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Chapter 1

Introduction

Measurements of the top-quark properties play an important role in testing the
Standard Model (SM) due to its heavy mass close to the electroweak breaking scale
and short life time. It also has an important role in the study of the background
processes (e.g. Higgs Boson Physics) at the Large Hadron Collider (LHC). In many
scenarios beyond the SM heavier particles decay into the top quarks. Studying
detailed properties of the top quarks can give handles on new physics. Since there
are the large number of t¢ pairs produced during the LHC Run 2, this high statistics
will allow to measure the properties of the top quark precisely. In particular, the
production of a top-quark pair in association with two photons (tty7) can probe

the electroweak coupling between the top quark and photons.

In this thesis a measurement of the t£yy production cross-section is performed with
data collected by the ATLAS detector during 2015 and 2016 corresponding to an
integrated luminosity of 36.1 fb™' at a center-of-mass-energy of /s = 13 TeV, in
the single lepton channels. The final state of the ¢ty process is similar to the
tty process, but it contains two prompt photons. So, this analysis is built on
the single-lepton tfvy analysis [17] in ATLAS. In the single lepton channels, one
lepton and at least four jets are requested, with at least one jet being b-tagged
and two isolated photons with py > 20 GeV and |n| < 2.37. The event yields and

kinematic distributions are compared between data and MC in the signal region.

This thesis is structured as follows: In Chapter 2 an overview of the standard model

and the basic concepts of the top-quarks physics are introduced. The Chapter 3



describes the ATLAS experiment at the LHC and its detector components. Then,
the measurement of the ¢ty production cross-section is discussed in Chapter
4. Further, the kinematic distributions, background and systematic uncertainty
studies are presented. Finally, the last chapter will summarize the thesis and give

an outlook.



Chapter 2

Theoretical Overview

2.1 The Standard Model of Particle Physics

The Standard Model explains how the basic building blocks of matter interact
with each other through the four fundamental forces. According to this model, all
matter is made out of elementary particles, the building blocks of matter. These
particles occur in two basic types called quarks and leptons (spin % particles, or
fermions). Each group consists of six particles, which are related in pairs, or
"generations”. In the Table 2.1 the charge and mass of these quarks and leptons
corresponding to the three generations are included. As shown in the Figure 2.1,
the electron neutrino (v,), the electron (e~), down-quark (d) and the up-quark
(u) make up the first generation. So, the lightest and most stable particles make
up the first generation, whereas the heavier and less stable particles belong to the

second and third generations.

There are also six anti-leptons and anti-quarks, with all the signs reversed. For
instance, the positron carries a charge of +1le and an electron -le, with e =
1.602176565(35) x 10! C. But quarks and anti-quarks carry non-integer electric
charge, being (+2/3 e) or (-1/3 e) and they also come in three colors, so there
are 36 of them in all. Totally there are 12 leptons and 36 quarks including the

anti-particles.
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Figure 2.1 The particles in the three generations of fundamental fermions with

the masses indicated by imagined spherical volumes of constant density [1].

Table 2.1 The twelve fundamental fermions divided into quarks and leptons.

Leptons Quarks
Particle Q mass/GeV  Particle Q mass/GeV
First electron (e7) -1 0.0005 down (d) -1/3 0.003
generation neutrino (v,) 0 <107° up (u) +2/3 0.005
Second  muon (u~) -1 0.106 strange (s)  -1/3 0.1
generation neutrino (v,) 0 <107 charm (¢)  +2/3 1.3
Third tau (77) -1 1.78 bottom (b)  -1/3 4.5
generation neutrino (v, ) 0 <107 top (t) +2/3 174

In addition, every interaction has its mediators: the photon for the electromagnetic
force, two W’s and a Z boson for the weak force, the graviton for gravity and the
gluon for the strong force, respectively. In the next Section these four forces and

mediators are discussed in detail.

2.2 The Fundamental Forces

Particles interact with each other through the four fundamental forces: strong,
weak, electromagnetism and gravity. The gravitational force between two individ-
ual particles is extremely small and can be neglected in the discussion of particle
interactions. Table 2.2 shows the strength and mediators corresponding to these

forces. They are listed in order of decreasing strength.



Table 2.2 The four known forces of nature.

Force Strength Boson Spin  mass/GeV
Strong 1 Gluon g 1 0
Electromagnetism 1073 Photon ~y 0

1

Weak 10~8 W boson W=+ 1 804

7 boson Z 1 91.2
2

Gravity 10737 Graviton G 0

Each of three forces is described by a Quantum Field Theory (QFT) corresponding
to the exchange of a spin-1 force carrying particle, know as a gauge boson. The
familiar spin-1 photon is the gauge boson of Quantum Electrodynamics (QED).
In the case of the strong interaction, the force-carrying particle is called the gluon
which, like the photon, is massless. The weak charged-current interaction, which
is responsible for nuclear S-decay and nuclear fusion, is mediated by the charged
W+ and W~ bosons, which are approximately eighty times more massive than
the proton. There is also a weak neutral-current interaction, closely related to
the charged current, which is mediated by the electrically neutral Z boson. These
gauge bosons couple to the spin-half fermions. The coupling of the gauge bosons
to the fermions is described by the SM interaction vertices, as shown in the Figure
2.2. In each case, the interaction is a three-point vertex of the gauge boson and

an incoming and outgoing fermion.

STRONG WEAK CC WEAK NC
[STRONG| [WEAKCC| i |WEAKNC]

q . q | pey € p | d 8w u igq-_ &2 q
R G

Only quarks All charged All fermions i All fermions
Never changes fermions Always changes ' Never changes
flavour Never changes flavour ' flavour
flavour
o5 ~ | a~1/137 Oy sz ~ 1/40

Figure 2.2 The Standard Model interaction vertices [1].

For each type of interaction there is an associated coupling strength g. For exam-

ple, for QED the coupling strength is simply the electron charge, gorp = €. In



Table 2.3 The forces experienced by different particles [1].

Strong Electromagnetic Weak

down-type d s b
Quarks v v v
up-type u C t

charged e pu= 71 v v
Leptons
neutrinos v, v, v v

the Table 2.3 the properties of the fundamental fermions are categorized by the

types of interaction.

All twelve fundamental particles ”feel” the weak force and undergo weak inter-
actions. With the exception of the neutrinos, which are electrically neutral, the
other nine particles are electrically charged and participate in the electromagnetic
interaction of QED. Only the quarks carry the QCD equivalent of electric charge,
called colour charge. Consequently, only the quarks feel the strong force. Because
of the nature of the QCD interaction, quarks are never observed as free particles,
but are always confined to bound states called hadrons, such as the proton and
neutron. Because the quarks feel the strong force, their properties are very dif-
ferent from those of the electron, muon, tau-lepton and the neutrinos, which are

collectively referred to as the leptons.
2.2.1 Quantum Electrodynamics (QED)

The QED is the QFT of the electromagnetic interaction, where the interactions
between charged particles are mediated by virtual photons. As an example, the

following figure shows the diagram in which the electrons exchange a photon.



Here, two electrons enter, a photon passes between them (one emits the photon and
another one absorbs it) and the two exit. This process is called Moller scattering

which is mediated by the exchange of a photon.

As another example, consider the following diagram of the annihilation process:

Here, an electron and a positron annihilate to form a photon, which in turn pro-
duces a new electron-positron pair. This represents the interaction of two opposite

charges. This process is called the Bhabha scattering.
We can also construct the following diagrams by using two vertices:

pair annihilation: e~ + et — v+,
pair production: v+ — e~ +et |

Compton scattering: e~ +~v — e~ + 7

1%

2.2.2 Quantum Chromodynamics (QCD)

The QCD is the QFT of the strong force. It describes the interactions between
coloured particles which are mediated by the exchange of gluons. As mentioned
in the previous Section, the quarks carrying the colour charge (red r, blue b and

green g) exist in three colour state. Similarly, the antiquarks carry the opposite
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colour charge to the quarks (7, b and g). Since leptons do not carry color, they do
not participate in the strong interaction. The fundamental process in the QCD is

quark—quark plus gluon (¢ — g + ¢) as shown in the following diagram:

In this process, the colour of the quark(but not its flavor) may change. As another
example, consider more complicated process in which the force between two quarks

is described in lowest order:

Here, the force between two quarks is mediated by the exchange of gluons. Since
color (like charge) is always conserved, this means that the gluon must carry
colour. Also there are three-gluon vertices and four-gluon vertices as shown the

following diagrams:




In addition there is difference of the size of the coupling constant between chromo-
dynamics and electrodynamics. Each vertex in the QED introduces o = 1/137,
and experimentally the corresponding coupling constant for strong force is greater

than 1 [2].

2.2.3 Weak Interactions

All leptons and all quarks participate in the weak interactions. There are two
kinds of weak interactions: charged (mediated by the W’s) and neutral (mediated
by the Z).

Leptons:

The fundamental charged vertex looks like as shown in the Figure 2.3a. A
negative lepton (e~ , u~ or 77) converts into the corresponding neutrino, with
emission of a W~ ( or absorbtion of a W*): | — v, + W~. An example in the
Figure 2.3b shows the y~ + v, — e~ + v, process which is mediated by the W~

boson:

Figure 2.3 a. The fundamental charged vertex b. u~ + v, — e~ + 1/, process

As shown in the Figure 2.4a, the fundamental neutral vertex looks like. In
this case | can be any lepton (including neutrinos). The Z boson mediates such

processes as the v, +e~ — v, + e~ process in the Figure 2.4b:
Quarks:

The fundamental charged vertex is shown in the Figure 2.5a. A quark with

charge —% (d, s, or b) converts into the corresponding quark with charge +§ (u,

9



Figure 2.4 a. The fundamental neutral vertex b. v, + e~ — v, + e~ process

¢, or t, respectively), with the emission of a W~. The outgoing quark cames the
same colour as the ingoing one, but a different flavour. As an example, consider

the following semileptonic process in the Figure 2.5b:

Figure 2.5 a. The fundamental charged vertex b. the semileptonic process

Because of quark confinement, this process would never occur in nature [2]. The
fundamental neutral vertex for quarks is shown in the Figure 2.6a. This leads

to the v, +p — v, + p process in the Figure 2.6b:

Figure 2.6 a. The fundamental neutral vertex b. the v, +p — v, + p process

Also there is a neutrino-electron scattering which is a purely leptonic process where

a neutrino scatters off an electron by the exchange of a virtual vector boson.

