for the invariant mass and AR distributions between
the photon and the closest b-jet (from left to right).

D.2.3. Negative weight comparisons
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Figure D.73.: The impact of negative weights on the pr and 1 and ¢ distributions of the
photon (from left to right).
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Figure D.74.: The impact of negative weights on the E distribution of the photon and
on the pr distributions of the first and second jet (from left to right).
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Figure D.75.: The impact of negative weights on the E distributions of the first two jets
and on the distribution of the number of jets per event (from left to right).
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Figure D.77.:
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D.2.4. Comparison
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APPENDIX E

Additional material on inclusive cross-section fits

E.1. Additional material on Asimov fits

Correlation matrices for the Asimov fits in the dilepton channel
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Figure E.1.: The correlation matrix of the Asimov fits with one NF on the left side and
with two NF on the right side for the dilepton channel. Only nuisance
parameters with at least one correlation of at leat +£20% are shown.
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E. Additional material on inclusive cross-section fits

Correlation matrices for the Asimov fits in the I4jets channel
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Figure E.2.: The correlation matrix for the Asimov fit with one NF for the 14-jets channel.

Only nuisance parameters with at least one correlation of at leat +20% are
shown.

236



E.1. Additional material on Asimov fits

Signal Strength

b-tagging eigenvariation B-0

b-tagging eigenvariation B-1

jet flavor response

jet pileup rho topology

Photon Identification

Photon Isolation

Wty norm. uncert.

Wy norm. uncert.

Zy norm. uncert.

efake y SF

extrapolation uncert. light-jets

hfake y SF

ttbar pt hard

tty (dec) H7

tty (prod) H7

tty (prod) var3c

Norm factor for tty-dec

213 . 167 } 57
~
I
T
Q
g
=

~
I
=3
<4
k=2
2

Signal Strength

b-tagging eigenvariation B-0
b-tagging eigenvariation B-1
jet flavor response

jet pileup rho topology
Photon Identification
Photon Isolation

Wty norm. uncert.

Wy norm. uncert.

Zy norm. uncert.

efake y SF

extrapolation uncert. light-jets
hfake y SF

ttbar pt hard

tty (prod) var3c

Norm factor for tty-dec

Figure E.3.: The correlation matrix for the Asimov fit with two NF's for the 1+jets chan-
nel. Only nuisance parameters with at least one correlation of at leat £20%
are shown.
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Correlation matrices for the Asimov fits in the combination
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Figure E.4.: The correlation matrix of the Asimov fit with one NF for the combination
of dilepton and 14jets channels. Only nuisance parameters with at least one
correlation of at leat +£20% are shown.
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Figure E.5.: The correlation matrix of the Asimov fit with two NFs for the combination
of dilepton and l4jets channels. Only nuisance parameters with at least one
correlation of at leat +20% are shown.
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E.2. Additional material on unblinded fits

Pull-plots for the unblinded fits with 1 and 2 NF in the I+jets channel
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Figure E.6.: The left plot shows the pulls and constraints of those nuisance parameters
grouped together as background modelling uncertainties in the fit with one
NF, while the right plot shows the same nuisance parameters for the fit with
2 NF for the I+jets channel.
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Figure E.7.: The left plot shows the pulls and constraints of those nuisance parameters
grouped together as fake lepton background estimate uncertainties in the
fit with one NF, while the right plot shows the same nuisance parameters
for the fit with 2 NF for the 14jets channel.
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Figure E.8.: The left plot shows the pulls and constraints of those nuisance parameters
grouped together as fake photon background estimate uncertainties in the
fit with one NF, while the right plot shows the same nuisance parameters
for the fit with 2 NF for the 14jets channel.
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Figure E.9.: The left plot shows the pull and constraint of the luminosity uncertainty in

the fit with one NF, while the right plot shows the same nuisance parameter
for the fit with 2 NF for the 14jets channel.
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Figure E.10.: The left plot shows the pulls and constraints of those nuisance parameters
grouped together as E7"*® related uncertainties in the fit with one NF,

