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Abstract

In this thesis, a measurement of the single top quark mass produced in the t
-channel is presented, using the data sample recorded recently in 2015 with
the ATLAS detector at the LHC, at a centre of mass energy of /s = 13
TeV and corresponding to an integrated luminosity of 3.2 fb~!. The selected
events contain one charged lepton (electron or muon), missing transverse en-
ergy, and two jets with high transverse momentum with one of them being
b-tagged.

The template method is used to extract the top quark mass from the
distribution of the invariant mass of the lepton and the b-jet (m(¢b)) in the
selected events. The result of the measured top quark mass is: my,, =

[174.56 £ 3.11(syst.) + 1.02(stat.)] GeV.
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Chapter 1

Introduction

The Standard Model of Particle physics describes the laws which control our
universe at the smallest scale, by describing the elementary particles that
represent the building blocks of matter and their interactions.

The Large Hadron Collider (LHC) is the most powerful particle accel-
erator machine in the world. It started to operate in 2008 and currently
is operating at an energy of 13 TeV. It is designed to test particle theories
and hopefully observe new particles, using four major experiments called:
ATLAS, CMS, LHCb, and ALICE. This analysis is done using the 2015
dataset recorded by ATLAS, with a center of mass energy of 13 TeV and an
integrated luminosity of 3.2 fb~!.

The top quark plays a special role among the other quarks, since it is the
heaviest known elementary particle. A precision measurement of its mass
has important implications due to its significant contribution to the Higgs
boson mass, the electroweak radiative correction, other particles predicted
by beyond-standard-model (BSM) theories, as well as our universe and its
stability.

This analysis presents the template method to measure the mass of single
top quark produced in the t-channel. The thesis is organized in the following
way: Chapter 2 describes the top-quark in the standard model, chapter 3
describes the ATLAS detector in the LHC, chapter 4 describes MC simulation
techniques, chapter 5 is about the identification of some of the physics objects
related to the top quark, chapter 6 describes the event selection, and signal
and background processes, chapter 7 is about the mass measurement and the
uncertainties calculations, and the results with conclusion are presented in
chapter 8.



Chapter 2

Top-quark physics

2.1 The standard model

The Standard Model of particle physics (SM) is a theory of the elementary
particles and their interactions. These particles are classified in two basic
classes called fermions and bosons. The fermions, also called matter particles,
have half-integer spin and include the quarks and the leptons. The bosons
have an integer spin and include the force carriers and the Higgs boson. All
of these particles are summarized in Fig. (2.1).

The elementary particles interact via four different forces: the gravita-
tional, the electromagnetic, the weak and the strong force. All of these forces
are part of the SM except for the gravitational force [1].

2.1.1 Matter particles

Quarks and leptons are the building blocks of the matter around us. Each
of these two groups consists of six particles related in pairs or generations.
The lightest and most stable particles make up the first generation, whereas
the heavier and less stable particles belong to the second and third genera-
tions. All stable matter in the universe is made from particles that belong to
the first generation; heavier particles quickly decay to the next most stable
level. Quarks named as: up (u), down(d), charm(c), strange(s), top(t) and
bottom(b). Leptons named as: electron(e), electron nutrino(v,), muon(u),
muon nutrino(v,), tau(r) and tau neutrino(r;). The neutrinos are electri-

2



CHAPTER 2. TOP-QUARK PHYSICS

cally neutral and have very small mass. Fig. (2.1) summarize the elementary
particles with the mass, charge and spin for each particle.

Each particle has its own anti-particle that has exactly the same proper-
ties as the corresponding particle, but opposite quantum numbers.

Three generations
of matter (fermions)

mass -| 2.4 Mev/c? 1.27 GeV/c? 171.2 GeV/c?|

charge [ 2/3 % %
spin—| 35 Yo Y2
name | up charm top
0]
c
o]
4.8 Mev/c? 104 MeV/c* 4.2 Gev/c? a
w |5 Y5 Y5 Re]
= % Y% &
& |2 S
2 down strange bottom
& d o

<2.2eV/c? <0.17 MeV/c?|| |<15.5 MeV/c?|

wVe 1Vu IV
nve fvnV i g VT 126 Gevic?
electron muon tau 0 0
neutrino neutrino neutrino H
0
10511 Mev/c? [ [105.7 Mev/c? |if [1.777 Gev/c? Higgs
1 1 1 boson
e hp |hT

electron muon tau

Leptons

Figure 2.1: Elementary particles of the Standard Model [2].

2.1.2 Forces and gauge bosons

Four fundamental forces are exist in the nature: the strong, the weak, the
electromagnetic, and the gravitational force. They work with different strengths
over different ranges. The gravitational force is the weakest and can be ne-
glected at the particle physics scale. The range and strength for each force
are shown in Table 2.1.

Table 2.1: The four fundamental forces with their relative strength and range.

Force Relative strength Range (m)
Strong 10% 1071
Electromagnetic 103 00

Weak 10% 10718
Gravitation 1 00




2.1. THE STANDARD MODEL

Three of the fundamental forces result from the exchange of force-carrier
particles shown in red in Fig. (2.1), which belong to a broader group called
bosons. Fach fundamental force has its own corresponding boson. The strong
force is carried by the gluon; the electromagnetic force is carried by the pho-
ton, while the W and Z bosons are responsible for the weak force. The
SM includes the electromagnetic, strong, and weak forces, and all their car-
rier particles, and explains well their interaction with the matter particles.
However, the gravity force is not part of the SM.

These forces are described successfully as theories of quantum gauge sym-
metry, and they can be described in terms of unitary groups of different di-
mensions. The combination of gauge groups is SU(3) x SU(2) x U(1). where
SU(3) is the symmetry group of the strong interaction, SU(2) of the weak
interaction and U(1) of the electromagnetic.

2.1.3 The Higgs boson

The gauge bosons should be massive in order to keep the Standard Model
re-normalisable. In 1964 Brout, Englert and Higgs proposed a spontaneously
broken Higgs field spreading through the universe shown in Fig. (2.2). It
shows how gauge bosons can acquire masses as a result of the spontaneous
symmetry breaking within gauge invariant models of the universe.

The existence of such a field requires the existence of a particle that can
excite such a field, so the scalar Higgs boson had been predicted until it was
discovered in 2012 by the ATLAS and CMS experiments at the LHC [3,4].
The Higgs boson is shown in Fig. (2.1) in yellow.

Figure 2.2: Potential of the Higgs field [5].



CHAPTER 2. TOP-QUARK PHYSICS

2.2 Top quark production

The top quark was discovered in 1995 at the TEVATRON collider in Fermi-
lab by the CDF and qu experiments [6,7]. It is the most massive known
elementary particle with a mass ~ 173 GeV.

The top quark can be produced in two main processes: top-antitop quark
pairs, or as a single top-quark.

2.2.1 Top-antitop quark pair production

The top anti-top quark pair (¢t) is produced via the strong interaction in
two different channels: gluon-gluon fusion which is the most dominant at the
LHC, and the quark anti-quark annihilation. Feynman diagrams are shown
for both in Fig. (2.3), and they are following the convention that the x-axis
corresponds to the time axis.

Figure 2.3: Feynman diagrams for the modes of ¢t production: (a) and (b)
via gluon-gluon fusion, (¢) via quark anti-quark annihilation [8].

2.2.2 Single top quark production

The single top quark is produced via the weak interaction in three different
modes or channels. The t-channel which is the most dominant, the s-channel
and the Wt-channel. Feynman diagrams are shown in Fig. (2.4).

5



2.3. THE MASS OF THE TOP QUARK

q bg ¢

(b) (c)

Figure 2.4: Feynman diagrams for the single top quark production modes:
(a) t-channel, (b) s-channel, (¢) Wt-channel [8].

2.2.3 Single top quark decays

As a result of the large mass of the top quark, it has a short lifetime ~
5 x 107%%s and it cannot be detected directly. The single top quark decays
with ~ 100% probability to b quark and W boson t — W*b.

In this thesis, the t-channel topologies are studied where the W*-boson
decays leptonically. So the final state will be b-jet from the top quark decay,
one charged lepton and missing transverse energy from the W*-boson decay
and an additional jet from the t-channel production itself, as illustratec in
Fig. (2.5).

Figure 2.5: Feynman diagram for single top quark production in the t-
channel. The decay products of the single top are shown where the W-boson
decays leptonically.