10



Finally, the weak interactions of quarks are described in terms of the unitary
Cabibbo-Kobayashi-Maskawa (CKM) matrix. The weak eigenstates are related to

the mass eigenstates by the following matrix:

Vud Vus Vub d
s | = Vea Ves V| |5 (2~1)
Vie Vis Vi b

2.3 Top Quark Production

The heaviest known elementary particle, the top quark, was discovered in 1995
by the CDF and DO collaborations at the Tevatron proton-antiproton collider
at Fermilab. In 2010 it was re-discovered at the LHC. With approximately 3.5
times higher center-of-mass energy compared to the Tevatron, cross sections for

top-quark production are more than 20 times higher than at the Tevatron [3].

Top quarks are produced mainly in pairs via the strong interactions at the LHC.
At parton level two leading order (LO) processes contribute that lead to ¢t final
states: gluon-gluon (gg) fusion in the s-, t-, and u-channel and quark-antiquark
(¢q) annihilation processes in the Figure 2.7. In proton-proton collisions, ¢g an-

nihilation can take place between valence quarks or sea quarks and sea antiquarks.

In the LHC at a center-of-mass energy of /s = 13 TeV, ¢t production is dominated
by gg fusion (approximately 90%), while only 10% of the tf pairs are produced
via ¢q annihilation [3]. In addition to the pair production, there is the single top
production via the weak interaction. The inclusive cross section is about two to

three times smaller than for strong ¢¢ production.

11
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Figure 2.7 Feynman diagrams for ¢t production in the QCD at the LO: ¢q an-
nihilation (top ), gg fusion in the t-channel (bottom left), and gg fusion in the
u-channel (bottom middle), gg fusion in the s-channel (bottom right).

The production processes are classified by the virtuality of the W boson exchanged

in the processes.

g(66 t

a b c

Figure 2.8 Feynman diagrams for electroweak single top-quark production at
the LO: a. s-channel production, b. t-channel production in the four-favour

scheme and five-favour scheme, and c. associated Wt production.

The most abundant single top-quark production process at the LHC is t-channel
production (SM expectation: 70% of the total cross section), followed by the
associated production of a top quark and a real W boson (25%), and s-channel

production (5%) [3].
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2.4 Top Quark Decays

The top quark decays via the electroweak charged-current process t — Wq,
where ¢ is a down-type quark (down, strange, or bottom). The collision events
containing tt pairs are classified by the decay of the W and the W~ boson from
the tt decay. The WT(W~) bosons decay into hadronic final states q¢’ with a
branching fraction of approximately 2/3 and into a charged lepton {*(I7) and its
corresponding (anti)neutrino v;(#;) with a branching fraction of approximately 1/3

or 1/9 per lepton flavour [3]. This results in the following classification scheme for

tt decay channels:

e Fully hadronic (also: all-hadronic, all-jets) channel:

tt — WHTbW b — q¢'bg” ¢"b,
e Single-lepton (also: lepton+jets, semileptonic) channel:

tt = WHoW b — tybgq'b and tt — WHTbW b — qq'bl~ b,
e Dilepton channel:

tt — WHbW—b — ITybl~ b,

Also in the Figure 2.9 all possible final states of the decay of a top-quark pair

are shown.

iud, e pi O full hadronic
O semileptonic
@ dileptonic

jets

vy v
— -
. Uy
Jets R
Q =

e + jets
M + jets

(3] e + jets ee ep:et: ¥ 18
+ . P i
- M+ jets €Y HU:pT:i: F =
R ——
+ .
gl T + Jets eT UT TT
g)‘ = jets e+jets pejets Jr'|-' unstable
=} o 1
‘v e + jets ee ey nok
*1- W+ jets en | uu H observed

|
iy experimentally

Figure 2.9 All possible final states of the decay of the ¢t [4].
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The considered final states are the single lepton channels (e + jets and p + jets)
and dilepton channels (ee, e, pp ), including electrons and muons from possi-
ble leptonic lepton decay. The fully hadronic channel has the largest branching
fraction of (2/3)? =~ 0.45 but also suffers from the largest background. The single-
lepton channel with its moderate branching fraction of 2 x 2/3 x (2 x 1/9) ~ 0.29
has moderate backgrounds, while the dilepton channel has the smallest branching

fraction of only (2 x 1/9)% ~ 0.05, but only very small backgrounds [3].

2.5 Radiative Top-Quark Processes

Photons can be radiated during the top quark production as well as the decay
process. In the radiative top production via gluon fusion, the photon can only be
radiated off the off-shell top quarks. In the radiative top production via quark
anti-quark annihilation, the photon can also be radiated off one of the incoming
quarks [5]. In the figure 2.10a, some Feynman diagrams for the radiative top

production processes are shown.

| 0
|4 \ \ -, e 5
\d ¥ P A - -
) ! P LA
: / AR il Pl N &
_d E - 5
~l ,J\PI 8 A1 .
Bt ; f;ﬁ ""--..____f :"x 1 L-l. .-3. _.-'fr F
HH"H ; I T e . =1L s

Figure 2.10a : The left two diagrams corresponds to the radiative top quark
production processes via gluon fusion and the rest diagrams to the radiative top
quark production via quark anti-quark annihilation. Via gluon processes the
photon is radiated off the off-shell top quark. In the radiative top production
via quark anti-quark annihilation, the photon is emitted by the incoming quarks

or by the top quark.

In the radiative top quark decay, the photon can be emitted by the bottom quark
or W boson from the top quark decay, or the lepton decayed from the W boson, or

14



the on-shell top quark. In the figure 2.10b, some Feynman diagrams for radiative

top quark decay processes are shown.

Figure 2.10b The radiative top quark decay processes. The photon can be ra-
diated off the top quark or one of its decay products.

The final state of the ¢t~y process is similar to the final state of the usual top
quark pair production, but it contains additional two prompt photons. In this
final state, two photons can also be radiated from the top production and the

decay process as shown the following diagrams:

Figure 2.10c In the upper two diagrams two photons are radiated from the
top production. In the bottom two diagrams two photons are radiated from the

decay process.
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Chapter 3

Experimental Setup

This chapter introduces the ATLAS experiment at the LHC and its detector com-
ponents. The ATLAS experiment investigates a wide range of physics, from the
search for the Higgs boson to extra dimensions and particles that could make up
dark matter. It is one of two general-purpose detectors at the LHC. Although it
has the same scientific goals as the CMS experiment, it uses different technical
solutions and a different magnet-system design. Its detailed explanations are given
in the Sections 3.2.

In early 2015 the LHC was restarted as Run 2. The center-of-mass energy was
increased to 13 TeV, which boosted typical top-quark cross sections by a factor
of about three compared to Run 1 [3]. The ATLAS and CMS has recorded the
proton-proton collision data equivalent to a luminosity of about 3.21 fb~! in 2015
and 32.88 tb™! in 2016, respectively. At this integrated luminosity, the Run 2
top-quark datasets are already about five times as large as the Run 1 datasets [3].
In this analysis the datasets collected by the ATLAS detector during the 2015 and
2016 are used. In the next Chapter the samples and analysis steps are discussed

in detail.

3.1 The Large Hadron Collider

The Large Hadron Collider is the world’s biggest and most powerful particle ac-

celerator. It was installed into the existing Large Electron Positron (LEP) tunnel
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at the CERN laboratory across the Franco-Swiss border west of Geneva. It first
started up on 10 September 2008. The LHC consists of a 27-kilometer ring of
superconducting magnets with a number of accelerating structures to boost the
energy of the particles along the way. Inside the accelerator, two high-energy pro-
ton beams travel at close to the speed of light before they are made to collide.
The beams travel in opposite directions in separate beam pipes. As shown Fig-
ure 2.11, Linac 2, the first accelerator in the chain, accelerates the protons to
the energy of 50 MeV. The beam is then injected into the Proton Synchrotron
Booster (PSB), which accelerates the protons to 1.4 GeV, followed by the Proton
Synchrotron (PS), which pushes the beam to 25 GeV. Protons are then sent to
the Super Proton Synchrotron (SPS) where they are accelerated to 450 GeV [6].

CERN Accelerators

(not to scale)

ALICE

s prOIONG

antiprolons

— 008
nautrings to Gran Sasso (1)

LHC: Large Hadron Collider
SPS: Super Proton Synchrotron
AD: Antiproton Decelerator
ISOLDE: Isotope Separator OnLine DEvice Gran Sasso (I)

PSB: Proton Synchrotron Booster 730 km

PS: Proton Synchrotron

LINAC: LINear ACcelerator

LEIR: Low Energy Ion Ring Rodelf LEY, PS Divisicn, CERN, 02109.96

CNGS: Cern Neutrinos to Gran Sasso o collaboracion wizh B. Desforges, SL Div., asd

D, Mangluski, S Div, CERN, 23,0501

Figure 2.11 The accelerator complex at CERN [7].

The protons are finally transferred to the two beam pipes of the LHC. The beam

in one pipe circulates clockwise while the beam in the other pipe circulates anti-

17



clockwise. Each proton beams are accelerated up to the record energy of 6.5 TeV
per beam. Then, two beams are brought into collision inside four detectors - AL-

ICE, ATLAS, CMS and LHCb - where the center-of-mass energy at the collision
point is equal to 13 TeV.

The ATLAS and CMS detectors, are large general-purpose particle detectors that
study the Higgs boson and looks for signs of new physics, including the origins
of mass and extra dimensions. The ALICE detector is an experiment mainly
devoted to the quark-gluon plasma study by heavy-ion (Pb) collisions. The LHCb
is a specialized b-physics experiment, that is measuring the parameters of CP
violation in the interactions of b-hadrons (heavy particles containing a bottom

quark).

The luminosity of a collider is expressed as [§]:

N2k
L = —bf (3_1)
Ao *, 0k,

Assuming round beams and equal values of the beta function for both beams in

both planes, this may be expressed as:

_ Nkaf’YF

I —
4me, B

(3.2)
Here:

e N is the number of particles per bunch

e Ly is the number of bunches

e f is the revolution frequency

e 7 is the usual relativistic factor

® 0x, and ox, are the horizontal and vertical beam sizes at the interaction point
® ¢, is the normalized emittance

e (% is the value of the beta function at the interaction point

e [ is the geometrical reduction factor arising from the crossing angle

The corresponding values for these parameters at the peak performance of the LHC

are shown in the Table 3.1. The design report values are shown for comparison

[9]-
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Table 3.1 Comparison between the main LHC and beam parameters.