while the right plot shows the same nuisance parameters for the fit with 2
NF for the 14jets channel.
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Figure E.11.: The left plot shows the pull and constraint of the parton shower uncertainty

for the tty from production sample in the fit with one NF, while the right

plot shows the same nuisance parameters for the fit with 2 NF for the
14jets channel.
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Figure E.12.: The left plot shows the pulls and constraints of those nuisance parameters
grouped together as jet related uncertainties in the fit with one NF, while
the right plot shows the same nuisance parameters for the fit with 2 NF
for the 1+jets channel.
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Figure E.13.: Pull and constraint of the normalisation uncertainty for the ¢y from decay
sample in the fit with one NF for the 14+jets channel.
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Figure E.14.: The left plot shows the pulls and constraints of those nuisance parameters
grouped together as lepton related uncertainties in the fit with one NF,
while the right plot shows the same nuisance parameters for the fit with 2
NF for the 1+jets channel.
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Figure E.15.: The left plot shows the pulls and constraints of those nuisance parameters
related to the modelling of the ¢ty from production process (excluding the
uncertainty on the parton shower) in the fit with one NF, while the right
plot shows the same nuisance parameters for the fit with 2 NF for the
l4jets channel.
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Figure E.16.: The left plot shows the pulls and constraints of those nuisance parameters
grouped together as photon related uncertainties in the fit with one NF,

while the right plot shows the same nuisance parameters for the fit with 2
NF for the 14jets channel.
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Figure E.17.: The left plot shows the pull and constraint of the pile-up reweighting uncer-

tainty in the fit with one NF', while the right plot shows the same nuisance
parameter for the fit with 2 NF for the 1+jets channel.
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Figure E.18.: The left plot shows the pulls and constraints of those nuisance parameters

related to prompt background normalisation uncertainties in the fit with

one NF, while the right plot shows the same nuisance parameters for the
fit with 2 NF for the 14jets channel.
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Figure E.19.: The left plot shows the pulls and constraints of those nuisance parameters
related to the modelling of the ¢ty from decay process in the fit with one

NF, while the right plot shows the same nuisance parameters for the fit
with 2 NF for the 14jets channel.
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Figure E.20.: The left plot shows the pulls and constraints of those nuisance parameters
grouped together as b-tagging uncertainties in the fit with one NF, while
the right plot shows the same nuisance parameters for the fit with 2 NF
for the 14jets channel.
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Correlation matrices for the unblinded fits with 1 and 2 NF in the I+jets channel
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Figure E.21.: The correlation matrix of the fit with one NF for the 14-jets channel. Only
nuisance parameters with at least one correlation of at leat +20% are
shown.
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Figure E.22.: The correlation matrix of the fit with two NFs for the l+jets channel.

Only nuisance parameters with at least one correlation of at leat +20%
are shown.
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Pull-plots for the unblinded fits with 1 and 2 NF in the dilepton channel
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Figure E.23.: The left plot shows the pulls and constraints of those nuisance parameters
grouped together as fake photon background estimate uncertainties in the
fit with one NF, while the right plot shows the same nuisance parameters
for the fit with 2 NF in the dilepton channel.
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Figure E.24.: The left plot shows the pull and constraint of the luminosity uncertainty in
the fit with one NF, while the right plot shows the same nuisance parameter
for the fit with 2 NF in the dilepton channel.
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Figure E.25.: The left plot shows the pulls and constraints of those nuisance parameters
grouped together as E}mss related uncertainties in the fit with one NF,
while the right plot shows the same nuisance parameters for the fit with 2
NF in the dilepton channel.