2.3 The mass of the top quark

The definition of the mass of a quark is not straightforward, In Quantum

Chromo Dynamic (QCD) this definition is known as the pole mass mfé’;e and

6



CHAPTER 2. TOP-QUARK PHYSICS

it is valid only in the perturbation regime. In this analysis my,, is defined as
the measured value of the top quark mass as the input mass in the generation
of the Monte Carlo samples. For this purpose, the invariant mass of the decay
products of the single top t-channel decay can be reconstructed. Particles
reconstructed within the detector are: one electron or muon, one light quark,
detected as a jet of many particles pointing in one direction and one b-tagged
jet, originating from a bottom-quark. Also the neutrino reconstructed by
using the missing transverse momentum. The two masses mf;’]lf and my,, are
close to each other with a possible difference of 1 GeV [9, 10].

The results of different measurements of m,,, by ATLAS and CMS at the
LHC, are summarized in Fig. (2.6). With the world average value combined
from the four experiments ATLAS and CMS (LHC), CDF and D@ (TEVA-
TRON) performed in March 2014

Myop = [173.34 + 0.36(stat.) £ 0.67(syst.)|GeV

ATLAS+CMS Preliminary LHCtop WG  my, summary, Is=7-8TeV Aug 2016
"""" World Comb. Mar 2014, [7]

stat

total uncertainty total stat

M, = 173.34 £ 0.76 (0.36 £ 0.67) GeV gy  otal (stat £ syst) G Ret
ATLAS, I+jets (*) ———t 172.31 1.55 (0.75 + 1.35) 7Tev [1]
ATLAS, dilepton (*) [ 173.09 £ 1.63 (0.64 * 1.50) 7Tev [2]
CMS, l+jets e 173.49 + 1.06 (0.43 + 0.97) 7TeVv [3]
CMS, dilepton I—O—o—l—-—| 172.50 + 1.52 (0.43 + 1.46) 7TeV [4]
CMS, all jets I—|—o—0—| 173.49 + 1.41 (0.69 + 1.23) 7TeV [5]
LHC comb. (Sep 2013) l—l-H—| 173.29 +0.95 (0.35 + 0.88) 7TeV [6]
World comb. (Mar 2014) = 173.34 +0.76 (0.36 + 0.67) 1.96-7 TeV [7]
ATLAS, l+jets ——=—t 172.33 £ 1.27 (0.75 + 1.02) 7TeVv [8]
ATLAS, dilepton l—l—-—|—| 173.79 + 1.41 (0.54 + 1.30) 7Tev [8]
ATLAS, all jets E—|—-—|—| 175.1+1.8(1.4+1.2) 7 TeV [9]
ATLAS, single top ] 172.2+2.1(0.7 £ 2.0) 8 TeV [10]
ATLAS, dilepton H-I-Q—I 172.99 £ 0.85 (0.41+ 0.74) 8TeV [11]
ATLAS, all jets l—l—-—O—I 173.80 + 1.15 (0.55 + 1.01) 8TeV [12]
ATLAS comb. (f;;gg Zgﬁﬁ = 172.84 +0.70 (0.34 + 0.61) 748 TeV [11]
CMS, Il+jets HetH 172.35 + 0.51 (0.16 + 0.48) 8 TeV [13]
CMS, dilepton |—H——| 172.82 +1.23 (0.19 + 1.22) 8 TeV [13]
CMS, all jets e 172.32 + 0.64 (0.25 + 0.59) 8TeV [13]
CMS, single top I—0—0—1—| 172.60 + 1.22 (0.77 + 0.95) 8 TeV [14]
CMS comb. (Sep 2015) He 172.44 +0.48 (0.13 + 0.47) 748 Tev [13]
(*) Superseded by results
shown below the line s 5 .

ol L1 pE I N N

L
165 170 175
mtop [Ge\/]

Figure 2.6: The top quark mass value obtained from the combined result of
the ATLAS and CMS (LHC) [11].



2.3. THE MASS OF THE TOP QUARK

2.3.1 Motivation for the top quark mass measurements

The top quark mass is a fundamental property of the top quark and due to
its large value, it plays an important role in the Standard Model. Especially
in the following aspects:

e Vacuum stability: the top quark mass (my,,) and the Higgs boson
mass (my) are the most important parameters for electroweak vacuum
stability studies, since they correspond to the maximum value of the
gauge couplings allowed by vacuum metastability. The experimental
values of my,, and my lie at the border between the stability and the
metastability region of the SM vacuum, illustrated in Fig. (2.7), where
a small change in the measured values of my,, and mpy can modify
the conclusion a bout the vacuum stability. More details available in

Ref. [12,13).

2w Iebiily
: BT 8
g 1w _——‘__Htﬁw' - 8
P i 3
E o f Enbilily E’
- | :
= o = E

0

e S e S e
a S0 1m 150 2
Higas mass M, o Qe Higgs mas 3y in Q=¥

(a) (b)

Figure 2.7: SM vacuum phase diagram showing different regions: abso-
lute stability, meta-stability and instability of the SM vacuum, and non-
perturbativity of the Higgs quartic coupling. (b) Zoom in the region of the
preferred experimental range of my,, and my where the allowed uncertainties
at 1, 2 and 30 are represented by the gray area [13].

e EWSB and BSM: the top quark mass plays a crucial role in the
electroweak symmetry breaking (EWSB) and BSM sectors. Since it is
the heaviest elementary particle it has the strongest Yukawa coupling
() with the Higgs boson. As a result the top quark represents an
ideal laboratory for Higgs boson studies, as the stability of the Higgs
potential, and Higgs boson propagator loop corrections, Fig. (2.8) (b)

8



CHAPTER 2. TOP-QUARK PHYSICS

shows the loops generated by the top-quark.

BN ALy
72

m3 = my(LO) + Am?,  with Am?2 = — +... (2.1
Eq. (2.1) shows the squared leading order (LO) Higgs boson mass in
addition to some correction, where \; is the top quark Yukawa cou-
pling, and Ayy is ultraviolet momentum cutoff which is explained as
the energy scale at which new physics (NP) appears. The strong de-
pendence of the Higgs mass on a possible new scale is not explained by
the SM symmetry and it is known as the hierarchy problem.

(b) i{/ \}t
S Y AN

Figure 2.8: Feynman diagram shows the cancellation of the Higgs boson
quadratic mass between top quark loop and stop squark tadpole in SUSY [14].

Different solutions are proposed by the BSM theories to solve the hi-
erarchy problem, one of them is supersymmetry (SUSY), which predicts
a new set of elementary particles called superpartners. Each fermion
in the SM should have a partner boson, and each boson should have a
partner fermion. By adding the stop correction to Eq. (2.1) it becomes:

m3; = ma (LO) + Am3 + Am?3(stop)  with (2.2a)
mi;(stop) = @[ UV — 2Mstop I - + .. (2.2b)
stop

Where Ay, is the stop quark Yukawa coupling, and mg,, is its mass,
Fig. (2.8) (b) shows the loops generated by stop.
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2.3. THE MASS OF THE TOP QUARK

e Production mechanism of the Higgs boson: the dominant pro-
duction mechanism for the Higgs boson at the LHC, is the gluon-gluon
fusion mediated by a virtual top quark loop. As a result precise mea-
surement to the top-quark mass can lead to a better understanding of
the production of the Higgs boson mechanism.

e Test SM validity and constraint NP scenarios: test the overall
consistency of the SM through precise electroweak fit. Fig. (2.9) shows
a scan of the confidence level profile of W boson mass myy versus myp.
Both contours agree with the direct measurements shown in green.
More details available in Ref. [15].

i~ L B B e N ENL 3 NN B e e
C o o b i m, world comb. + 1o ]

8 [ 68% and 95% CL contours : m, = 173.34 GeV ]
= 80.5 — [ fitw/o M, and m_ measurements il --6=076Gev L —]
E; - fitw/o M, m and M, measurements | | — ¢ =076 ®050,,,GeV 7]
C direct M,, and m, measurements - ]

80.45 [— ]

= =y 3

80.4 |- e —]

- = A

- My world comb. + 1o
80.35 [— m,, =80.385 + 0.015 GeV

|

|

80.3 |- ]
- XY e b R -
L P (<3 N LT PiN e a
C 0,00,8?‘ - \'ﬁ;\u .50‘5(?%’ g & "T - - .
8025 - T o NN o €] fitter]s): ]
ISR = R SR N 2 R R
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m, [GeV]

Figure 2.9: Scan of fits with fixed variables my vs. m,,. The result of
the fit are: in blue including the my allowed region, in gray excluding mpyg
allowed region. The green bands and ellipse for the my and my,, direct
measurements within 1o [15].