Parameter Design Value Value in 2015

Beam energy [TeV] 7 6.5
Bunch spacing [ns] 25 25
Number of bunches 2808 2244

Average bunch intensity ~ 1.15 x 10*  1.15 x 10*
Transv. emittance [pum)] 3.75 3.5

Peak luminosity [em™2s7!] 1x 103 5.0 x 103

In 2016, the integrated luminosity delivered by the LHC reached the 2016 target
value of 25fb! in both the ATLAS and CMS experiments. The LHC energy for
the single beam is currently 6.5TeV instead of the nominal 7TeV.

3.2 The ATLAS Detector

The ATLAS detector has the dimensions of a cylinder, 46m long, 25m in diameter,
and sits in a cavern 100m below ground and it weighs 7,000 tonnes. It consists
of the four major components: Inner Detector, Calorimeter, Muon Spectrometer

and Magnet System as shown in the Figure 2.12.

Figure 2.12 A schematic of the ATLAS detector at the LHC.

In the innermost layer, the first tracking detector (the Inner detector), which
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measures the position of a crossing charged particle with minimal disturbance, are
placed. Then the Calorimeters which measure the energy of a particle by total
absorption, divided into the Electromagnetic and Hadronic calorimeters. In the
outermost layer the Muon Spectrometer is placed. The Solenoids and Toroids are

magnets to bend the charged particles and measure their momentum.

Tracking Electromagnetic Hadren Muon
charnber calorirmeter  calorimeter chamber

Innermost Layer.., =t . Outermost Layer

Figure 2.13 Tracks of the charged particles in the Inner silicon tracking

chambers [10].

The Figure 2.13 shows the charged particles of electrons, muons, protons, and
pions leaving tracks in the Inner silicon tracking chambers. Then, light electrons
and photons make showers leading to their total energy measurement in the Elec-
tromagnetic Calorimeter. In the Hadronic Calorimeter, the strongly interacting
protons, neutrons, and pions are stopped and their energy measured by their par-
ticle showers. Finally, the muon tracks in the Muon chamber with a magnetic field

that bends their paths to measure their momentum and energy.

3.2.1 The Coordinate System of ATLAS

The coordinate system in the ATLAS detector is a right-handed coordinate system
with the x-axis pointing towards the centre of the LEP/LHC tunnel, and the z-
axis along the tunnel. The y-axis is slightly tilted with respect to vertical from
the general tilt of the tunnel [11]. The interaction point is defined as the origin of

the system.
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The coordinate system of ATLAS is shown in Figure 2.14. The pseudorapidity

of particles from the primary vertex is defined as:

0
n= —log(tani) (3.3)

where 6 is the polar angle of the particle direction measured from the positive
z-axis. Transverse momentum is defined as the momentum perpendicular to the

LHC beam axis.

PTO MNIVEAU -B4.2m
1.3m DEPLIS SOL LA {5
CENTRE B

CENTRE
TUNNEL

X XYZ Right handed coordinate system S
with z in beam direction

Figure 2.14 The coordinate system in the ATLAS detector. The general tilt of
the LEP/LHC tunnel causes the y-axis to be slightly different from vertical [11].

3.2.2 The Inner Detector

The inner detector is the first part of the ATLAS detector to see the decay prod-
ucts of the collisions, so it is very compact and highly sensitive. It consists of
three different systems of sensors all immersed in a magnetic field parallel to the
beam axis. The Inner Detector measures the direction, momentum, and charge of

electrically-charged particles produced in each proton-proton collision.
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The main components of the Inner Detector are: Pixel Detector, Semiconductor

Tracker (SCT), and Transition Radiation Tracker (TRT).

21m

. End-cap semiconductor tracker

Figure 2.15 The ATLAS Inner Detector.

The Pixel Detector:

The pixel detector is the innermost element of the Inner Detector as shown in
Figure 2.15. The pixel tracker is designed to provide at least three points on a
charged track emanating from the collision region in ATLAS. The pixel detector
and the other elements of the Inner Detector span a pseudorapidity range |n| <
2.5. The principal components of the pixel tracking system are the following

components:

e The active region of the pixel detector, which is composed of three barrel layers
and a total of six disk layers, three at each end of the barrel region. In addition
to the existing three layer, there is a fourth layer of the pixel detector which is

called the insertable B-layer (IBL).

e The internal services (power, monitoring, optical input/output and cooling) and
their associated mechanical support structures (also supporting the interaction

region beam pipe) on both ends of the active detector region,
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e The Pixel Support Tube into which the active part of the pixel detector and the

services and related support structures are inserted and located,

e The external services that are connected to the internal services at the end of

the Pixel Support Tube.

430mm

Barrel Layer 2
Barrel Layer 1
Barrel Layer 0 (b-layer)

End-cap disk layers

Figure 2.16 A schematic view of the active region of the pixel detector

consisting of barrel and endcap layers.

The active region of the pixel detector is shown in the Figure 2.16. The active
part of the pixel system consists of three barrel layers-Layer 0 (so-called b-layer),

Layer 1 and Layer 2-and two identical endcap regions, each with three disk layers.

The two endcap regions are identical. Each is composed of three disk layers,
and each disk layer is identical. The total number of pixels in the system is
approximately 67 million in the barrel and 13 million in the endcaps, covering a

total active area of about 1.7 m? [12].
Semiconductor Tracker (SCT)

The SCT detectors use semiconductor technology to provide precision space-point
coordinates. It contains 61 m? of silicon detectors, with 6.2 x 10° readout channels.
In the barrel there are four cylinderical layers of modules, placed at radii of 300,

373, 447, and 520 mm [13]. Each module consists of four detectors. Each silicon
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detector is 6.36 cm x 6.40 cm with 768 readout strips of 80 pm pitch. On each side
of a module, two detectors are bound together to form 12.8 cm long strips, with a
2 mm dead area in the middle. Two such detector planes are glued together at a
40 mrad angle [13]. This small stereo angle is used to obtain the z-measurement
of the ( ¢ , r, z) precision points. In the following figure shows the SCT barrel

and endcaps with a quadrant view of the Inner detector.
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Figure 2.17 A quadrant view of the Inner Detector [14].

In each of the two endcaps there are nine disks, with every layer able to read out
a position in two dimensions. End-cap modules are made in two versions with
lengths of about 12 and 7 cm. The 12 cm strips consist of two parts, with a 2 mm
dead area in the middle [13]. The end-cap modules are mounted in up to three

rings onto nine wheels, which are interconnected by a space frame.

Transition Radiation Tracker (TRT):

The Transition Radiation Tracker contributes to the transverse momentum mea-
surement. The TRT is based on the use of straw detectors, which can operate at
the required very high rates by virtue of their small diameter and the isolation of
the sense wires within individual gas envelopes. A straw tube is a thin cylindrical

tube with a conducting inner surface at negative potential.

The barrel section is built of individual modules with between 329 and 793 axial

straws each (parallel to the beam direction), covering the radial range from 56 to

24



107 cm. The total number of straws in the barrel is about 5 x 10* [15]. Each straw
is divided into two at the centre in order to reduce the occupancy and is read out

at each end.

One end-cap part consists of 18 wheels with radial straws. The 14 wheels nearest
to the interaction point cover the radial range from 64 to 130 cm. The last four
wheels extend to an inner radius of 48 cm. This is necessary to maintain a constant
number of crossed straws over the full acceptance. The wheels 7 to 14 have half as
many straws per cm in z as the other wheels. The total number of straws in the

end-cap part is about 3.2 x 10° [15]. Each straw is readout at the outer radius.
3.2.3 The Calorimeter

The calorimeters measure the energy a particle loses as it passes through the
detector. It is usually designed to absorb most of the particles coming from a
collision, forcing them to deposit all of their energy within the detector. The
incident electrons or photons give rise to an electromagnetic shower that can be
described by a cascade of e* and 7 production (mainly bremsstrahlung and the
creation of ete™ pairs). The incident hadrons give rise to a hadronic shower
consisting of an electromagnetic component (e* and ~), a hadronic component of
strongly interacting particles and a component of low energetic particles that are
not detected. Particle identification is performed using both the electromagnetic
and hadronic calorimeters on the basis of transversal and longitudinal shower
profiles. The electromagnetic shower gives mainly a signal in the first part of the
calorimeter (electromagnetic calorimeter). The hadron gives a signal in both parts
of the calorimeter. The design goal energy resolution for photons and electrons is
[15]:

1 .
75 _ 01 G012 (3.4)

E  VE E

with E in GeV. The design goal energy resolution for hadrons is:

0.5
75— =2 30.03 (3.5)

E  VE

25



All calorimeters consist of three parts, a barrel, an end-cap and a forward /backward
part as shown in the Figure 2.18. The forward/backward calorimeter extends to
In| = 4.9. This is needed to identify events with missing transverse energy. Both
the hadronic and electromagnetic forward calorimeters are liquid argon based and

are integrated in the cryostats of the end-cap calorimeters.

Tile barrel Tile extended barrel

LAr hadronic
end-cap (HEC)

LAr electromagnetic 7
end-cap (EMEC)

LAr eleciromagnetic
barrel

Figure 2.18 A Schematic view of the ATLAS calorimeters.

The barrel and extended barrel region of the hadron calorimetry use iron plates
with scintillation plates. In the end-cap-region the hadron calorimeter is based
on liquid argon. All electromagnetic calorimetry is based on liquid argon and
lead absorbers. The calorimeters are segmented in cells. The electromagnetic
calorimeter uses a segmentation varying between An x A¢ = 0.003 x 0.1 and
An x A¢ = 0.025 x 0.025. The hadronic calorimeter uses a coarser segmentation

of An x A¢ =0.1 x 0.1 [15].

Other particles than primary muons that are not stopped in the calorimeter give
rise to a background signal in the muon spectrometer. The thickness of the elec-
tromagnetic calorimeter is about 25-30 radiation lengths. The thickness of the

hadronic calorimeter is about 10 absorption lengths.
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3.2.4 The Muon Spectrometer

The muon spectrometer is the outermost detector of ATLAS. It is designed to
measure high-pT muons with a high precision independent of the inner detector.
The spectrometer also provides an independent muon trigger. Figure 2.19 shows
the layout of this spectrometer. It integrates four different detector technologies
and the barrel and endcap toroid magnets. The barrel part of the muon spectro-
meter consists of three concentric layers at radii of about 5 (inner layer), 8 (middle)
and 10 (outer) meters. Each layer consist of Monitored Drift Tube (MDT) cham-
bers. The middle and outer layer are in addition equipped with Resistive Plate
Chambers (RPC). The MDT chambers provide precision measurements to deter-
mine the momentum measurement for both barrel and endcap, except close to the
beampipe for the innermost layer of the endcap, where Cathode Strip Chambers

(CSC) are positioned.