248



Background modelling
ttbar var3c
ttbar pt hard
ttbar mu R
ttbar mu F
ttbar hdamp
ttbar Herwig
Wtmu R
Wtmu F

Wt Herwig7
Wty mu R
Wty mu F
Wty Herwig

21 o0 T2
(0-6,)/A6

(a)

E.2. Additional material on unblinded fits

Background modelling
ttbar var3c
ttbar pt hard
ttbar mu R
ttbar mu F
ttbar hdamp
ttbar Herwig
Wtmu R
Wtmu F

Wt Herwig7
Wty mu R
Wty mu F
Wty Herwig

210 T2
(0-6,)/A6

(b)

Figure E.26.: The left plot shows the pulls and constraints of those nuisance parameters
grouped together as background modelling uncertainties in the fit with one
NF, while the right plot shows the same nuisance parameters for the fit
with 2 NF in the dilepton channel.
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Figure E.27.: The left plot shows the pulls and constraints of those nuisance parameters
grouped together as jet related uncertainties in the fit with one NF, while
the right plot shows the same nuisance parameters for the fit with 2 NF

in the dilepton channel.
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Figure E.28.: The left plot shows the pulls and constraints of those nuisance parameters
grouped together as b-tagging uncertainties in the fit with one NF, while
the right plot shows the same nuisance parameters for the fit with 2 NF
in the dilepton channel.
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Figure E.29.: The left plot shows the pulls and constraints of those nuisance parameters
grouped together as lepton related uncertainties in the fit with one NF,
while the right plot shows the same nuisance parameters for the fit with 2
NF in the dilepton channel.
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Figure E.30.: The left plot shows the pulls and constraints of those nuisance parameters
grouped together as photon related uncertainties in the fit with one NF,
while the right plot shows the same nuisance parameters for the fit with 2
NF in the dilepton channel.
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Figure E.31.: The left plot shows the pull and constraint of the pile-up reweighting uncer-
tainty in the fit with one NF', while the right plot shows the same nuisance
parameter for the fit with 2 NF in the dilepton channel.
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Figure E.32.: The left plot shows the pulls and constraints of those nuisance parameters
related to prompt background normalisation uncertainties in the fit with
one NF, while the right plot shows the same nuisance parameters for the
fit with 2 NF in the dilepton channel.

tty decay modelling

tty (dec) var3c
tty (dec) mu R
tty (dec) mu F
tty (dec) PDF 8
tty (dec) PDF 6
tty (dec) PDF 5

tty decay modelling
tty (dec) var3c

tty (dec) mu R

tty (dec) mu F

tty (dec) PDF 8

tty (dec) PDF 6

(dec) PDF 4 hé Egﬂ; ggi 3

tty (dec tty (dec

tty (dec) PDF 28 tty (dec) PDF 28

0 (deq) PDF 5  (ieq) PDF >
ec lec;

tty (dec) PDF 19 tty (dec) PDF 19

tty (dec) PDF 1

e tty (dec) PDF 1
tty (dec) Herwig 7

tty (dec) Herwig 7

(8-6))/00 (8-6))/00

(a) (b)

Figure E.33.: The left plot shows the pulls and constraints of those nuisance parameters
related to the modelling of the ¢ty from decay process in the fit with one
NF, while the right plot shows the same nuisance parameters for the fit
with 2 NF in the dilepton channel.
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Figure E.34.: The left plot shows the pulls and constraints of those nuisance parameters
related to the modelling of the ¢ty from production process (excluding
the uncertainty on the parton shower) in the fit with one NF, while the

right plot shows the same nuisance parameters for the fit with 2 NF in the
dilepton channel.
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Figure E.35.: The left plot shows the pull and constraint of the parton shower uncertainty
for the tty from production sample in the fit with one NF, while the right
plot shows the same nuisance parameters for the fit with 2 NF in the
dilepton channel.
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Figure E.36.: Pull and constraint of the normalisation uncertainty for the ¢y from decay
sample in the fit with one NF in the dilepton channel.
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Correlation matrices for the unblinded fits with 1 and 2 NF in the dilepton channel
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Figure E.37.: The correlation matrix of the fits in the dilepton channel with one NF on
the left side and with two NF on the right side. Only nuisance parameters
with at least one correlation of at leat £20% are shown.
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Correlation matrices for the unblinded fits with 1 and 2 NF in the combination of
I4+jets and dilepton channels
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Figure E.38.: The correlation matrix of the fit combining 14+jets and dilepton channels
with one NF. Only nuisance parameters with at least one correlation of at
leat +20% are shown.
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Figure E.39.: The correlation matrix of the fit combining 1+jets and dilepton channels

with two NFs. Only nuisance parameters with at least one correlation of
at leat £20% are shown.
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E.3. Post-fit plots