2.3.2 The template method to measure the top quark
mass

There are different techniques to measure the top quark mass. These include
the matrix element, ideogram, template method and others. In this analysis
we are using the template method for measuring the single top quark mass
in the t-channel. This method has been used different times for measuring
the top quark mass [16-19].
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CHAPTER 2. TOP-QUARK PHYSICS

The template method’s main idea is to get a simulated template distribu-
tion for a variable sensitive to the top quark mass (my,,) for discrete values
of input m,,. These templates are fitted to a function that interpolates be-
tween the different input my,, values, while fixing the other parameters of
the function. The final step to obtain the measured value of my,, is to apply
a likelihood (LL) fit to the observed data distribution, 2.11 summarize these
steps.

Fig. (2.10) shows a sketch that explains the simulated distributions of a
variable sensitive to mye,. Using O(my,,) as a dummy variable sensitive to
Myop-

— My, input = m,
— My, input=m
— My, input=m

50 100 150 200 2')50

Figure 2.10: Sketch of templates of a variable O(my,,) which show a mass
dependence. This variable has different distributions for different input my,.

Choose observable Construct simulated
Template method depends on m. distributions of the
p top variable (templates)

Is the

parameter
has mass
dependence?

Fix that parameter ~—— Fit the templates

Use them to create Apply LL fit of the
the LL function templates to the
with my,, as the data distribution

only free parameter to extract Mmyep

Figure 2.11: The template method steps to extract myq,.
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Chapter 3

LHC and the ATLAS Detector

The Large Hadron Collider (LHC) is the largest particle accelerator in the
world. It is located at the Swiss-French border, and was built by the Euoro-
pean Organization for Nuclear Research (CERN).

The LHC is a proton-proton and Pb-Pb collider. It is designed for a
maximum center-of-mass energy of 14 TeV, and an instantaneous luminosity
of 103*em=2s~!. The main purpose of the LHC is to test the predictions
of different theories of particle physics, such as measuring properties of the
Higgs boson, searching for new particles predicted by BSM theories, and
ansewring other unsolved questions of physics.

It is built in a circular tunnel of 27 km circumference, 100 m underground
with four main interaction points. At each of these interaction points there is
an experiment to detect particles produced from the interaction. These four
detectors or experiments are: ATLAS, CMS, LHCb and ALICE. In addi-
tion to these four main experiments there are also three smaller experiments
called: LHCf, TOTEM and MoEDAL. Fig. (3.1) shows a scheme of the LHC
including the four experiments and the SPS (Super Proton Synchrotron),
which is a pre-accelerator that injects the particles into the LHC ring.

One of the most important LHC parameters is the instantaneous lumi-
nosity, defined as the number of interactions per area and time and given by
Eq. (3.1)

_ l Nanbfrev F

At €,[0*
where « is the relativistic Lorentz factor, IV, is the number of protons per
bunch, n, is the number of bunches per beam and f.., is the revolution fre-

(3.1)
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CHAPTER 3. LHC AND THE ATLAS DETECTOR

quency of the protons circulating in the accelerator. ¢, is the normalized
transverse beam emittance, 5*! is the value of the beta function at the colli-
sion point and F' is the geometric luminosity reduction factor. An overview
of the LHC parameters are shown in Table 3.1.

Table 3.1: Comparison of the LHC parameters during the 2015 operation
and the design values [20].

LHC Parameter Value in 2015 Design value
Beam energy (TeV) 6.5 7
Protons/bunch (10" p) 1.1 1.15

Bunch spacing (ns) 25 25

Max. number of bunch/beam 2244 2808

B*(m) 0.8 0.55

Peak luminosity (10**cm™2s72) 0.51 1.0

Figure 3.1: Overall view of the LHC four experiments [21].

IThe beta function is a function related to the transverse particle beam size, where
smaller beta means narrower beam size, and larger beta a broader beam.
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3.1. THE ATLAS DETECTOR

In this thesis the data was collected by the ATLAS experiment, so the next
section will describe it in more detail.

3.1 The ATLAS detector

A Toroidal LHC ApparatuS (ATLAS) is the largest detector at the LHC:
25 m in diameter, 44 m in length and with a weight of 7000 tons. It is
built symmetrically around the interaction point, with different layers of
sub-detectors. Fig. (3.2) shows an overview of the ATLAS experiment.

It is a multi-purpose detector, with a top priority of searching for the
standard model Higgs boson, which was discovered by ATLAS and CMS in
2012. ATLAS also searches for supersymmetric particles, dark matter, extra
dimensions and other predictions of BSM theories.

Tile calorimeters

= LAr hadronic end-cap and
forward calorimeters
Pixel detector

LAr electromagnetic calorimeters

Toroid magnets

‘Muon chambers Solenoid magnet | Transition radiation fracker

Semiconductor fracker

Figure 3.2: Overview of the ATLAS detector [22].

The ATLAS detector’s coordinate system is right-handed (illustrated in
Fig. (3.3)), and has the origin at the interaction point. The positive x-axis
points from the interaction point toward the center of the LHC, the y-axis
upwards and the z-axis in the beam direction. The azimuthal angle ¢ ranges
from —7 to 7 in the x-y plane and is defined with respect to the positive
x-axis. 6 is the polar angle towards the positive z-axis. Typically, a different
set of coordinates is used: the pseudo-rapidity definde as the angle of the
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CHAPTER 3. LHC AND THE ATLAS DETECTOR

particle relative to the beam axis and given by:

6
n = — In[tan 5]

The distance in pseudo-rapidity-azimuth space:

AR = \/An? + A¢?

The absolute value of the transverse momentum:

pr =\/P:+ D

The transverse energy:

Ep = FEsinf

| | Collision o
| Paint T

& X (Center of LHC)

Figure 3.3: ATLAS detector coordinate system [23].

The ATLAS detector consists of different sub-detectors. The one closest
to the interaction point is the Inner Detector (ID), followed by the Electro-
magnetic and Hadronic Calorimeters, while the outermost sub-detector is the

Muon Spectrometer, as shown in Fig. (3.2).

3.1.1 The inner (tracking) detector

The inner detector (ID) is the innermost sub-detector in ATLAS, illustrated
in Fig. (3.4), located in a magnetic field of 2 T generated by a solenoidal
magnet surrounding the ID. It has a length of 6.2 m, outer radius of 1.05 m
and covers a pseudo-rapidity range n < 2.5. The main purpose of the ID is
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3.1. THE ATLAS DETECTOR

to reconstruct the trajectories of charged particles in order to measure their
position and momentum. In addition, it is used to reconstruct vertices.

The ID consist of three sub-detectors: the innermost one is the Silicon
Pixel detector, followed by the Semiconductor Tracker (SCT) and the Tran-
sition Radiation Tracker (TRT), as illustrated in Fig. (3.4). Each of these
sub-detectors consist of a barrel and end-cap region.

The Silicon Pixel detector is the closest to the interaction point, consisting
of three barrel cylinders and three discs in each end-cap. It is made of
1744 modules with 80 million pixel cells in total. Its main purpose is the
identification and reconstruction of vertices and jets originating from short-
lived particles such as b-hadrons and 7 leptons.

21m

BN\ Barrel semiconductor tracker
Pixel detectors

e Barrel transition radiation fracker
il V End-cap transition radiation fracker

End-cap semiconductor tracker

Figure 3.4: ATLAS Inner Detector [24].

The Semiconductor Tracker (SCT) is similar to the pixel detector, but
consists of silicon strips sensors instead of pixel sensors. It is designed to
measure eight space points per track, impact parameters and track momen-
tum, as well as vertex positions.

The outermost layer is the Transition Radiation Tracker (TRT), con-
sisting of straw tubes filled with a xenon gas mixture, which is ionized if
a charged particle passes through it. It measures the transition radiation
of these charged particles which helps to distinguish electrons from charged
pions and improves the reconstruction of the tracks.
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CHAPTER 3. LHC AND THE ATLAS DETECTOR

3.1.2 Calorimeters

The calorimeter system consists of the inner electromagnetic calorimeter
(EM) and the outer hadronic calorimeter (HCAL), as shown in Fig. (3.5).
The EM’s purpose is to measure the energy of electrons and photons, while
the HCAL measures the energy of hadrons and jets.

The electromagnetic lead liquid-argon sampling calorimeter (LAr)consists
of three parts: the barrel, two end-caps and two forward calorimeters. It
measures energy depositions of both photons and electrons, which produce
electromagnetic showers in the absorber material. Photons produce e + e—
pairs when interacting with the material, while electrons radiate photons
(Bremsstrahlung), estimates the pseudo-rapidity and direction of photons,
reconstructs the position of electromagnetic showers, and measures the en-
ergy of the EM showers.

The hadronic calorimeter also consists of three regions: the tile calorime-
ter (includes tile barrel and tile extended barrel) and the end-cap. It provides
a good energy resolution for the reconstruction of jets and missing transverse
momentum.