Thin-gap chambers (T&C)
i ] Cathode strip chambers (CSC)

Resistive-plate
chambers (RPC)

End-cap toroid
Monitored drift tubes (MDT)

Figure 2.19 A Schematic view of the ATLAS muon system.

The coverage and exact numbers of chambers and channels for the four technolo-

gies are given in the Table 3.2.

MDT operation
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Table 3.2 Detector technologies of the muon spectrometer.

Technology Function Coverage Chambers Channels
MDT  tracking In| <2.7 1150 354k
CSC tracking 2.0 <|n| <2.7 32 30.7k
RPC  trigger In| < 1.05 544 373k

TGC trigger 1.05<|n/<2.7 3588 318k

The MDT chambers combine high intrinsic spatial resolution with an internal
monitoring system to observe internal deformations of the chamber. They provide
for a robust, cost-effective instrumentation suitable for mass production. The
basic detection element of an MDT is a cylindrical aluminium drift tube of 30
mm diameter and a central wire of 50 mm diameter at 3270 V with respect to
the tube. The detector is operated with a non-flammable gas mixture at 3 bar
absolute pressure for reduced diffusion and ionisation fluctuation [15]. There is a

linear relation between the drift time and drift distance.

CSC operation

The CSCs are multiwire proportional chambers with wires on a high voltage strung
parallel in a gas volume, closed by conducting planes at 0 V. One of the two
enclosing planes is appropriately segmented in strips with a readout pitch of 5 mm.
The CSCs have a symmetric cell in which the anode-conducting plane distance
equals the anode wire spacing. The anode wire spacing has now been fixed at 2.54
mm, which is considerably lower than the tube radius of the MDTs to reduce the
occupancy per wire. Precise position measurements along the wires are achieved
by determining the centre of gravity of the charge induced on the strips of one of
the two conducting planes. With prototypes, resolutions of better than 50 mm

have been achieved in test beams [15].

RPC system

A system of the RPCs provide trigger signals in the barrel region. The trigger

detector in the barrel is made up of three stations, each with two detection layers.
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They are located on both sides of the middle the MDT station, and either directly
above or directly below the outer the MDT station. The two stations near the
centre provide the low-pT trigger (pT' > 6 GeV). The third station, at the outer
radius of the magnet, allows to increase the pT threshold to 20 GeV, for the high-
pT trigger. The RPC is a gaseous parallel-plate detector with a typical spatial
resolution of the order of 1 cm and a typical time resolution of the order of 1 ns

[15].
TGC system

The TGCs provide trigger capabilities in the end-cap region. Seven layers of TGCs
complement the middle the MDT station. Two layers of the TGCs complement
the inner the MDT station. The TGCs are standard multiwire proportional cham-
bers, but with small anode-to-anode, (wire-to-wire) distance (1.8 mm) and small
cathode-to-anode distance (1.4 mm) [15]. The spatial and time resolution of the

TGCs is similar to the RPCs.

3.2.5 The Magnet System

The magnet system of the ATLAS detector consists of four superconducting mag-
nets:

e A central solenoid

e An air-core barrel toroid

e Two air-core end-cap toroids

A three-dimensional view of the bare windings of the ATLAS magnet system is
given in Figure 2.20. In principle the three toroidal magnets could have been
combined into a single large toroidal magnet. For technical reasons the toroidal

system is split into three subsystems.

Toroid magnets

Each toroid consists of eight coils with 120 (barrel) or 116 (end-cap) turns. As

all coils are superconducting, cooling circuits, a vacuum system and cryostats for
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Figure 2.20 A three-dimensional view of the bare windings of the ATLAS
magnet system [16].

optimum thermal insulation of the coils are required. Each coil has an operation
temperature of 4.5 K and is enclosed by a cryostat [15]. The Lorentz forces be-
tween the coils and the weight of the coils require additional mechanical structures
between the coils. The toroid magnets generate a toroidal magnetic field configu-
ration for the muon spectrometer. The advantage of a toroidal magnetic field is

that its direction is almost perpendicular to the direction of flight of the particles.

Central solenoid

The central solenoid consists of one coil with 1173 turns. The central solenoid
is designed to provide for the inner detector an axial magnetic field of 2 T. Its
axis coincides with the beam axis. The axial length of the solenoid is 5.3 m. The

magnetic field points in the positive z-direction.

Field integrals

The most important numbers for track momentum measurements are the field

integrals over the track length inside the tracking volume [15]:

/ Bsing jydl

Iy = //Bsm@dleldr

with tanf the slope in the (r, z) plane. I is the integral of Bdl as a measurement

(3.6)

of the bending power of the field. Iy is the double integral of the field that is

30



especially important for momentum measurements. The toroidal magnetic field
provides for typical bending powers of 3 Tm in the barrel and 6 Tm in the end-
cap regions. The solenoidal magnetic field provides for a typical bending power of
2.1 Tm. The tracking capacity of the ATLAS solenoid has been compared with
the tracking capacity of an ideal solenoid field. The degradation in the tracking
capacity in the high rapidity region (1.6 < |n| < 3.2) is at most 10% [15].
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Chapter 4

Measurement of the ttyy

Production Cross Section

This Chapter describes the measurement of the ¢ty production cross-section in
proton-proton collisions at a center-of-mass-energy of /s = 13 TeV corresponding
total integrated luminosity of 36.1 fb™' with the ATLAS detector in the single
lepton channels. The final state of the ¢ty process is similar to the ¢ty process,
but it contains two prompt photons. So, this analysis is built on the single-
lepton ¢ty analysis[17] in ATLAS. The event yields and kinematic distributions

are compared between data and MC in the signal region.

The sections of this chapter are structured as follows: Firstly, the data and object
definitions are introduced. The event selection for the single-lepton tt~y+ final state
is described in the Section 4.3. Then, the kinematic distributions are compared
between data and MC after applying the selections. Further, the background
descriptions are discussed in Section 4.5. Finally, the description of the fiducial
cross section measurement and the estimations of the systematic uncertainties are

presented.
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4.1 Data and Simulation samples

This analysis has been performed with proton-proton collision data collected by the
ATLAS detector during 2015 and 2016, at a center-of-mass-energy of /s = 13 TeV.
The corresponding total integrated luminosity is 3.21 fb~* in 2015 and 32.88 fb™!

in 2016, respectively.

The signal sample is the tfy sample which has been simulated for single lepton
and dilepton channels of t¢ at leading-order, with the MG5-aMC@NLO generator
[17], using the NNPDF2.3LO parton distribution function [17]. The showering
and hadronisation is done by Pythia8, i.e. interfaced to the Pythia8. The first
photon of the ttyy process is simulated from the matrix element and the second
photon by the parton shower which the second photon is selected using a truth
matching in this ¢ty sample. The production of W- and Z-bosons with an associ-
ated prompt photon as well as the other vector boson production samples (W and
Z-bosons + jets) are simulated using SHERPA 2.2.2 and 2.2.1, respectively, with
the NNPDF30NNLO pdf set [17]. Also for the W~~ and Z~~ processes the second
photon is selected using the truth matching in the W~ and Z~ samples. The MC
sample for the inclusive ¢t production is generated with POWHEG-BOX v2 inter-
faced to PYTHIAS, using the A14 tune [17]. The tt, W+jets and Z+jets samples
can contain events already taking into account by the tty, W+, Z~ samples due to
the photon by the showering. This overlap is removed using the truth matching.
The single top-quark t-, s- and Wt-channel samples are produced by POWHEG-
Box vl generator. The WW-, WZ- and ZZ-diboson samples are simulated us-
ing SHERPA 2.1 with the CT10(NLO) pdf set [17]. For the single top++yy and
diboson+y7y processes two photons are simulated by the parton shower which both
photons are selected using the truth matching in the single top+~v and diboson+-y
samples. The ttH sample is simulated with the MG5-aMC@NLO generator, us-
ing the NNPDF2.3LO parton distribution function. In the t¢H process the Higgs
decay to two photons. There is also the ¢y signal sample. But in this analysis

this sample is not used because of the limiting factor (e.g k-factor) in this sample.

All simulation samples which are the ttv, tf, single top-quark, diboson, W~, Z~,
W+jets, Z+jets and ttH are normalized to the data luminosity. They are used to
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evaluate a signal acceptance, a correction factor as well as background estimation

in the ttyy process.

4.2 Object Definitions

The single-lepton ¢ty final state consists of the following objects: leptons (e~
or p), jets, b-jets, missing transverse energy and photons. The object definitions
based on the tfy analysis are applied in this analysis. The definitions are chosen

to be as close as possible to the ones of the usual ¢ analysis.
4.2.1 Object Selections

Electrons

The electrons are built from energy deposits in the the Electromagnetic Calorime-

ter associated with tracks from the Inner Detector. The candidates have to satisfy:

- TightLH identification criteria,

- Gradient isolation criteria,

and they are required to have a transverse momentum of pr > 25 GeV and
|Netus| < 2.47 (News s the pseudo rapidity of the calorimeter cluster associated
to the electron), excluding the transition region between barrel and endcap EM
calorimeters, 1.37 < |ngus| < 1.52. The reconstruction, identification and scale

factor extraction methods, the isolation and the calibration is described in [17].

Muons

The muon candidates are identified by matching tracks in the muon spectrometer

with tracks in the Inner Detector. They are required to have:

- Medium identification quality criteria,

- Gradient isolation criteria.

Only muons with calibrated pr > 25 GeV and |nu,s| < 2.5 are considered.
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Photons

The photons are reconstructed from energy deposits in the Electromagnetic Calorime-
ter. The reconstructed photons are classified into the converted and unconverted
photons depending on if the cluster is matched or not matched to any reconstructed

tracks in the Inner Detector. The photons have to satisfy:

- Tight identification criteria,

- to be isolated, using the FixedCutTight.

The candidates are considered to have a transverse momentum of py > 20 GeV
and |[Neus| < 2.37 (|Neus| is the pseudo-rapidity of the calorimeter cluster associated

to the photon), excluding the crack region 1.37 < |ng.s| < 1.52.

Jets

The jets are reconstructed using the anti-k; algorithm with a radius parameter
R = 0.4 and are reconstructed from topological calorimeter clusters. The candi-
dates with a transverse momentum of pr > 25 GeV and |n| < 2.5 are considered

17].