E.3.1. tty production: Post-fit plots for the fit in the lepton+jets channel
with two NF
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Figure E.40.: Post-fit plots for the pr, 1, ¢ and E distributions of the photon (from
left to right). The uncertainty band corresponds to the total uncertainty,
including stat. and syst. uncertainties.
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Figure E.41.: Post-fit plots for the distributions of the sum of the reconstructed ¢+t mass
for all four permutations to reconstruct them (from left (best permutation)
to right (worst permutation)). The uncertainty band corresponds to the
total uncertainty, including stat. and syst. uncertainties.
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Figure E.42.: Post-fit plots for the pp distributions of the first four jets (from left to
right). The uncertainty band corresponds to the total uncertainty, includ-
ing stat. and syst. uncertainties.
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Figure E.43.: Post-fit plots for the E distributions of the first four jets (from left to right).
The uncertainty band corresponds to the total uncertainty, including stat.
and syst. uncertainties.
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Figure E.44.. Post-fit plots for the distributions of the number of jets and b-jets per
event, as well as the Hy and mg (W) distributions (from left to right).
The uncertainty band corresponds to the total uncertainty, including stat.
and syst. uncertainties.
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Figure E.45.: Post-fit plots for the PCBT distributions of the four leading PCBT jets
(from left to right). The uncertainty band corresponds to the total uncer-
tainty, including stat. and syst. uncertainties.
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Figure E.46.: Post-fit plots for the invariant mass distributions of the photon and the
lepton, of the photon and the closest b-jet and of the lepton and the closest
b-jet, as well as the W-boson pr distribution (from left to right). The
uncertainty band corresponds to the total uncertainty, including stat. and
syst. uncertainties.
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Figure E.47.: Post-fit plots for the AR distributions of the photon and the lepton, of
the photon and the leading PCBT jet and of the lepton and the closest
b-jet, as well as the EF* distribution (from left to right). The uncer-
tainty band corresponds to the total uncertainty, including stat. and syst.
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Figure E.48.: Post-fit plots for the distributions showing the squared differences of the
reconstructed ¢ and ¢ masses concerning the top quark pole-mass for all
four permutations to reconstruct them (from left (best permutation) to
right (worst permutation)). The uncertainty band corresponds to the total
uncertainty, including stat. and syst. uncertainties.
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Figure E.49.: Post-fit plots for the photon conversion type distribution, for the invariant
mass distribution of all reconstructed objects and for the distributions
of the difference between the reconstructed W-boson mass (leptonic and
hadronic decay) and the W-boson pole mass (from left to right). The
uncertainty band corresponds to the total uncertainty, including stat. and
syst. uncertainties.
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Figure E.50.: Post-fit plots for the four NN output distributions. The uncertainty band
corresponds to the total uncertainty, including stat. and syst. uncertain-
ties.

E.3.2. Inclusive tt~: Post-fit plots for the fit in the lepton+jets channel
with one NF
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Figure E.51.: Post-fit plots for the pr, 1, ¢ and E distributions of the photon (from
left to right). The uncertainty band corresponds to the total uncertainty,
including stat. and syst. uncertainties.
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Figure E.52.: Post-fit plots for the distributions of the sum of the reconstructed ¢+t mass
for all four permutations to reconstruct them (from left (best permutation)
The uncertainty band corresponds to the

to right (worst permutation)).
total uncertainty, including stat. and syst. uncertainties.
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Figure E.53.: Post-fit plots for the pr distributions of the first four jets (from left to
right). The uncertainty band corresponds to the total uncertainty, includ-
ing stat. and syst. uncertainties.
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: Post-fit plots for the E distributions of the first four jets (from left to right).