Tile barrel Tile extended barrel

LAr eleciromagnetic
barrel

Figure 3.5: ATLAS Calorimeter system [25].

3.1.3 The muon spectrometer

The muon spectrometer is designed to detect muons and measure their mo-
mentum. It is situated within a large barrel toroidal magnet and two addi-
tional end-cap toroids which provide a magnetic field of 6T /m. The muon
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3.1. THE ATLAS DETECTOR

detector consists of four muon chambers as shown in Fig. (3.6).

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

~ Resisfive-plate
chambers (RPC)

End-cap toroid
Monitored drift tubes (MDT)

Figure 3.6: ATLAS Muon Spectrometer [26].
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Chapter 4

Monte Carlo Simulations

Monte Carlo (MC) generators are computer simulation programmes that can
produce hadron interactions according to the probability density of phase
space and the matrix element of a given process. They play a very important
role in particle physics in the context of evaluating systematic uncertainties
and providing theoretical predictions.

The simulation of events happens in different stages. After the generation
of the hard interaction by analytical perturbative calculation with leading
order (LO) or next to leading order (NLO) precision, the parton showering
and hadronization are simulated, then the interactions between the particles
and the detector material are simulated followed by the digitalization in order
to predict the detector response. The last step is the reconstruction of the
signals using the same algorithms and techniques which are used for the
reconstruction of observed events. This step is explained in Chapter 5.

‘ MC simulation }—> Hard scattering —— Parton showering
and Hadronization

|

Digitalization <—— Detector simulation

Reconstruction

l

Physics analysis
Figure 4.1: Monte Carlo simulated events generation process.
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4.1. EVENT GENERATION

4.1 Event generation

The generation of the simulated events includes different stages, shown in
Fig. (4.2):

e Hard process: The colliding partons are chosen according to the Par-
ton Distribution Functions (PDFs) and the cross-section of the simu-
lated processes, which depends on the matrix elements and the phase
space. The matrix elements are calculated to LO or NLO precision
depending on the process itself and the available generator.

e Parton shower: Particles produced from the hard process cause a
secondary particles shower. Gluons are emitted from the initial or
final states, which is referred to as initial and final state radiation
(ISR/FSR). Higher order corrections are taken into ccount causing fur-
ther radiation and parton multiplication.

e Hadronization: Resulting partons with a small distance in phase
space and low energy are then grouped together into color-singlet
hadrons.

e Hadron decay: Unstable hadrons decay into long-lived particles.

e The underlying event: Events resulting from the interaction of
hadrons other than the ones contributing in the hard process.

e Pileup: Events resulting from the interaction of other protons in the
same bunch, and initial/final state radiation (ISR/FSR) are addition-
ally simulated and added. Ref. [27] includes more details about each
stage.
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Decay

Hadronization

Parton

Shower 7 Minimum Bias

+ .y
Collisions

SubProcess

f(x,Q?) f(x,Q%)

Distributions

Figure 4.2: The basic structure of a hard hadron scattering MC event [28].

4.1.1 Monte Carlo generators

Two main types of MC generators are available: Matrix element (ME) gen-
erators and multi-purpose (MP) generators. The ME generators are used to
simulate the hard process of the event generation, while the MP are used
for the hard process, the showering, the hadronization and the hadron de-
cay. In order to simulate the full event, combinations between ME and MP
generators are applied.

Many Monte Carlo generators are available by now, and more are under
developement. They differ with respect to their simulation scope, precision
of the perturbative calculations, matching and merging of parton showers
and the hard scatterings, and other aspects. In the following, MC generators
used for this analysis are briefly described.

e PowHeg-Box: The Positive Weight Hardest Emission Generator is
a ME generator that calculates the matrix elements to next-to-leading
order (NLO) precision. In this analysis it is used to calculate the ME
for the signal processes listed in Table 4.1. More details available in
Ref. [29].

e Pythia (version 6.4.27): This is a MP generator that calculates the

matrix elements to leading order (LO) precision. In this analysis it
is used in combination with PowHeg for the ME calculations and to
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4.1. EVENT GENERATION

simulate the parton showering for the signal processes generated with
PowHeg. More details available in Ref. [30].

e Sherpa: Simulation for High Energy Reactions of PArticles is a MP
generator. calculating the matrix elements to leading order (LO) pre-
cision. In this analysis it is used to generate the W+jets, the Z+jets
and the diboson samples. More details available in Ref. [31].

e Herwig (version 7.0.4): This is a MP generator, simulating all the
interactions except the underlying events, calculating the matrix ele-
ments to next-to-leading order (NLO) precision. In this analysis it is
used for the signal shower systematic uncertainties calculations, com-
bined with Pythia. More details available in Ref. [32].

e aMC@NLO: This is a ME generator that simulates all the interactions
except the underlying events, calculating the matrix elements to next-
to-leading order (NLO) precision. In this analysis it is used for the
signal NLO matching systematic uncertainties calculations, combined
with Herwig. More details available in Ref. [33].

4.1.2 Monte Carlo Samples

In this analysis a set of MC samples is used as shown in Table 4.1 for the
signal samples. For the background processes, diboson samples can be found
in Table 4.2, W+jets samples are shown in Table 4.3, while Z+jets samples
are presented in Table 4.4. The table include the generator used, process
ID, cross-section (o) and the K-factor? for each sample.

2The K-factor is a higher order of the cross-section.
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Table 4.1: signal MC samples used in this analysis [34, 35].

Process

Generator

Dataset ID o[pb] K-factor [pb]

t-channel top quark
t-channel anti-top quark
s-channel top quark
s-channel anti-top quark
Wt-channel top quark

Powheg + Pythia
Powheg + Pythia
Powheg + Pythia
Powheg + Pythia
Powheg + Pythia

Wt-channel anti-top quark Powheg + Pythia

it

Powheg + Pythia

410011
410012
410025
410026
410013
410014
410000

43.739 1.0094
25.778 1.0193
2.0517 1.0046
1.2615 1.0215
34.009 1.054
33.989 1.054
696.11 1.195

Table 4.2: Diboson MC samples used in this analysis [36].

Process Generator Dataset ID o[pb] K-factor [pb]
W+ + W~ — lv+qq Sherpa 361081 25.995 0.91
W+ +W~ — qq+Ilv Sherpa 361082 25.974 0.91
W+7Z — lv+qq Sherpa 361083 12.543 0.91
WH+2Z — qq+1l Sherpa 361084 3.7583 0.91
Z+7Z — qq+1l Sherpa 361086 16.59  0.91
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Table 4.3: W+jets MC samples used in this analysis [37-39].

Process Generator Dataset ID o[pb] K-factor [pb]
W — ev Sherpa 361300 21283.0 0.9082
W — ev Sherpa 361301 21381.0 0.9082
W — ev Sherpa 361302 21385.0  0.9082
W — ev Sherpa 361303 633.67  0.9082
W — ev Sherpa 361304 632.29  0.9082
W — ev Sherpa 361305 631.59  0.9082
W — ev Sherpa 361306 90.163  0.9082
W — ev Sherpa 361307 90.039  0.9082
W — ev Sherpa 361308 90.129  0.9082
W — uv Sherpa 361324 21392.0 0.9082
W — uv Sherpa 361325 21381.0 0.9082
W — uv Sherpa 361326 21363.0 0.9082
W — pv  Sherpa 361327 634.1 0.9082
W — puv  Sherpa 361328 632.54  0.9082
W — upv  Sherpa 361329 632.79  0.9082
W — uv Sherpa 361330 89.868  0.9082
W — uv  Sherpa 361331 90.077  0.9082
W — pv  Sherpa 361332 90.204  0.9082
W — 1v  Sherpa 361348 21386.0 0.9082
W — 7tv  Sherpa 361349 21378.0 0.9082
W — 7v  Sherpa 361350 21385.0  0.9082
W — 7v  Sherpa 361351 635.56  0.9082
W — 7v  Sherpa 361352 634.01  0.9082
W — 1v  Sherpa 361353 633.0 0.9082
W — 1v  Sherpa 361354 90.013  0.9082
W — 7v  Sherpa 361355 90.209  0.9082
W — 7v  Sherpa 361356 90.169  0.9082
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Table 4.4: Z+jets MC samples used in this analysis [40-42].