To suppress jets from pile-up, jets are required to have a Jet Vertex Tagger dis-
criminant larger than 0.59 for jets with a transverse momentum of pr < 60 GeV

and |n| < 2.4.
b-jets

The jets containing b-hadrons are tagged by an algorithm. The MV2cl0 algo-
rithm which is based on a boosted decision tree, identifies the jets from b-quark

hadronisation which working point of b-tagging is used.

Missing transverse energy

The missing transverse energy, E7"** originating from the neutrino in the leptonic
decay of a W boson is calculated as the negative vector sum of the transverse

momentum of all topoclusters in the event.

Overlap removal
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To avoid the same deposit in the calorimeters or track being used to reconstruct

two different objects, the following overlap removal procedure is used:

e Firstly electrons that are sharing their track with a muon candidate are removed.

e Then, all the jets that are close to an electron in the n — ¢ plane (AR < 0.2)
are removed.

e Then, all the electrons that are close (AR < 0.4) to a remaining jet are removed.

e For muons and jets that are close (AR < 0.4), the muon is removed if the jet
has more than two associated tracks, otherwise the jet is removed.

e All the photons that are close (AR < 0.4) to a remaining electron or muon are
removed.

e Finally, all the jets that are close (AR < 0.4) to a remaining photon are removed.

4.3 Event Selection

In the single lepton channels, the tfyvy final state contains two isolated photons
with high-pr, an isolated lepton (e~ or p) with a large pr, large missing transverse
momentum originating from the neutrino in the leptonic decay of a W boson, two
jets from the hadronic decay of the other W boson, and two b-quark jets.

The following selection based on the object definitions is applied to select the
single-lepton ¢ty events. The selection is similar to the selections which are used

in the ¢ty final state [17], but one additional prompt photon is selected.

For e+jets (u+jets) channels:

e Exactly one electron (muon) with pr > 25 GeV is required.

e Exactly two reconstructed photons satisfying the Tight identification criteria
and being isolated are required with pr > 20 GeV and |nq,s| < 2.37.

e At least four reconstructed jets with pr > 25 are required,

e At least one jet has to be b-tagged jet.

e For e+jets channel: An invariant mass m(7, e) between each prompt photon and
electron has to be outside a 5 GeV mass window around the Z boson mass.

e Distance between each prompt photon and the lepton must be greater than 1.0.
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This is to limit the contribution from the photons originating from top decay
products in the radiative top decay process.

e Event double counting removal: To avoid a double counting with the Wr~y,
777, ttyy, the events with two prompt photons in the W-jets, Z+jets and ¢t
MC samples are removed by using the truth matching which identifies the origin

and the type of the truth particle corresponding to the reconstructed photon.

The following table shows the summary of the event selection for single lepton

channels.

Table 3.4 Summary of the event selections.

Channel e+jets pjets

Lepton le 1p
Photon 2y with Er > 20 GeV

Jet >4

b-jet >1
m(vy,e) mnot in [85,95] GeV -

AR(v,1) >1

In the Table 3.5 the events passing above selection are shown. Full cutflows
are given in the Appendix A. Selection yields a total of 28 +5.29 and 17 4+ 4.12
data events with statistical errors in the electron and muon channels, respectively.
From simulation studies with the ¢ty signal sample, 11.15+0.75 and 12.52+0.84
signal events with statistical errors are predicted in the electron and muon chan-
nels, respectively. Those predicted events are normalized to the total integrated
luminosity of 36.1 fb~' and weighted with the pile-up, MC weight and scale factors
per photon, lepton, jet, btag. Also the k-factor for signal sample which is a ratio
of cross sections between the NLO theory and the LO MadGraph in the same

phase space used for theory calculation [17] is applied.
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Table 3.5 The event yields for each sample and e+jets(u+jets) channel.

Only statistical uncertainties are included.

Process e+jets p+jets

ttyy | 11.15 £ 0.75 | 12.52 + 0.84
Wryy 0£0 0.37 +£0.37
Zryy | 0.60£0.60 | 0.57£0.36
Single top+yvy 0£0 0£0
Diboson+~y7y 0£0 0+0
ttH | 1.414+0.17 | 1.04 £0.15
Fake Photon | 3.82+0.51 | 2.31 £0.66
Fake Lepton | 1.10+2.58 | 0+0.84
Total | 18.08 £2.80 | 16.81 £ 1.46

Data | 284+£5.29 | 17+4.12

In the Table 3.5 the events corresponding to the fake photons are sum of the
events with two hadronic fakes, two electron fakes, one fake and one prompt
photon, and one electron fake and hadron fake. These events are selected in the
tt, V+jets and Vv simulation samples. In the tf, V+jets processes the double
counting removal which removes the events with two prompt photons is applied.
This removal procedure is done by using the truth matching which identifies the
origin and the type of the truth particle corresponding to the reconstructed photon.
Because the showering procedure will add photon radiations, the ¢t and V+jets
samples can contain events already taking into account by the ¢ty and Vv samples.
Further, in the fake photon background study, it will be explained in detail. The
fake lepton events correspond to the events with non-prompt lepton and the QCD
multijets evets with the photon production. For other processes the events with
additional two prompt photons are selected using the selection as described in 4.3.

These events contirbute to the prompt photon background.
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4.4 Kinematic Distributions

In this Section the following kinematic distributions are compared between data
and MC:

- The invariant mass distribution of two prompt photons,

- The transverse momentum distributions of the electron, muon, first photon, sec-
ond photon and jets,

- The pseudo-rapidity distributions of the electron, muon, first photon, second
photon and jets,

- The distributions of the distance between lepton and each prompt photons,
AR(L,v),

- The distributions of the invariant mass between electron and each prompt pho-

tons, m(e,"y)

All distributions for e+jets and p+jets channels are plotted in the signal region.

The Figure 2.21 shows the distributions of the transverse momentum of the first
and second prompt photon with pr > 20 GeV in the e+jets and pu-+jets channel,
respectively. The electron, muon and jets transverse momentum distributions are

included in the Appendix B.
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Figure 2.21 The distributions of the transverse momentum of the first and second
prompt photon. The left two plots correspond to the distributions in the e+jets
channel, the right two plots in the pu+jets channel, respectively.
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The Figure 2.22 shows the distributions of the first and second prompt photon

pseudo-rapidity with |ng.s| < 2.37 in the e+jets and p+jets channel, respectively.

The electron, muon and jets pseudo-rapidity distributions are included in the

Appendix B.
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Figure 2.22 The distributions of the pseudo-rapidity of the first and second

prompt photon. The left two plots correspond to the e+jets channel, the right

two plots to the p+jets channel, respectively.
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The invariant mass distributions of two prompt photons are shown in the Figure

2.23. The invariant mass of two prompt photons are calculated using the energy

and momentum of each prompt photon. This is done by a general four vector

class in ROOT][18].
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Figure 2.23 The two prompt photons invariant mass distributions. The left plot

corresponds to the distribution in the e+jets channel, and the right plot in the

p+jets channel, respectively.

The distributions of the invariant mass between electron and each prompt photon

being outside a 5 GeV mass window of the Z mass are shown in the Figure 2.24
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Figure 2.24 The electron and each prompt photon invariant mass distributions

in the e+jets channel.



In this analysis, the distance between lepton and each prompt photon AR(I,~)
is considered to be greater than 1.0. This is to limit the contribution from the
photons originating from top decay products in the radiative top decay process. In
the Figure 2.25 the distance between electron and each prompt photon AR(e, ),
and the distance between muon and each prompt photon AR(u,~) distributions

are shown in the e+jets and p+jets channel, respectively.
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Figure 2.25 The distributions of the distance between lepton and each prompt
photon. The left two plots correspond to the e+jets channel, the right two plots
to the p+jets channel, respectively.
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Finally, in the Figure 2.26 the AR(l, ) distributions are plotted before and after
applying the mass window cut and AR(l,7y) > 1.0 cut in the e+jets and pu+jets

channel, respectively. These plots are plotted using only signal sample.
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Figure 2.26 The AR(l,~) distributions before and after applying the mass win-
dow cut and AR(l,7y) > 1.0 cut in the e+jets and u+jets channels, respectively.

Other kinematic distributions are included in the Appendix B.
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4.5 Background Descriptions

There are several background contributions which come from events with prompt
photon, fake photon and fake lepton in this analysis. One of the largest back-
ground contribution to the tfyy process is from events with the fake photons.

This contribution is categorized as follows:

- Two hadronic fakes background (HFake) ,
- Two electron fakes background (EFake),
- One fake and one prompt photon background, - One hadronic fake and one

electron fake background

The contribution of the two hadronic fakes background comes from events with
the two photons coming from hadron decay. Similarly, the contribution from
events with the two electron fakes comes from events with electrons misidentified
as photons. Also, the first photon can be originating from hadron decay and
the second photon coming from electron fakes. In this case this contribution is
included in the one hadronic fake and one electron fake background. In the Section

4.5.3 the fake photon background is described more in detail.

The contributions of the fake lepton or QCD background which comes from the
fake leptons, and the prompt photon background which is from non-tt events with

two prompt photons are introduced in this Chapter.
4.5.1 Fake Photon Backgrounds

Two hadronic fakes background

One of the important background contributions to the ¢ty process is the two
hadronic fakes which comes from hadrons, or the photons originating from hadron
decay that are misidentified as the prompt photons. This background is estimated
from MC simulation samples. The events with two hadronic fakes are selected
using the selection as described in Section 4.3, with truth matching which identifies
the origin and type of the truth particle corresponding to the reconstructed photon.

Using the truth matching the events with two prompt photons are removed in the
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W+jets, Z+jets, and tt productions. Figure 2.27 the contributions of the two
hadronic fakes background are summarized in the e+jets and pu+jets channels,
respectively. The dominant contribution to this background comes from the ¢t
production with two hadronic fakes. Also the W+jets events with two hadronic

fakes in the e+jets channel contributes to this background.

Two electron fakes background

In the two electron fakes background the electrons are misidentified as photons.
The contribution to the this background comes from the tf events both top quarks
decaying semileptonically and from the W-+jets and Z-+jets productions. This
background is estimated from MC simulation. The events with two electronic fakes
are selected using selection as described in Section 4.3, with the truth matching
based on Pdgld of the matched MC photon and the distance between the recon-
structed photon and the closest truth electron. This is summarized in the Figure
2.27. In this analysis there is no two electron fakes contribution to the ¢ty

process.