The uncertainty band corresponds to the total uncertainty, including stat.
and syst. uncertainties.
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Figure E.55.: Post-fit plots for the distributions of the number of jets and b-jets per
event, as well as the Hy and mz (W) distributions (from left to right).
The uncertainty band corresponds to the total uncertainty, including stat.
and syst. uncertainties.
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Figure E.56.: Post-fit plots for the PCBT distributions of the four leading PCBT jets
(from left to right). The uncertainty band corresponds to the total uncer-
tainty, including stat. and syst. uncertainties.
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Figure E.57.: Post-fit plots for the photon conversion type distribution, for the invariant
mass distribution of all reconstructed objects and for the distributions
of the difference between the reconstructed W-boson mass (leptonic and
hadronic decay) and the W-boson pole mass (from left to right). The
uncertainty band corresponds to the total uncertainty, including stat. and
syst. uncertainties.
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Figure E.58.: Post-fit plots for the distributions of the squared differences of the recon-
strcuted ¢ and ¢ masses concerning the top quark pole-mass for all four
permutations to reconstruct them (from left (best permutation) to right
(worst permutation)). The uncertainty band corresponds to the total un-
certainty, including stat. and syst. uncertainties.
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E.3. Post-fit plots
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Figure E.59.: Post-fit plots for the invariant mass distributions of the photon and the
lepton, of the photon and the closest b-jet and of the lepton and the closest
b-jet, as well as the W-boson pr distribution (from left to right). The
uncertainty band corresponds to the total uncertainty, including stat. and
syst. uncertainties.
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Figure E.60.: Post-fit plots for the AR distributions of the photon and the lepton, of
the photon and the leading PCBT jet and of the lepton and the closest
b-jet, as well as the EF% distribution (from left to right). The uncer-
tainty band corresponds to the total uncertainty, including stat. and syst.
uncertainties.
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Figure E.61.: Post-fit plots for the four NN output distributions. The uncertainty band
corresponds to the total uncertainty, including stat. and syst. uncertain-
ties.

E.3.3. tty production: Post-fit plots for the fit in the dilepton channel with
two NF
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Figure E.62.: Post-fit plots for the pr, 1, ¢ and E distributions of the photon (from
left to right). The uncertainty band corresponds to the total uncertainty,
including stat. and syst. uncertainties.

266



E.3. Post-fit plots
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Figure E.63.: Post-fit plots for the py, E distributions of the first two jets (from left to
right). The uncertainty band corresponds to the total uncertainty, includ-
ing stat. and syst. uncertainties.
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Figure E.64.: Post-fit plots for the distributions of the number of jets and b-jets per
event and for the Hy and EF** distributions (from left to right). The
uncertainty band corresponds to the total uncertainty, including stat. and
syst. uncertainties.
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Figure E.65.: Post-fit plots for invariant mass distributions of the photon and the closest
lepton and of the photon and the closest b-jet, as well as the AR distribu-
tions for the same two configurations (from left to right). The uncertainty
band corresponds to the total uncertainty, including stat. and syst. un-
certainties.

E.3.4. Inclusive ttv: Post-fit plots for the fit in the dilepton channel with
one NF

3 FrrT T T T T I 7 ki A A A A L L R AL z 3 20007 Ranas Raaan T

9 4000 - 3 2 - P - © -

] [ =13 TeV, 140 fo” ¢ Data Wty production W 2000Fys = 13 TeV, 140 fo @ Data Wty productior % 2005 = 13 TeV, 140 fb™ @ Data Wty productior S 1800f 5 = 13 TeV, 140 fo”* ¢ Data Wty production]
3 3s00Dilepton [ty decay [h-fakey 3 F Dilepton [ty decay [h-fake y & 180f-Dilepton [ty decay [h-fake y 3 Dilepton [ty decay Wh-fakey 3
5 £ [efakey [Jothery 3 [eakey [Jothery [eakey [Jothery 5 Deakey [Jothery

@ 3000F-Post-Fit 7 Uncertainty E E-Post-Fit 7 Uncertainty 160F-Post-Fit 7 Uncertainty @ Post-Fit 7 Uncertainty

-

1255 .

os -
- - v

0.75 0.75|

Data / Pred.
Data / Pred.