Process Generator Dataset ID o[pb] K-factor |pb]

Z — ee Sherpa 361372 2206.6  0.9012
Z — ee Sherpa 361373 2205.4 0.9012
Z — ee Sherpa 361374 2205.9 0.9012
Z — ee Sherpa 361375 75.852 0.9012
Z — ee Sherpa 361376 76.023 0.9012
Z — ee Sherpa 361377 76.095 0.9012
Z — ee Sherpa 361378 11.696 0.9012
Z — ee Sherpa 361379 11.502  0.9012
Z — ee Sherpa 361380 11.653 0.9012
Z — pp Sherpa 361396 2202.3 0.9012
Z — pp Sherpa 361397 2205.0 0.9012
Z — pp Sherpa 361398 2204.4 0.9012
Z — pup Sherpa 361399 75.904 0.9012
Z — up Sherpa 361400 76.117 0.9012
Z — pp Sherpa 361401 76.107 0.9012
Z — pp Sherpa 361402 11.646 0.9012
Z — pp Sherpa 361403 11.661 0.9012
Z — pp Sherpa 361404 11.652 0.9012
Z — 117 Sherpa 361420 2196.4 0.9012
Z — 17 Sherpa 361421 2204.1 0.9012
Z — 117 Sherpa 361422 2204.7 0.9012
Z — 717 Sherpa 361423 76.468 0.9012
Z — 717 Sherpa 361424 76.012 0.9012
Z — 117 Sherpa 361425 65.654 0.9012
Z — 17 Sherpa 361426 11.656 0.9012
Z — 117 Sherpa 361427 11.61  0.9012
Z — 117 Sherpa 361428 11.669 0.9012

4.2 Detector simulation

The detector simulation programme plays the role of the real detector, by
simulating the interactions of the generated events with the detector material
as well as the detector response in ATLAS, the detector simulation program
is the GEANT4 particle simulation toolkit [43].
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Chapter 5

Physics Objects Reconstruction

Objects reconstruction refers to the use of digital signals recorded by dif-
ferent parts of the detector (calorimeter, muon system, etc.) to identify and
reconstruct the physics particles produced in the proton-proton collision. Fig.
(5.1) shows the trajectories of different particles in the ATLAS experiment.

Single top quark events include several objects, namely: electrons, muons,
jets induced by b-quarks and missing transverse momentum caused by neu-
trinos. In this section, the reconstruction of these objects is briefly described.

The dashed tracks
are invisible to
the detector

Figure 5.1: The trajectories of different particles in the ATLAS experiment
[44].
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5.1 Charged leptons reconstruction

The reconstruction of electrons is based on the identification of a set of energy
clusters in the electromagnetic calorimeter (EM) and the information from
the inner detector (ID). Since the electron is a charged particle, it leaves a
track inside the ID and deposits its energy in the EM calorimeter due to
bremsstrahlung.

In short, the electron candidates should have a transverse momentum
pr > 25 GeV, and pseudo-rapidity |n|quster < 2.47 GeV. More details avail-
able in Ref. [45].

The Muon reconstruction has three different approaches, named stand-
alone, combined and tagged muon reconstruction, using the information from
the Muon spectrometer (MS), ID and the calorimeters. Muons leave tracks
in the ID and the MS. Similar to the electron, the muon candidates should
have pr > 25 GeV and pseudo-rapidity |n| < 2.5 . More details available in
Ref. [46].

5.2 Jets reconstruction

A jet is a group (spray) of many particles, produced by a high energy parton,
and observed in the detector as a cluster of energy deposits in the hadronic
calorimeter.

The reconstruction of jets uses the information from the calorimeters,
where the deposited energy in the calorimeter cells has to be measured in
a first step, followed by the jet reconstruction, using jet-finding algorithms,
and finally the calibration of the energy of the jet. In addition, corrections
have to be applied, such as energy corrections due to the pileup.

e Energy measurements: The energy clusters have to be constructed
from the calorimeter cells. In ATLAS, the topological clusters approach
is used, where the seed cells are calorimeter cells with alarge a mount of
energy. Iteratively the nearest neighbour cells are added if their energy
is above the noise level [47].

e Jet reconstruction: ATLAS uses the anti-kr algorithm as the stan-
dard jet-finding algorithm. It belongs to the class of sequential recom-
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bination algorithms, which start from calculating the distance between
clusters and the distance between the cluster and the (LHC) beam and
identify the smallest distance for each cluster. In case the distance be-
tween two clusters is the smallest, the two clusters are combined. If the
distance between the i-th cluster and the beam is the smallest the i-th
cluster is identified as a jet and removed from the cluster list. These
steps are repeated untill all the clusters are included [48].

e Jet calibration: The final step of the jet reconstruction is to calibrate
the energy of the jet, based on truth jets from MC simulated jet events.

5.2.1 b-jet reconstruction

In this analysis the b-jet reconstruction is important for the top-quark anal-
ysis. The B hadrons has a long lifetime (7 &~ 1.5 ps) and relatively high
mass and pp, which allows us to distinguish it easily from other jets, us-
ing b-tagging algorithms. In this analysis the so-called MV2c algorithms are
used. The MV2c algorithms use the output of the JetFitter, IP3D and SV1
algorithms as input. This is described in more detail in Ref. [49].

Fig. (5.2) shows a typical b-hadron decay, where the properties of the
reconstructed secondary vertex allow the discrimination from light quark
jets.

—3 tracks b jet

------ b hadron \

—————— impact
parameter

285 secondary
/! vertex

’
’

do_~ @
\ "7}“\primary vertex

Figure 5.2: Schematic view of the b-hadron decay [50].
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5.3 Missing transverse momentum recon-
struction

Neutrinos cannot be measured directly by the ALAS detector, since they do
not interact with the detector material. Their identification and reconstruc-
tion is done by measuring the missing transverse momentum EZ7"**. The
transverse momentum in the ATLAS detector is conserved. As a result, if a
momentum imbalance is measured, it indicates the presence of neutrinos.

The EI'* reconstruction depends on the energy deposited in the
calorimeters and the muons reconstructed in the muon spectrometer (MS),
as well as the correction of the energy loss in the cryostats between the EM
and HCAL calorimeters [51].

The missing transverse momentum EX*% is defined as the negative vector
sum of the momenta of all reconstructed objects:

Eps=— 3" Pr (5.1a)

rec.objects

Episs = | Episs| (5.1b)

The E?“S reconstruction includes the contributions from energy deposits in
the calorimeters and the muon reconstruction.

E_:n@s)s — Emiss,calo. + Emiss,,u, (52)

x z(y) z(y)

5.4 Top quark reconstruction

The top quark reconstruction depends on the reconstruction of its decay
products, the b-tagged jet and the W boson. The four-momentum vector
of the top quark is determined by adding up the four-momentum vector of
the reconstructed b-tagged jet and the four-momentum vector of the recon-
structed W-boson.
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The four-momentum vector of the W-boson is given by pw = py+p,, since
the W-boson decays leptonically to a lepton and its corresponding neutrino.
The momentum of the lepton is measured, while the neutrino momentum has
to be extracted from E7**. Additional information can be found in [52].
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Chapter 6

Processes Description

6.1 The Dataset

The dataset used for this analysis is the one collected by the ATLAS detector
at the LHC, between June and November 2015, at a center-of-mass energy
(/s) of 13 TeV and a total integrated luminosity (L) of 3.209 fb~1.

Fig. (6.1) shows the total integrated luminosity versus time delivered by
the LHC of 4.2 fb~!, and the one recorded by ATLAS of 3.9 fb~!. The
dataset used for the physics analysis of 3.2 fb~! differs from the recorded
one, bacause not all the data satisfies the good data quality criteria, and all
the reconstructed objects are of a good data quality.

T T T T T
ATLAS Preliminary  Vs=13TeV
[ LHC Delivered

4~ [ ATLAS Recorded

I All Good for Physics

Total Delivered: 4.2 fb”
Total Recorded: 3.9 fb”
All Good for Physics: 3.2 fb!

Total Integrated Luminosity [fb™T
w

G | | t
6 17 18 19 110 1M
Day in 2015

Figure 6.1: Total Integrated Luminosity between June and November 2015
[53].
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6.2 Event selection

The selection of single top quark events produced in the t-channel is applied
to data and simulated events, following the decay products of the process
shown by the Feynman diagram in Fig. (2.5) which require: One charged
lepton, electron or muon. Missing transverse energy EM¢. Exactly two jets,
with one of them being b-tagged with 60% efficiency. Only the events that
pass the Good Run List (GRL) are selected, and each event is required to
have one primary vertex at least.

Cuts on the selected leptons, jets, and missing energy are applied. The
lepton is required to have pr > 30 GeV and |n| < 2.5, EF** > 30 GeV.
While the two jets need to have pr > 35 GeV and |n| < 3.5.