One hadronic fake and one electron fake background

Since each photon has three types which are the hadronic, electron and prompt
photon, two photons in the fake photon background can be eight possible combina-
tions of their types. In this background the contribution coming from events with
one photon originating from hadron decay and another one photon misidentified
as electrons are considered. These events with one hadronic fake and one electron
fake are the one of the dominant background contributions to the ¢ty process.
These events are selected by applying the selection as described in Section 4.3,
with the truth matching in the e+jets and p+jets channels, respectively. Table
3.6 summarizes this background contributions to the ¢ty process with only sta-
tistical uncertainty. The contributions from events with two hadronic fakes or two

electron fakes are not included in this background.

46



One fake photon and one prompt photon background

As mentioned previously, two photons in the fake photon background can be eight
possible combinations of their types. One of these combinations is that one photon
can be originating from hadron decay and another one being a prompt photon.
In this case this contribution is included in this background. This background is
the one of the largest background contributions to the ¢ty process. The events
with one fake photon and one prompt photon are selected by applying the se-
lection as described in Section 4.3, with the truth matching in the e+jets and
p~+jets channels, respectively. In the Table 3.6 this background contributions
are summarized. The largest contribution to this background is from events with
one prompt photon and one electron fake of the ¢ and Z+jets processes in the
e+jets channel. The second dominant contribution comes from events contain one
prompt photon and one hadronic fake of the ¢t process in the p+jets channel. The
contributions from events with two hadronic fakes or two electron fakes are not

included in this background.
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Table 3.6 The events with one fake photon and one prompt photon, and the events
with one hadronic fake and one electron fake are shown with only statistical errors
in the the e+jets and p+jets channels, respectively. The numbers are normalized

to the total integrated luminosity of 36.1 fb™'.

Process Photon types e+jets p+jets
Prompt(y1) & HF(72) 0+0.04 0x0
Prompt(y,) & EF(72) 04 0.04 0+0

Wotiets HF(y1) & Prompt(7s) 04 0.04 0+0
EF(v1) & Prompt(y2) 00 0+0

EF(v,) & HF(72) 040 0+0
HF(v,) & EF(72) 040 0£0
Prompt(y;) & HF(7s) 0£0 0+0
Prompt(y,) & EF(y2) | 0.12+£0.001 | 0+0
7-+jets HF(71) & Prompt(vs) | 0.004 £0.001 | 0£0
EF(v) & Prompt(y,) | 0.1£0.05 | 0+£0
EF(y1) & HF(7s) 040 040
HF(71) & EF(7,) 040 040
Prompt(y;) & HF () | 0.44+£0.06 |0=£0.16

Prompt(y;) & EF(y,) | 1.66 +0.06 | 0.43+0.16

_ | HF () & Prompt(v,) | 0.24 £0.06 | 0.47 +0.16

" EF (1) & Prompt(ys) | 0.73 £ 0.37 | 0.99 + 0.45
EF(y1) & HEF(7») 040 040
HF(71) & EF(7,) 040 040
Prompt(y1) & HF(7,) 040 0£0
Prompt(y1) & EF(7,) | 1.66+0.06 | 0+0
HF(v1) & Prompt(yz) 0+0 0x0

Vyy

EF(v1) & Prompt(y2) 0+0 0+0
EF(y1) & HF(7,) 040 040
HF(71) & EF(7,) 0£0 0+0
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The Figure 2.27 shows the summary of the contributions coming from events
with at least one fake photon in the ¢, V+jets and V+7v processes. In the
Figure 2.27 the types of the first photon are shown along x-axis and the second
photon types, y-axis, respectively. For instance, the first box in the each process
is removed. Because the events with two prompt photons are removed using the

truth matching.

The two hadronic fakes background, and one fake and one prompt photon back-
ground in the ¢t process give the largest contributions to the fake photon back-
ground. Also the second dominant contribution comes from the two hadronic
fakes background and one fake and one prompt photon background in the Z+jets

process.
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Figure 2.27 The events contain two photons which have three different types of
the hadronic fake(HF), electron fake(EF) and prompt photon in the t¢, V+jets
and V+~v processes. Left plots correspond to the e+jets channel, the right plots
to the p+jets channel, respectively.
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4.5.2 Prompt Photon Background

The contribution to the prompt photon background comes from non-tt events with
additional two prompt photons. This background is estimated from MC simula-
tion. The W+, Z~v, Single Top+~v~, Diboson+~~y and ttH processes give the
dominant contribution to this background. The events with two prompt photons
are selected using the single-lepton vy selection with the truth matching which
identifies the origin and the type of the truth particle corresponding to the re-
constructed photon. The Table 3.7 summarizes the prompt photon background
events in the e+jets and p+jets channel, respectively. The largest contribution
comes from the tt H process. The dominant contributions to this background come
from events of the Zvvy production in the e+jets channel and W+~ production in

the mu+jets channel, respectively.

Table 3.7 The prompt photon background events in the e+jets and p+jets chan-
nels, respectively. The numbers are normalized to the total integrated luminosity

of 36.1 fb~*. Only statistical uncertainties are included.

Process e+jets u+jets
Wry 0£0 0.37 £ 0.37
Zvyy | 0.60 £0.60 | 0.57 £ 0.36
Single top+yy 0£0 0£0
Diboson-+~y~y 00 0+0
ttH | 1.41+£0.17 | 1.04 £ 0.15

4.5.3 Fake Lepton Background

Another important contribution to the ¢ty process comes from fake leptons. They
are the non-prompt leptons misidentified as prompt leptons coming from the decay
of a heavy hadron (bottom or charm hadrons) or they can be produced from the

decay of a pion or a kaon. In the single lepton channel the contribution of this
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background is typically from QCD multijets events with photons production. The
fake lepton events are selected using the same selection as the ¢t~y selection, but
the photon truth matching is not applied. In addition, to estimate the fake lepton
background the matrix method based on classifying leptons into loose and tight

is used. The loose and tight definitions are as follow:

- Tight definition:
For electrons: Tight LH, pr > 25 GeV and gradient isolation.

For muons: Medium ID, pr > 25 GeV and gradient isolation.

- Loose definition:
For electrons: Medium LH and no isolation.

For muons: Medium ID and no isolation

In the Table 3.8 the fake lepton background events are summarized in the e+jets

and mu-+jets channel, respectively.

Table 3.8 The fake lepton background events in the e+jets and p-+jets channel,
respectively. The numbers are normalized to the total integrated luminosity of

36.1 fb~'. Only statistical uncertainties are included.

Process e+jets p+jets
Lep fakes | 1.10 +2.58 | 0 + 0.84

In the Table 3.9 all background contributions to the t£yy process are summarized

in the e+jets and p+jets channel, respectively.
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Table 3.9 All background contributions to the ¢t~y process in the e+jets and

p+jets channel, respectively. The numbers are normalized to the total integrated

luminosity of 36.1 fb~!. Only statistical uncertainties are included.

Process e+jets pjets
Hadronic fakes | 0.48 +0.31 | 0.42 £ 0.40
Electron fakes 0£0 0£0
Event with at least one fake | 3.34 £ 0.40 | 1.89 + 0.53
Prompt Photon | 0.60 + 0.60 | 0.94 4 0.52
Fake Lepton | 1.10 +2.58 | 0 +0.84
ttH | 1.41+0.17 | 1.04 £0.15

4.6 Cross section definitions

This section introduces the fiducial cross section measurement of the ¢ty produc-
tion. The signal acceptance and correction factors which are needed for a fiducial
cross section expression are presented in the Section 4.6.1.

The fiducial cross section measurement is performed in the fiducial region which
is defined for MC events at particle level using the object definitions and event se-
lections and is defined to mimic those at the reconstruction level. In this analysis,

there are two fiducial regions corresponding to the e+jets and u+jets channels.

e Particle definitions for fiducial region

Leptons:

Exactly one good lepton is required to have pr > 25GeV and |n| < 2.5 and not
from hadron decay.

Jets:

Good jets are required to have pr > 25GeV and |n| < 2.5.

b-jets:

Flavour of the jet is determined by ghost matching.

Photons:

Two good photons are required to have Er > 20GeV and |n| < 2.37.
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e Event selection for fiducial region

Leptons:

Exactly one good electron (muon) is required in the e+jets (u+jets) channel.
Jets:

At least four good jets are selected in the e+jets (u+jets) channel. At least of
them should be b-jet.

Photons:

Two good photons are required. If the photons have AR(l,~) < 1.0 with any good

lepton, the events are dropped.

4.6.1 Signal Acceptance and Correction Factor

The signal acceptance is defined as the fraction of events falling into the fiducial

region out of the total generated [17]:

Nfid,i
Ay = —gen (4.1)

all
gen

where N9 is the total number of generated events and N/i%" is the number of
events inside the fiducial region i, with i running over the single lepton channel.
The events inside fiducial region are selected by applying the selection for the
fiducial region in the single lepton channel. Table 3.10 shows the selected event

yields in the fiducial region. An initial cut selects exact one electron or muon. The

selected event yields are weighed by MC generator weight and pile up weight.

The correction factor is used to unfold the number of signal selected at recon-
struction level N,..,; in channel i to the number of generated signal events in the

fiducial region N, gggl corresponding to channel i [17].

Nreco,i
fidyi
Ngen

The selected signal events at reconstruction level, using the ¢ty event selection,

C; =

(4.2)

are shown in the Table 3.11. The luminosity weight is not applied in this selec-
tion. The isolation +; and 7, cuts in the Table 3.11 mean the requirements of

the selection which both photons have to be isolated.
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Table 3.10 The event yields for particle-level signal sample in the e+jets and

p+jets channels, respectively. Only statistical uncertainties are included.

Process e+jets p+jets
Initial | 287.29 £ 0.56 | 289.18 + 0.57
N, = 1.81+0.04 | 1.76 £0.04
Nijets 24| 1.81£0.04 | 1.76 £0.04
Nyjers 21| 1.78 £0.04 | 1.72 £ 0.04
AR(l,v) | 1.53+£0.04 | 1.46+0.03
AR(l,v2) | 1.11£0.03 | 1.04£0.03

Table 3.11 The signal yields for reconstruction-level in the e+jets and u-+jets

channels, respectively. Only statistical uncertainties are included.