Data / Pred.
.
3
Data / Pred.

50 100 150 200 250 300 04?5 2 -15 -1 05 0 05 1 15 2 25 -3 -2 -1 o 1 2 3 o 50 100 150 200 250 300 350 400
P.(v) [GeV] ) () E(y) [GeV]

(a) (b) (c) (d)

Figure E.66.: Post-fit plots for the pr, 1, ¢ and E distributions of the photon (from
left to right). The uncertainty band corresponds to the total uncertainty,
including stat. and syst. uncertainties.
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Figure E.67.: Post-fit plots for the py, E distributions of the first two jets (from left to
right). The uncertainty band corresponds to the total uncertainty, includ-
ing stat. and syst. uncertainties.

2 LR R S R RaA R AARAN g n T T T T T ] 3 T > T T T T T ]
g H F 1 3 3
g . £ go00f _ 8 soof- _ 8 Lok . e
w {s=13Tev, 140 fb" @ Data [Mitly production: w [ Vs=13Tev, 140 fb" # Data Wty producti Ed {s=13TeV, 140 o @ Data [Wtty production: 1 fs=13TeV, 140 fo” # Data Mty production
Dilepton [ty decay [Wh-fake y E Dilepton [ty decay [h-fake y 3 800FDilepton [ty decay [h-fake y 3 Dilepton [ty decay [h-fake y
[Dlefakey [JOthery 5000 [Dlefakey [JOthery H [lefakey [JoOthery 5 1200 [lefakey [JOthery
Post-Fit 7 Uncertainty F Post-Fit 7 Uncertainty @ 790 postrit 7 Uncertainty @ Post-Fit 7 Uncertainty
£ 1000

° E-1 E-1 E-1
I £ 125 * 3 £ 125 g 3
3 3 //%///////M//é 3 2 ewrg 2 z . » 7
8 8 o5 8 o5 & o075
o 8. 1 15 2 25 3 35 o B0 100 150 200 250 300 350 400 450 500 o 50 100 150 200 250 300
N s s H. [GeV] E7 [GeV]

(b) () (d)

Figure E.68.: Post-fit plots for the distributions of the number of jets and b-jets per
event and for the Hy and EF** distributions (from left to right). The
uncertainty band corresponds to the total uncertainty, including stat. and
syst. uncertainties.
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: Post-fit plots for invariant mass distributions of the photon and the clos-
est lepton and of the photon and the closest b-jets, as well as the AR
distributions for the same two configurations (from left to right). The un-
certainty band corresponds to the total uncertainty, including stat. and
syst. uncertainties.



APPENDIX F

Results on differential cross-sections

F.1. Absolute cross-sections

F.1.1. Lepton+jets channel
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Figure F.1.: Particle-level unfolded distributions in the lepton+jets'channel for ¢ty from
production for |n(vy)| (a) and AR(~,1) (b). The error bars represent both
statistical and systematic uncertainties. Overflow events are included in the
last bin of each distribution. Distributions were taken from [3].

Tn this Appendix the term single lepton is used on the figures.
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F. Results on differential cross-sections
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Figure F.2.:

(a) (b) (c)

Particle-level unfolded distributions in the lepton+jets channel for ¢t from
production for AR(7y,b)min (a), AR(7, j)min (b) and pr(1st jet) (c). The
error bars represent both statistical and systematic uncertainties. Overflow
events are included in the last bin of each distribution. Distributions were
taken from [3].