The leptons pr cut is choosed to be greater than 30 GeV in order to
reduce background with no leptons, like QCD background. For example the
cut cannot be pr > 20 GeV because of the trigger threshold, and cannot
be high like 40 Or 50 GeV, because we lose so much signal. |n| < 2.5 is
choosed to calibrate leptons much easiear. EM* is required because of the
neutrino in the decay products of the single top quark decay, and this helps to
reduce Z+jets and QCD background. The two jets are required because the
t-channel has two jets, one coming from the top quark decay and the other
one from the associated production. pr > 35 is a choice to optimize signal
to background ratio. |n| < 3.5 is very important because the associated jet
usually is a forward jet.

More cuts are applied in order to increase the fraction of the signal events
contained in the selected event sample. A cut on the W boson transverse
mass is applied mp (W) > 50 GeV in order to reduce the multijet background
events. Also a cut on the events with an additional lepton with py > 10 GeV
is applied in order to reduce the di-lepton background events.

6.3 Signal processes

The signal processes includes all the processes that carrying information
about the top quark mass:

e single top t-channel.
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e single top s-channel.
e single top Wt-channel.

e {1 pair.

6.4 Background processes

Background processes are those with similar decay products to the ones of the
signal processes. The background processes usually, which will contaminate
the signal processes.

o Wjets: is the most dominant background process in this analysis.
It is associated with the production of W boson and additional jets.
If the W* boson decays leptonically to a lepton and its corresponding
neutrino, the final state products will be similar to the signal processes
as shown in Fig. (6.2a), and passes the event selection.

e Z+jets: this process has a smaller contribution to the background
processes than the W-jets. It is considered as a background process
in case one of the leptons resulted from the Z boson detected is not
detected as a lepton. The decay products are a Z boson and an ad-
ditional jet, where the Z boson decays into two leptons (illustrated in
Fig. (6.2b)).

q 5 Uy [ ( o
W q 7

Figure 6.2: Feynman diagrams of (a) W-jets, (b) Z+jets background pro-
cesses [H4].

e Diboson: this process also has a small contribution to the back-
grounds. The decay products are two vector bosons: WW, or WZ, or
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77 (illustrated in Fig. (6.3)). This process passes the event selection in
case one of the bosons decays leptonically and the other hadronically.

q \\ -[I - ‘ I/ ¢ q \\ . / Vy (j Z {_
RN \ Hi N (t \f“‘\’/ a
)2 PANT g |
G/ b T ‘e,b g AN b
(a) (b) ()

Figure 6.3: Feynman diagrams of the diboson background processes (a) WW,
(b) WZ, (¢) ZZ [54].

¢ QCD-multijet: It is the production of multijets from quantum chro-
modynamic interactions (illustrated in Fig. (6.4)). This process passes
the event selection in case one of the produced jets is misidentified as
a lepton, while there is enough missing transverse momentum.

¢, b

=0
oI

q

Figure 6.4: Example of a QCD-multijet background feynman diagram [54].

6.5 Signal and background discrimination

After describing the signal and the background processes in the previous
sections, the signal events have to be separated from the background events in
the observed dataset. For this purpose a multivariate technique is used, which
is based on an artificial neural networks (NN) discussed more in this section.
The NN results are used from the t-channel cross-section analysis [55].
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6.5.1 Neural Network

An artificial neural network is inspired by the biological neural network.
It consists of neurons (nodes) arranged in different layers, the layers are
connected together by edges (synapses).

This analysis uses the NeuroBayes package which is a feed-forward NN,
which consists of three layers as shown in Fig. (6.5). The first layer is
called the input layer, the second is the hidden, while the third is the output
layer. The first layer consists of 11 nodes for the 10 input variables plus one
bias node. Each node in the input layer is connected with each node in the
hidden layer. The hidden layer has 15 nodes, and all the hidden layer nodes
are connected with the output node. The output layer consist of one node
OIlly ON N-

The idea of a NN is to combine the discrimination power of the input
variables and use the correlations between them to improve the separation
between signal and background processes. That occurs in two main steps:
preprocessing of the input variables and training of the NN.

Input Hidden Output
layer layer layer
Input #1 —
Input #2 —
Input #3 —
Input #4 —

Figure 6.5: Schematic view of a three-layers feed-forward Neural Network

[56).

e Preprocessing of the input variables: it is a step to prepare the
input variables for the training in order to get a better starting point
and increase the training speed. It includes individual preprocessing
for each input variable and global preprocessing for all the variable.

e Training of the NIN: to train the NN, samples are needed where the
true category of an input event is known. The MC simulated samples
for the signal and the background are used as the training dataset.
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The signal process in the training is the t-channel single top-quark pro-
duction. The background processes are tt, Wt, s-channel and W+jets. QCD-
multijet, Z+jet and diboson processes are not included in the training, be-
cause of their small contributions.

Fig. (6.6) shows the resulting NN output distribution. The shape distri-
bution normalized to unit area for all the processes is shown in Fig. (6.6a),
while the simulated and observed distribution is shown in Fig. (6.6b). Both
of them show clearly that the t-channel single top peaks at higher values,
while the two dominating background processes peak at lower values. So

the NN output distribution separates well between signal and background
processes.

F T T T T 3 y j . y -1
[ ATLAS Simulation Internal s =13Tev] o 20000F ATLAS Interna , orsTen szt
- SR - ~

—fqtq

tq,
0.3 — s-channel ] *g = I%M(}t,tE -
C — Wt-channel ] ) I Wiiets
—tt Lﬁ [ Z,VV+jets
W+jets I Multijet

0.2 - — Multijet 7/ Postit unc. 7

Fraction of events / 0.1

0.1

Figure 6.6: The NN output distribution: (a) shape distribution normalized
to unit area, (b) simulated and observed distribution.

6.5.2 Input variables

Ten different variables are used in the neural network training, summarized
in table 6.1. These variables have the highest discrimination power between
the t-channel events and the background. It includes the physics objects,
lepton, missing transverse momentum and jets. Also, reconstructed particles
like the W-boson and the top-quark. These include kinematic variables like
pr, 1, invariant mass, and the angular distance AR between the measured
and reconstructed particles.
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Table 6.1: Input variables used in the NN training ordered by their discrim-
inating power [55].

Variable Definition

m({vb) reconstructed top-quark mass from the charged lepton,
neutrino and b-tagged jet.

m(jb) invariant mass of the b-tagged and untagged jet.

mp (W) transverse mass of the reconstructed W boson.

n(j) pseudo-rapidity of the untagged jet.

m(€b) invariant mass of the charged lepton
¢ and the b-tagged jet.

n(tv) rapidity of the reconstructed W boson.

AR(fvb,j) AR of the reconstructed top quark and the untagged jet.

cosO(l,7) cosine of the angle 6 between the charged lepton and the
untagged jet in the rest frame of the reconstructed top quark.

Apr(fvdb,j)  Apr of the reconstructed top quark and the untagged jet.

AR(L,7) AR of the charged lepton and the untagged jet.

6.5.3 Cutting on the neural network output

In order to enhance the signal purity a cut on the neural network output
Onn > 0.8 s applied (illustrated in Fig. (6.6)). In Fig. (6.7) the contribution
of each process is shown before and after applying the cut. It is clear that
the dominating process changed from the tf process to the t-channel after

the cut.

B t-channel: 12.0%

B s-channel, Wt, tthar:
41.7 %

W W+jets: 34.4 %

W Z+jets & diboson:
4.5 %

B QCD-multijet: 7.4 %

W t-channel: 52.9 %

® s-channel, Wi, ttbar:
21.46%

B W+ijets: 17.5%

W Z+jets & diboson:
3.4%

B QCD-multijet: 4.6 %

(a) (b)

Figure 6.7: Fraction of the different processes: (a) before the NN cut, (b)
after the NN cut Oyy > 0.8 .
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6.5.4 Event yields

The event yields after the event selection and the NN output cut are
summarized in Table 6.2 , for both the observed data and the expected
simulated events.

Table 6.2: Event yields and the fraction after the cut on the NN output, for
the expected and the data events.

Process Number of events Fraction
t-channel 2660 52.9%
s-channel, Wt, ¢t 1089 21.6 %
W+jets 882 17.5 %
Z-+jets and diboson 168 3.4%
QCD-multijet 232 4.6%
Total expected 5030

Data 4839
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Chapter 7

Mass Measurements

In this chapter a mass measurement of single top-quark produced in the t-
channel (myy) is discussed. The methodology follows the first ATLAS mass
measurement in a single top topology [19].

The template method introduced in section 2.3.2 is used for measuring
Moy and discussed in more detail together with the evaluation of systematic
and statistical uncertainties.