Process e+jets p4jets
Initial | 196.32 £ 0.21 | 181.65 +0.18

N,=2| 166+0.04 |1.51+0.03

Isolation v; | 1.04£0.04 | 0.90£0.03

Isolation v | 0.59£0.02 | 0.49£0.02

Truth matching v, | 0.53£0.02 | 0.45£0.02

Truth matching v | 0.48£0.02 | 0.42£0.02

Njets 24| 048£0.02 | 0.42£0.02

Npjets =2 1| 0.43£0.02 | 0.38£0.02
Im(e,v1) —m(Z) >5| 041+£0.02 |-
Im(e,v2) —m(Z)| >5| 0.38+£0.02 |-

AR(l,y) | 0.30+0.02 | 0.3240.02

AR(l,7v) | 0.23+£0.02 |0.26 £0.02

Finally, Table 3.12 summarizes the calculated signal acceptance and correction

factors, using the particle level signal sample, in the single lepton channel.
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Table 3.12 The event yields inside fiducial region, generated events and calcu-
lated signal acceptance and correction factors in the e+jets and p-+jets channels,

respectively. Only statistical uncertainties are included.

Process e+jets ptjets
Ngéivi 1.11£0.04 1.04 £0.03
Nalt 4171.16 + 72.82 4171.16 + 72.82
Nreco,i 0.22 £0.01 0.25£0.01
Signal Acceptance | 0.00027 & (1.07 x 107°) | 0.00025 + (8.4 x 1079)
Correction Factor 0.21 £0.02 0.25 £ 0.02

4.7 Fiducial Cross Section Measurement

The number of generated events in the fiducial region is derived by subtracting
background events from data and applying of the correction factor [17]. To calcu-
late the fiducial cross section, this number is divided by the integrated luminosity.
Using the expression 4.3, the fiducial cross section can be calculated. Index i runs

over the single lepton channels:

fzd _ data,i bkgs,i 4.3
7 L x Cl ( ' )

Nata,i - number of data events corresponding to the i channel
Nypgs,i - total number of background events corresponding to the i channel
L - total integrated luminosity

C; - correction factor corresponding to the i channel

The predicted fiducial cross section can be calculated using the total cross section

from theory prediction:

pred.fid __ _tot
g; = Otheory X Al (44)

Here:
A; - signal acceptance corresponding to the i channel

tot . . .
Otheory - tOtal cross section from theory prediction
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The predicted fiducial cross sections for the ¢ty process are calculated using the
higher order cross section of tty process of 5.36 pb. The predicted values for the
ttyy fiducial cross sections are a total of 1.4440.06 fb and 1.3440.05 fb with only
statistical errors in the e+jets and p+jets channels, respectively. The following

table summarizes the predicted values and measured fiducial cross sections.

Table 3.13 The predicted and measured ttyy fiducial cross section in the e+jets
and p+jets channels, respectively. Also data events, predicted signal events and

total backgrounds are shown.

e+tjets u+jets
Nata 28 4 5.29 17+ 4.12
Nikgs 6.93 & 2.70 3.75 + 1.20
Niig 11.15 4+ 0.75 12.52 4+ 0.84
Signal Acceptance | (2.7 x 107*) & (1.07 x 107°) | (2.5 x 107*) & (8.4 x 107)
Correction Factor 0.21 £0.02 0.25£0.02
Predicted o}/ 1.44 £ 0.06 fb 1.34 £ 0.05 fb
Measured o} 2.78 £0.82 fb 1.47 £0.49 fb

In the Table 3.13 the total background Ny, is the sum of contributions of the
prompt photon, fake photon, fake lepton and ¢tH background events. Predicted
signal yields Ny, and data events Ny, are selected using the single-lepton ¢ty

event selection in the single lepton channel as described in Section 4.3.
Statistical uncertainty for the fiducial cross section:

The expression 4.7 for statistical uncertainty of the fiducial cross section is derived

from variance of the fiducial cross section as shown the following expression:

Vol — (27 oy ) + (22 2y (V) + vy (05)
o; = aNdata data akags bkgs 302 ' ’

Using the standard deviation expression o(o!"?) = 1/V(¢/") | the equation 4.5

i

can be re-written as follows:
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) — ST o2 (M) + (22 202 (Nig) + (P a2y (46)
T TN O 7 T G Ny N e ac, 17\ '

Then, by finding the derivatives the expression for the statistical uncertainty of

the fiducial cross section can be written as:

U(Cl) 2
C; )

)= IxC (4.7)

; 1
O.(O'zf ¢ \/02(Ndata) + Uz(kags) + (Ndata - kags)2(
where index i runs over the single lepton channels and o(Ngyqta), 0(Nokgs) and o(C;)
are the statistical errors of each components as shown in the Table 3.13. Finally,
using the equation 4.7 the ¢ty fiducial cross sections with statistical uncertainties

are measured:

e+jets channel: o/ = (2.78 £0.82) fb

ttyy

pi+jets channel: o' = (1.47 +0.49) fb

ttyy

Statistical uncertainty for the predicted fiducial cross section:

Using the following expression, the statistical uncertainty for the predicted fiducial

cross section is estimated:

A 4 tot
Utheory

o(oPetlidy af?’”@d'ﬁd\/ (i) o (7, (4:8)

4.8 Systematic Uncertainties

Three sources of systematic uncertainties are considered in the ¢ty cross section
measurement. All sources are from the modelling uncertainties of the signal in the

single lepton channel.
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Parton shower and hadronisation uncertainty:

The uncertainty due to the parton shower and hadronisation is estimated by com-
paring the ttyy nominal samples produced using MadGraph + Pythia8, with
Herwig7 showering the same MadGraph events [17]. As shown the expression 4.9
the relative difference on the signal acceptance and correction factors due to this

systematic sources gives the showering systematic uncertainty on these factors.

Sys.Value — Nominal

Sys.Uncertainty = (4.9)

Nominal

where, the Nominal values and Sys.Values are the calculated acceptance and cor-
rection factor values with the ¢fyy nominal sample and with Herwig7 showering

the same MadGraph events.

Table 3.14 The parton shower and hadronisation uncertainty.

Showering Uncertainty | Correction Factor | Signal Acceptance

e+jets

Nominal | 0.148 +0.014 | 0.00036 & (1.65 x 1075)
Sys.Value | 0.169 £0.015 | 0.00025 £ (1.25 x 1079)

Sys.Uncertainty [%] 14.2+13.9 30.6 £5.9

p+jets

Nominal 0.170 £ 0.012 0.00035 £ (1.60 x 1075)
Sys.Value 0.178 + 0.016 0.00025 + (1.25 x 107?)
Sys.Uncertainty [%)] 4.7+11.8 2.86 +5.9

In the Table 3.14 the statistical uncertainties of this systematics are calculated
with the following expression which is derived from the substraction and division

errors for the expression 4.9:
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(Sys.Value — Nominal) y

o(Sys.Uncertainty) = (4.10)

Nominal

(02(Sys.Value) + az(Nominal))) (J(Nominal) 2
(Sys.Value — Nominal)? Nominal

Initial and final state radiation uncertainty (ISR/FSR):

The uncertainty due to the ISR/FSR is estimated by comparing the ¢ty nominal
sample with the same ttyy MadGraph events produced using Pythia8 tunes with
high or low QCD radiation activity [17]. As shown the expression 4.11, the relative
difference of the the signal acceptance and correction factor values due to the
up and down variations of the systematic sources gives the ISR/FSR systematic

uncertainty on these factors.

Up.Value — Nominal

Sys.Uncertainty(Up) = (4.11)

Nominal

Down.Value — Nominal

Sys.Uncertainty(Down) = Nominal
omina

The Table 3.15 summarizes the calculated signal acceptance and correction fac-
tor values with the nominal sample and with the same ttyy MadGraph events
produced using Pythia8 tunes with high or low QCD radiation activity in the
single lepton channel. The corresponding statistical uncertainties are estimated

with the previous expression 4.10.
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Table 3.15 The signal acceptance and correction factor with the up and down

variation of the initial and final state radiation sources.

ISR/FSR Uncertainty | Correction Factor Signal Acceptance

e+jets

Nominal | 0.214£0.02 | 0.00027 £ (1.07 x 10~?)
Up.Value 0.23 £0.02 0.00027 £ (1.27 x 1079)
Sys.Uncertainty(Up) [%] 9.5+13.5 0
Nominal | 0.214£0.02 | 0.00027 £ (1.07 x 10~?)
Down.Value 0.20£0.01 0.00026 + (2.37 x 1079)
Sys.Uncertainty (Down) [%)] 48 +10.8 3.7+£9.6

ptjets

Nominal | 0.25 £ 0.02 0.00025 + (8.4 x 1079)

Up.Value 0.25£0.02 0.00026 + (1.25 x 1079)
Sys.Uncertainty(Up) [%)] 0 4.0+6.0

Nominal | 0.25 4 0.02 0.00025 £ (8.4 x 107%)

Down.Value | 0.24+0.03 | 0.00024 = (2.21 x 1075
Sys.Uncertainty (Down) [%] 4.0+ 14.0 40+94

Renormalisation and factorization uncertainty:

To estimate this uncertainty renormalisation p, and factorisation pf scales varied
by a factor of 2 or 1/2 with respect to the nominal sample value are used. The
weights which includes these variation are applied in the nominal sample, instead

of the variation samples.

The following table summarizes all systematic uncertainties on the correction fac-
tor and signal acceptance with the statistical uncertainties. To estimate a total

systematic uncertainty of all systematic sources, the expression 4.12 is used.

5 (0) =\ (8510:(C))? + (BT FSR(C))2 + (85sate(C))? (4.12)

sYs sys

5 (A) =\ (8510-(A))? + (SLSRIFSR(A))2 + (550te(A) )2

sys sYs
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Table 3.16 The systematic uncertainties on the signal acceptance and correction
factor due to the up and down variation of the initial and final state radiation

uncertainty sources.