F.1.2. Dilepton channel

Figure F.3.:
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Particle-level unfolded distributions in the dilepton channel for ¢ty from
production for |n(y)| (a) and AR(¥,1)min (b). The error bars represent
both statistical and systematic uncertainties. Overflow events are included
in the last bin of each distribution. Distributions were taken from [3].



F.2. Normalized cross-sections
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Particle-level unfolded distributions in the dilepton channel for ¢ty from
production for AR(I, j)min (2), pr(j) (b) and AR(v,b)min (c). The error
bars represent both statistical and systematic uncertainties. Overflow events
are included in the last bin of each distribution. Distributions were taken
from [3].
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F.2. Normalized cross-sections

F.2.1. Lepton+jets channel
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Particle-level unfolded distributions in the lepton+jets channel for ¢y from
production for |n(v)| (a) and AR(~,1) (b). The error bars represent both
statistical and systematic uncertainties. Overflow events are included in the
last bin of each distribution. Distributions were taken from [3].
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F. Results on differential cross-sections
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Figure F.6.:
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Particle-level unfolded distributions in the lepton+jets channel for ¢t from
production for AR(7y,b)min (a), AR(7, j)min (b) and pr(1st jet) (c). The
error bars represent both statistical and systematic uncertainties. Overflow
events are included in the last bin of each distribution. Distributions were
taken from [3].

F.2.2. Dilepton channel
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Figure F.7.: Particle-level unfolded distributions in the dilepton channel for ¢ty from
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production for |n(y)| (a) and AR(¥,1)min (b). The error bars represent
both statistical and systematic uncertainties. Overflow events are included
in the last bin of each distribution. Distributions were taken from [3].



F.3. x? and p-values
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Figure F.8.: Particle-level unfolded distributions in the dilepton channel for tty from
production for AR(I, j)min (2), pr(j) (b) and AR(v,b)min (c). The error
bars represent both statistical and systematic uncertainties. Overflow events
are included in the last bin of each distribution. Distributions were taken
from [3].

F.3. x2? and p-values

Table F.1.: x?/ndf and p-values for the measured absolute and normalised cross-sections
for tty from production using the NLO MadGraph5_ aMC@NLO simulations
interfaced with Pythia 8 and Herwig 7. Table was taken from [3].

Absolute cross-sections Normalised cross-sections
MG5.aMC@QNLO+Pythia 8 MG5.aMCQNLO+Herwig 7  MG5_.aMC@NLO+Pythia 8 MG5.aMCQNLO+Herwig 7
Variables x?/ndf p-value | x?/ndf p-value | x?/ndf p-value | x?/ndf p-value
Single-lepton and dilepton combined
pr(y) 10.7/10 0.38 9.3/10 0.50 11.6/9 0.23 8.6/9 0.47
m1(v) 15.8/8 0.04 14.2/8 0.08 10.2/7 0.18 10.0/7 0.19
Single-lepton channel
pr () 11.7/10 0.31 10.4/10 0.40 43.9/9 < 0.01 32.1/9 < 0.01
Inl(+) 11.8/8 0.16 11.1/8 0.20 8.1/7 0.33 8.1/7 0.32
AR(v,1) 10.5/7 0.16 9.9/7 0.19 8.8/6 0.19 8.8/6 0.19
AR(Y,b)min | 12.5/5 0.03 12.3/5 0.03 7.6/4 0.11 9.0/4 0.06
AR, J)min 6.3/5 0.28 6.6/5 0.25 1.5/4 0.83 2.5/4 0.65
pr(i1) 12.6/5 0.03 10.8/5 0.06 8.2/4 0.08 9.7/4 0.05
Dilepton channel
pr(v) 8.6/6 0.20 7.2/6 0.31 6.5/5 0.26 5.9/5 0.32
m1(v) 12.1/8 0.15 9.9/8 0.27 9.2/7 0.24 7.9/7 0.34
AR, Dmin | 17.2/7 0.02 16.5/7 0.02 14.2/6 0.03 14.4/6 0.03
AR(Y,b)min 7.8/5 0.17 5.0/5 0.42 1.4/4 0.84 0.8/4 0.93
AR, j)min | 9:3/5 0.10 6.4/5 0.27 5.4/4 0.25 3.7/4 0.45
pr (1) 10.5/5 0.06 5.0/5 0.42 7.8/4 0.10 3.6/4 0.46
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APPENDIX G