7.1 The template method

In the template method, simulated distributions or templates are constructed
using MC dataset for a chosen variable sensitive to my,,, for three discrete
input values of my,,. After that, these templates are fitted to a function
that interpolate between the three different input values of my,,, fixing all
other parameters of the function. Resulting in a fit function with 7y, as
the only free parameter. As a final step a binned maximum likelihood fit
to the observed data distribution is used to extract the value of my,, that
best describes the data. This procedure is explained in more detail in the
following.
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7.1.1 m(¢b) observable

In this analysis the chosen variable, sensitive to myp, is the mass of the
reconstructed lepton and b-jet m(¢b). This variable corresponds to the re-
constructed top quark mass without contribution of the neutrino.

Fig. (7.1) shows the m(¢b) distribution after the NN output cut using
simulated events for all the processes assuming my,, = 172.5 GeV: in blue
the t-channel, in red the tf, in green W+jets, orange Z+jets and diboson
and the QCD-multijet distribution in violet. The observed data points are
shown in black dots. Good agreement between the expected and the observed
distributions are shown.

% - ATLAS Internal {s=13 TeV, 3.2 fb 1
O SR l
Lo l o E}aftqa
~ I g,
| mmm tt,Wt,tb .
i2) 400 = W +ets
c re=m 2V __+gets
Ieb) mm Multije B
S ks Stat. + Multlje't
L L
200
0
\VIO
+= 2
c| D 0 -
Qo Y

50 100 150
m(b) [GeV]

Figure 7.1: m(¢b) distribution after the NN output cut for the simulated
signal and background processes. The black dots show the observed data.
7.1.2 Construction of the fitting templates

The fitting templates are constructed in three main steps:

1. Construct the m(¢b) distributions using MC samples, for three input
mass points: 170, 172.5 and 175 GeV. The distribution corresponds
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to 172.5 GeV mass is fitted with the sum of a Gaussian and Landau
functions with seven parameters dependence given by:

f(po--..ps,x = m(lb)) = po- (1 —p1) - G(|ps, ps) + p1 - L(x|p2, p3, pa))
(7.1)

Where pg is the overall normalization, p; is the relative Gaussian and
Landau fraction, ps, ps and p4 are the shift, mode and scale of landau
respectively, ps and pg are the mean and width of the Gaussian function
respectively.

2. Fix four of the parameters: the relative Gaussian and Landau fraction
(p1), the shift of Landau (ps), the scale of landau (ps) and the width
of the Gaussian (pg) are fixed to the result obtained from the fit of the
template with my,, = 172.5 GeV since these parameters do not have
any mass dependance.

3. Perform the fit for the templates of m(¢b) with the three mass points
and obtain the mode of Landau (p3) and the mean of Gaussian (p;) in
each case, since they have a linear dependence on my,, (verified later
in this section).

The m(¢b) distributions are shown in Fig. (7.2) for the three input masses.
The values for p;, ps and py are fixed to the values obtained from the fit to
the distribution with my,, = 172.5 GeV. The values of each parameter for
the three different mass points are summarized in Table 7.1.

Table 7.1: Parameters after fitting the m(¢b) distributions for the three input
mass points: 170, 172.5, 175 GeV .

Parameter 170 GeV 172.5 GeV 175 GeV

Do 978.36 965.44 924.10
P1 fixed 0.77 fixed
D2 fixed 154.24 fixed
D3 37.24 35.75 34.79
D4 fixed 11.83 fixed
D5 100.74 101.63 103.29
D fixed 20.78 fixed
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Figure 7.2: m(¢b) simulated signal distributions for different input masses :
(a) 170 GeV (b) 172.5 GeV, (c) 175 GeV. Fitted to the function defined in
Eq. (7.1).

7.1.3 Top quark mass dependence on m(¢b)

Fig. (7.3) shows the linear dependence of ps3 and ps on the input my,, after
applying a linear fit with:

Di = Po-Myop + 1, With i =3 or 5 (7.2)

The mass dependence of these two parameters is shown exactly by Eq. (7.3),
where py and p; are obtained from the result of the fit in Fig. (7.3). As a
result my,, is the only free parameter.

p3 = —0.49 % my,, + 120.58 (7.3a)

ps = 0.51 % My, +14.10 (7.3b)
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Figure 7.3: Mass dependent parameters, fitted with Eq. (7.2): (a) Landau
mode (p3) (b) Gaussian mean (ps).

7.1.4 Likelihood fit to extract my,,

Finally a binned maximum likelihood fit is performed to the template using
the m(¢b) data distribution to extract me.

The likelihood function is built using the signal and background tem-
plates, given by Eq. (7.4). The first term includes the signal and background
templates as well as the data distribution, while the second term is a Gaussian
constraint on the background rates.

M B
L(B*.B) = H : HG 51.0,4;), with (7.4a)

k=1

e =Y iy ph =B U0 (myy),  and by = BY-0;-ay (7.4b)

J=1

where j runs over the background processes and s over the signal processes,
k is an index for the bin number; pf number of expected signal events in bin
k, ué’-k number of expected background events in bin k, 7 is the number of
predicted events in the selected dataset for a certain process. B is the number
of considered background processes and equal one. nj the number of observed
events in bin k. [° scale factor for signal, 5? scale factor for backgrounds.

43



7.1. THE TEMPLATE METHOD

aji background template fraction, and o (m4,,) signal template fraction and
have the mass dependence in the following way:

Tmaz (k
Jereiay S (e
k
fkif f(mtOp)

which is the integral of the function given in Eq. (7.1) using Eq. (7.3a) and
Eq. (7.3b), for each bin over the integral from the first bin k; to the last one
k¢ of the same function.

aj, (mt0p> =

(7.5)

The second part of Eq. (7.4a) is the Gaussian function with mean equal to
one, and a width A;. More details about the Maximum likelihood fit can be
found in Ref. [57].

An equivalent calculation to the maximum binned likelihood fit is per-
formed. It is a minimization of the negative logarithm of the likelihood
function using the MINUIT program [58].

Fig. (7.4) shows the m(¢b) distribution for the signal process, the W+jets
background and the data. Fig. (7.4a) shows the simulated distribution using
input mass 172.5 GeV compared to data, while Fig. (7.4b) using the result
after performing the likelihood fit templates, The values of the scale factor
[ are shown for the signal and background processes. It is shown that the
template are shifted to the right and more consistent with the data after
using the likelihood fit results.
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O] I SR ] 0] I SR ]
T} | ¢ Data (4839) Te) | ¢ Data (4839)
& A00HEt Wit tafq (B=1.0 - & A00HEtiwtb taiq (B=1.02% .
c I I W +ets (3=1.04) c L B W +ets (B=1.04)
¢ | g |
w | L L

200 200

150 150
m(lb) [GeV] m(lb) [GeV]
(a) (b)

Figure 7.4: m(¢b) distribution for signal and background processes compared
to data: (a) MC distribution with input mass 172.5 GeV compared to data,
(b) fitted templates to the data after performing the binned maximum like-
lihood fit using the best fit of my,,.
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7.2 Method validation

Ensembles of pseudo experiments are used in order to check the method, by
creating a pseudo dataset from simulated distributions of the m(¢b) observ-
able. After that, the binned maximum likelihood fit is applied to measure
Moy 1N each pseudo dataset. Finally, the known input values of my,, are
compared with the output of the pseudo experiments.

Pseudo dataset are created for three values of my,,: 170, 172.5 and 175
GeV, by drawing randomly a number of signal and background events for
each pseudo dataset from the m(¢b) distribution, where the number of events
is calculated using a Poisson distribution. This procedure can be repeated N
times to generate N ensembles of pseudo experiment.

10000 ensembles of pseudo dataset are created for each of the three mass
point, where larger number pseudo dataset ensembles helps to reduce the
statistical uncertainties. Fig. (7.5) shows the mass distribution generated
from the pseudo datasets for input my,, = 170, 172.5, and 175 GeV, and the
mean value (mgy) of 169.903 GeV and 172.500 GeV, respectively.

Fig. (7.6) shows the top mass linearity plot (left), and the difference
between the input mass and the output one (my,, — (mfs)) as a function of

the input value (right).
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7.3 Systematic uncertainties

Different systematic uncertainties affect the mass measurement. The most
dominant ones will be calculated and explained in this section. These uncer-
tainties are applied only to the signal processes (t-channel, s-channel, Wt-
channel), ¢t and the W+jets background process.

Generating pseudo experiments are used to calculate the systematic un-
certainties, by varying the source of uncertainties by one standard deviation
(+10) with respect to the nominal value. Then calculating the difference
between <mf£’+la> or <m§;‘;’_10> and the nominal value (mgy), illustrated in
Fig. (7.9) for an example. The final total systematic uncertainty is calculated

by summing each systematic contribution quadratically.