Sources | Correction Factor | Signal Acceptance
e+jets
Showering uncertainty [%)] 14.2 £13.9 30.6 £5.9
ISR/FSR uncertainty [%] 9.5+ 135 3.7+£9.6
Scale variation uncertainty [%)] 17.0+£ 8.5 26.9+4.3
Total uncertainty [%] 25.9 +£10.6 41.9+5.19
p+jets
Showering uncertainty [%)] 4.7+£11.8 28.6£5.9
ISR/FSR uncertainty [%] 4.0+ 14.0 4.0+94
Scale variation uncertainty [%)] 7.1£88 28.0+4.3
Total uncertainty [%] 20.3£5.0 41.1+£5.12

By finding the 6" (C), 55155R/ FSR (), §5cale(C) derivatives from the expression

sys sYs

4.12 and then multiplying each statistical uncertainty the statistical uncertainty

for the total systematic uncertainty can be written as follows:

o6 (C)) = ! <

I8 (C)2 + (BETSE(C))2 4 (855mte(C))

sys

\/ (3512 (C))? x 02(55h(C) + (Jiys T *H(C))? x 02(357 TFR(C)) + (35521¢(C))? x 02(B5521<(C))]
(4.13)

(517 (A)) = = «

T 0 (A))2 + (SR (A)2 - (85ate(A)))

\/ [(95h0-(A))2 x 02(65ho-(A)) + (0T (A))2 x 020555 TP (A)) + (05cate(A))2 x o2(85eete(A))]
(4.14)
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Results:

The systematic uncertainties for the ¢tyy fiducial cross section measurement are

calculated using the following expression:

5tet (o11) = o fid x \/<5Sho.<c))2 + (SISRIFSR (02 4 (§Seale( )2 (4.15)

sYs sYs

With this expression the ¢ty fiducial cross sections including the systematic un-

certainties can be written as:

e+Hjets channel: o7 = (2.78 4 0.82| s £ 0.72]45) fb

tty

p+jets channel: o/ (1.47 £ 0.49] 50+ = 0.29]4,5) fb

ttyy

To estimate the total systematic uncertainty of the predicted fiducial cross section,
the signal acceptance uncertainty in the Table 3.16 and k-factor uncertainty
which is calculated in the ¢ty analysis[17] as 20% in the single lepton channel are
considered. Including these systematic uncertainties the predicted ttyy fiducial

cross section can be written as:

e+jets channel: o' = (1.44 £ 0.06|50 & 0.675,5) b
ttyy Y
(1.34 % 005 gy0¢ & 0.61| ) fb

p+jets channel: atf%
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Chapter 5

Summary and Outlook

In this thesis the fiducial and total cross section measurements of the ¢ty pro-
duction are performed with data collected by the ATLAS detector during 2015
and 2016 corresponding to an integrated luminosity of 36.1 fb™' at a center-of-
mass-energy of y/s = 13 TeV, in the single lepton channels. In the single-lepton
ttyy final state one lepton and at least four jets are requested, with at least one

jet being b-tagged and two isolated photons with pr > 20 GeV and |n| < 2.37.

A total of 28 + 5.29 and 17 + 4.12 data events are observed, and from simulation
studies 11.15+0.75 and 12.52+0.84 signal events with statistical uncertainties are
predicted in the electron and muon channels, respectively. Considering the fake
photon, fake lepton and prompt photon backgrounds the background estimation
is done. The largest contribution to the t{yy process comes from events with at

least one fake photon which contribute to the fake photon background.

The total uncertainties for the ¢ty fiducial cross sections are found to be 25.9 %
and 20.3 % in the electron and muon channel, respectively. The ¢ty fiducial cross

sections within fiducial region are measured as:

etjets channel: of}? = (2.79 = 0.82|ar & 0.72|4y,) b

pi+jets channel: o/ = (1.47 + 0.49| 400 & 0.29]4ys) fb

ttyy

The fiducial measurement in the muon channel is in good agreement with the pre-
dicted fiducial cross section within experimental uncertainties. But the measured

fiducial cross section in the electron channel is larger than the predicted value.
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Currently the measurement of the ¢£yy production total cross section is not posis-
ble because of the limiting factor which is the k-factor in the ¢ty signal sample.
Further, by fixing the limiting factor it is possible to measure the total cross sec-
tion. The measurement of the t£yy production cross section is an important in

the background processes at the LHC.
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A Cut flow table

Event yields after applying the ¢ty event selection.

Table 3.17 The event yields in the signal region

Selection Signal MC Wy Zyy Diboson+~y~y Single Top+y~y
e+jets
Initial 13745.7+21.01 | 311614 4+ 703.67 | 284746 £+ 609.87 | 18162.6 £ 117.81 | 28763.9 + 101.84
N,=2 246.17 + 3.59 273.04 £19.16 | 2460.83 £ 55.90 26.91 £2.75 16.07 £ 3.11
Isolation v 140.86 £ 2.70 156.52 £ 13.05 1413.3 £ 42.26 13.85 £ 2.17 4.38 +1.38
Isolation 7 73.77 £1.89 74.16 £ 8.32 976.35 £ 34.91 8.09 £1.29 1.77 £ 0.61
Truth matching v, 61.85£1.75 68.06 £+ 7.87 427.31 £19.84 2.44£0.76 1.34 £0.53
Truth matching 7, 51.55 £ 1.61 62.25 + 7.51 99.29 £ 9.66 0.52£0.38 0.24 £0.19
Njets > 4 23.81+1.11 1.05 £ 0.61 3.85+£1.33 0.01+£0.01 0.18£0.18
Nyjers > 1 21.43+1.06 0+£0 0.54 £0.60 0£0 0.18£0.18
|m(e,v1) —m(Z)| >5 GeV | 20.25+1.04 0£0 0.54 £ 0.60 0+0 0.18£0.18
|m(e,v2) — m(Z)| >5 GeV | 18.69 + 1.00 0+0 0.54 £ 0.60 0+0 0.18£0.18
AR(l,7) 14.89 £ 0.88 0+0 0.54 £ 0.60 0+0 0+0
AR(l,v2) 11.15 4+ 0.75 0+0 0.60 £ 0.60 0+0 0+0
u+jets
Initial 12875.4 +19.97 | 334282 £ 741.12 | 306280 £ 630.45 | 15204.2 £ 76.76 | 27507.3 £ 98.53
N,=2 228.94 + 3.41 259.21 £ 16.55 355.05 £19.87 12.56 £+ 1.62 11.08 £1.75
Isolation q 131.67 £+ 2.59 136.77 £12.25 | 215.77 £ 15.78 5.89 £ 1.06 2.69£0.74
Isolation 7 67.09 +1.84 67.22 £ 8.48 118.60 + 11.53 3.28 £0.80 1.39 +£0.53
Truth matching v, 56.19 £ 1.66 64.28 £+ 8.23 115.90 £ 11.46 1.81 £0.64 1.00 £ 0.46
Truth matching v, 4734 £1.54 63.99 £ 7.89 114.89 4+ 11.40 1.63 £ 0.63 0.36 £ 0.25
Njers > 4 20.68 +1.01 2.20£1.02 3.29£0.95 0.01+0.01 0.18£0.18
Nyjers > 1 18.69 £+ 0.97 0.37+£0.37 1.14 £ 0.56 0+0 0+0
AR(l, ) 15.80 £+ 0.92 0.37£0.37 1.14 £ 0.56 0+0 0+0
AR(l,72) 12.52 +£0.84 0.37£0.37 0.57 £0.36 0+0 0+0
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Table 3.18 The event yields in the signal region

Selection ttH HFake EFake Fake lepton Data
e+jets
Initial 14.6 £1.94 | 3251890 £ 11779.4 | 3251890 £ 11779.4 | 1276840 £ 2283.88 | 4853250 + 2203.01
N, =2 7.36 £1.36 | 2559.02 £ 231.52 2559.02 £+ 231.52 135.79 + 47.69 5159 £ 71.82
Isolation v, 5.54+1.21 1176.02 £ 147.78 1176.02 £ 147.78 —11.18 + 31.64 2745 £ 52.39
Isolation s 5.54+1.14 724.40 £ 111.83 724.40 £ 111.83 —30.19 £ 22.04 1585 4+ 39.81
Truth matching v, 5.54+1.14 —21.61 £31.99 370.57 £ 63.11 —30.19 £ 22.04 1585 + 39.81
Truth matching 7, 5.54+1.14 —25.11 £+ 31.58 —0.024+0.03 —30.19 £ 22.04 1585 £ 39.81
Njets > 4 3.78 £0.98 0.47£0.31 0.02 +0.02 —0.19 + 3.23 61 +7.81
Nyjers > 1 5.14+0.92 0.47+0.31 0+0 —0.30 £ 2.62 41 £6.40
im(e, 1) —m(Z)| > 5 GeV | 3.05 = 0.90 0.47 £0.31 040 0.12 + 2.61 35+ 5.01
m(e,7s) —m(Z)] > 5 GeV | 295+ 0.9 0.47 £ 0.31 0£0 0.68 = 2.59 32+ 5.65
AR(l,m) 2.23+0.84 0.47+0.31 0+0 0.89 + 2.58 30 +£5.47
AR(l,72) 2.04 £0.81 0.474+0.31 0+0 1.10 + 2.58 28 £5.29
ptjets
Initial 11.68 +1.79 | 2232100 £ 9835.32 | 2232100 4+ 9835.32 | 151769 + 1068.5 | 2990380 £ 1729.27
N, =2 5.96 +1.32 528.22 £ 75.24 528.22 £ 75.24 12.36 4+ 13.92 1712 +£41.37
Isolation v, 4.7+1.19 280.50 £ 65.56 280.50 £ 65.56 11.00 £+ 10.83 896 + 29.93
Isolation o 3.89 £ 1.02 134.34 +43.95 134.34 + 43.95 9.53 £+ 10.63 459 +21.42
Truth matching v, 3.89 £1.02 22.76 £ 18.70 9.87 + 1.69 9.53 £ 10.63 459 £ 21.42
Truth matching 3.89+1.02 17.10 £+ 18.62 0.67 +0.49 9.53 +10.63 459 £ 21.42
Njers > 4 2.74 £0.88 0.42 4+ 0.40 0+0 -0.43 +£0.88 32+ 5.65
Npjers > 1 2.55+£0.79 0.42+0.40 0+0 -0.60 + 0.84 22 +4.69
AR(l,v) 241 +0.77 0.42+0.40 0+0 -0.56 +0.84 18+4.24
AR(l,72) 2.14£0.76 0.42 4+ 0.40 0+0 -0.54 +£0.84 174+4.12
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B Kinematic Distributions

The electron, muon and jets transverse momentum and pseudo-rapidity distri-
butions are plotted in the Figure 2.28 after applying the ¢ty selection in the
signal region. In the event selection exactly one electron with pr > 25 GeV and
|Metus| < 2.47 and one muon with pr > 25 GeV and |n4,s| < 2.5 are considered.

Also the jets having pr > 25 GeV and |n| < 2.5 are selected.
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Figure 2.28 The distributions of the transverse momentum and pseudo-rapidity
of the electron, muon and jets. The left upper plots in the a.) correspond to the
electron and jets transverse momentum distributions and the left lower plots in
the c.) shows to the electron and jets pseudo-rapidity distributions in the e+jets
channel, the right plots correspond to the p+jets channel, respectively.
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Figure 2.29 shows the distributions of electron, jet and muon pseudo-rapidity in

the single lepton channel.
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Figure 2.29 The distributions of the pseudo-rapidity of electron, muon and jet.
The left two plots correspond to the e+jets channel, the right two plots to the

p~+jets channel, respectively.
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