EFT results and combination with ¢t

G.1. EFT

Table G.1.: Confidence intervals at 68% and 95% credibility (expected and observed)
for the ¢y and ¢;g Wilson coefficients obtained from the ¢ty measurement.
Results are shown for the values obtained from marginalised distributions
and from the individual fits. Best-fit values (global mode) are shown as well.

Table was taken from [3].

Wilson coefficient 68% CI (exp.) 95% CI (exp.) 68% CI (obs.) 95% CI (obs.) Best-fit
O(A™%) (marg) [~0.35,1.9] [~1.0,2.7] [-0.55,1.9]  [~1.2,2.8] 0.21
R[Ciw]
O(A™%) (indp.)  [~0.52,0.60]  [-0.90,0.98]  [~0.44,0.46]  [-0.78,0.84]  -0.01
O(A~%) (marg) [~1.1,1.1] [~1.9,2.0] [~0.95,0.95]  [~1.8,1.8] 0.01
S[Cew]
O(A™1) (indp.)  [-0.58,0.56]  [-0.96,0.94]  [-0.48,0.44]  [-0.84,0.80]  -0.01
O(A™%) (marg) [~0.20,1.0] [~0.58, 1.5] [-0.30,1.0]  [-0.66,1.5]  -0.13
R[C:B]
O(A™) (indp.)  [-0.31,0.31]  [-0.51,0.52]  [-0.26,0.23]  [-0.44,0.44]  -0.03
o O(A~Y) (marg) [-0.58,0.62]  [~1.1,1.1] [-0.50,0.54]  [-0.96,0.98  -0.01
S1bes
O(A™%) (indp.)  [-0.32,0.31]  [-0.53,0.51]  [-0.26,0.24]  [-0.45,0.44]  -0.01
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G. EFT results and combination with ttZ

G.2. Combination with ttZ

Table G.2.: Confidence intervals at 68% and 95% credibility (expected and observed) for
the c;r and ¢;g Wilson coefficients obtained from the combined ¢ty and ttZ
measurement. Results are shown for the values obtained from marginalised
distributions and from the individual fits. Best-fit values (global mode) are

shown as well. Table was taken from [3].

Wilson coefficient 68% CI (exp.) 95% CI (exp.) 68% CI (obs.) 95% CI (obs.) Best-fit
O(A™%) (marg) [~0.50,1.2] [~1.0,2.2] [~0.35,1.8]  [~1.1,2.5] 1.61
R[Cew]
O(A~%) (indp.)  [-0.44,0.54]  [-0.78,0.86]  [-0.28,0.32]  [-0.54,0.60]  0.01
O(A~%) (marg) [~1.1,0.45] [~1.7,1.2] [~1.3,0.15] [~1.8,1.1] -0.89
S[Cew]
O(A%) (indp.) [-0.48,0.50]  [-0.82,0.82]  [-0.32,0.30]  [-0.58,0.58  -0.01
RCon) O(A™%) (marg.) [-0.28,0.70]  [-0.60,1.2] [-0.34,1.2]  [~0.68,1.4] 0.94
B
O(A~Y) (indp.) [-0.28,0.32]  [-0.49,0.52]  [-0.24,0.19]  [-0.41,0.39]  -0.03
O(A~1) (marg.) [-0.34,0.62]  [-0.78,1.0] [-0.18,0.72]  [-0.64,1.0] 0.46
Ri[e5)
O(A™%) (indp.)  [-0.31,0.30]  [-0.51,0.51]  [-0.23,0.21]  [-0.40,0.40]  -0.01
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