2 15000 ATLAS Internal - (s =13 TeV]
GE) r JET_S.4 G.lup 1
= [ A=0.397
© [ JET_S.4_G.1down ]
o
o L
3 -
#  500F .
965 170 175
My, [GEV]

Figure 7.7: Example on how the systematic uncertainties are calculated. By
varying the uncertainty source by +1o (red curve) and —1o (light blue),
where the nominal distribution in dark blue.

7.3.1 Object energy scale/resolution and efficiencies
uncertainties

e Jet energy scale (JES) uncertainty: it is one of the most dominant
uncertainties in the top-quark mass measurements, because of the direct
relation between my,, and the jet energy. It is originating from a limited
ability to reconstruct kinematic variables of the reconstructed jets with
the ATLAS calorimeter system.
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The JES uncertainty includes several components: residual JES cor-
rection factors, high-pr extrapolation, intercalibration of jets at higher
pseudo-rapidity, pileup, b-jet energy scale (bJES) and others. A de-
tailed description can be found in [59].

e Jet energy resolution (JER) uncertainty: it is also due to the
limited ability to measure the exact energy of the jets with the AT-
LAS calorimeter. The JER uncertainty is calculated by smearing the
jet energy in the MC events to match the data by a Gaussian func-
tion depending on the jet pr and 1. Comparing the result of pseudo-
experiments in case of the nominal energy resolution with the result
in case of the smeared jet energy. A detailed description can be found
in [60].

e Missing transverse energy (E7*%): it is reconstructed from the
reconstructed jets, electrons and muons, as discussed in section 5.3. As
a result the systematics uncertainties are propagated through the Ess
calculations accordingly.

Different sources of systematic uncertainties contributes to the
E7ss uncertainty: the cell-out uncertainty (scale and resolution), the
soft-jet uncertainty (scale and resolution), the pileup uncertainty, and
the liquid argon hole problem uncertainty. The cell-out and soft-jet
uncertainties are correlated, while all the others are taken as uncorre-
lated [61,62].

e Lepton modelling uncertainties: includes uncertainties on the iden-
tification efficiency, reconstruction efficiency, trigger efficiency and the
lepton isolation are evaluated for both electrons and muons. By per-
forming a correction scale factors to the MC events in order to get a
better MC to data agreement. The uncertainty of the muon energy
scale and resolution is considered as well [63].

e h-tagging efficiency: the uncertainty due to the efficiency of the the

identification of the b-jets using the MV2c tagging algorithm is evalu-
ated, using the technique described in Ref. [64].

Table 7.2 summarize the results of each of the uncertainty source
discussed above.
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Table 7.2: Systematic uncertainties due to objects energy scale or resolution
and the efficiencies uncertainties

Source + ve Amy,,[GeV] - ve Amy,,[GeV]
Jet energy scale (JES) 0.65 -1.04
Jet energy resolution (JER) 0.00 -0.62
ERrss scale 0.04 -0.13
Emss resolution 0.02 -0.02
Lepton ID efficiency 0.02 -0.01
Lepton reconstruction efficiency 0.00 0.00
Lepton trigger efficiency 0.02 -0.01
Muon energy resolution 0.06 0.00
Muon energy scale 0.02 -0.02
b-tagging efficiency 0.05 -0.05

7.3.2 Pileup re-weighting uncertainty

The pileup events have to be considered and added to the simulated hard
scattering events. In order to get a better data to MC agreement, by apply-
ing weights corrections to the simulated events in order to fit the simulated
distribution to the data distribution. The pile up re-weight positive uncer-
tainty is 0.73 GeV, while the negative value is -0.03 GeV. Fig. (7.8) shows
the luminosity weighted distribution of the mean number of interactions per
crossing.

F ATLAS Online 2015, {s=13 TeV [Ldt=4.21 fb™ ]

| <p>=137 7

Delivered Luminosity [pb%/0.1]
o
7

o Loy by by iy 3
0 5 10 15 20 25 30 35 40 45 50
Mean Number of Interactions per Crossing

Figure 7.8: Number of interactions per crossing bunch. Data recorded in
2015 between 3 June till 3 November at /s = 13 TeV [65].
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7.3.3 Simulation modelling uncertainties

e Parton shower and NLO matching:

The parton shower uncertainty comes from the choice of the generators
used for the parton shower during simulation. It is estimated for the
tt production process and the t-channel signal process. By estimating
the effect on (mgy.) when using different generators for the event gen-
eration. PowHeg + Pythia6 are compared to PowHeg + Herwig7 and
the full difference between the two cases is quoted as uncertainty.

The NLO matching uncertainty is estimated the same way as the
parton shower uncertainty, for both the ¢¢ and the t-channel processes,
By comparing PowHeg + aMCQ@QNLO and PowHeg + Herwig7 genera-
tors.

e Initial and final state radiation: the uncertainties due to the effect
of the initial and final State radiation (ISR/FSR) is also calculated for
both the ¢t and the t-channel processes. Using samples with modified
scales in the MC calculations as well as the parton shower.

Table 7.3 summarize the results of each of the simulation modelling un-
certainties discussed above.

Table 7.3: Systematic uncertainties due to simulation modelling.

Source + ve Amy,,[GeV] - ve Amy,,[GeV]
t-channel parton shower 1.88 -2.27
tt shower 0.20 -0.21
t-channel NLO matching 0.61 -0.49
t¢ NLO matching 0.23 -0.23
t-channel radiation 0.14 -1.61
tt radiation 0.11 0.00

7.3.4 Backgrounds rate

The backgrounds rate systematic uncertainties are calculated for the W+jet,
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CHAPTER 7. MASS MEASUREMENTS

diboson, Z+jet and the QCD multijet background processes. By shifting the
rate of the background processes by one standard deviation up and down.
The total background rate uncertainty is calculated by the quadratic sum
of the individual background processes rate uncertainty, which is equal 0.17

GeV up and 0.17 GeV down.

7.3.5 Summary

Table 7.4 summarizes the systematic uncertainties affecting the top-quark
produced in the t-channel mass measurement. The total uncertainty cal-
culated by the quadretic sum of all the individual uncertainties. The most
dominant uncertainties are: the jet energy scale, the pileup re-weighting and
the t-channel modelling uncertainties.

Table 7.4: Summary of the systematic uncertainties.

Source + ve Amy,,[GeV] - ve Amy,,[GeV]
Jet energy scale (JES) 0.65 -1.04
Jet energy resolution (JER) 0.00 -0.62
Emiss gcale 0.04 -0.13
E}rss resolution 0.02 -0.02
Lepton ID efficiency 0.02 -0.01
Lepton reconstruction efficiency 0.00 0.00
Lepton trigger efficiency 0.02 -0.01
Muon energy resolution 0.06 0.00
Muon energy scale 0.02 -0.02
b-tagging efficiency 0.05 -0.05
pileup re-weighting 0.73 -0.03
t-channel shower 1.88 -2.27
ttshower 0.20 -0.21
t-channel NLO matching 0.61 -0.49
tt NLO matching 0.23 -0.23
t-channel radiation(ISR/FSR) 0.14 -1.61
tt radiation(ISR/FSR) 0.11 0.00
Background rates 0.17 -0.17
Total systematic uncertainty 2.24 -3.11
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7.4. STATISTICAL UNCERTAINTY

7.4 Statistical uncertainty

The statistical uncertainty is also calculated using pseudo experiments in the
same way described in section 7.2, which represents the root mean square
(RMS) of the mass distribution shown in Fig. (7.9), and equal to 0.98 GeV.
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175
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Figure 7.9: Mass distribution generated from the pseudo-datasets for nu,,

172.5 GeV.
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Chapter 8

Results and Conclusion

This thesis studied the template method to measure the single top quark
mass in the t-channel with the ATLAS detector at the LHC. By applying it
on 2015 dataset with a center of mass energy of 13 TeV and an integrated
luminosity of 3.2 fb~1.

Considering the statistical and systematic uncertainties the value of the
top quark mass is measured to be:

Myop = [174.56 + 3.22(syst.) + 0.98(stat.)] GeV

The given total systematic uncertainty correspond to the quadretic sum
of the components listed in Table 8.1, with the most dominated uncertainties
are the jet energy scale, the pileup re-weighting and the t-channel modelling
systematic uncertainties.

Table 8.1: sources of the systematic uncertainties.

Source |Amiyep| [GeV]
Jet energy scale (JES) 1.04
Jet energy resolution (JER) 0.62
Emiss scale 0.13
Lepton ID efficiency 0.07
Muon uncertainties 0.05
b-tagging efficiency 0.05
pileup re-weighting 0.73
Background rates 0.17
Simulation modelling 2.87
Total systematic uncertainty 3.22
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The methodology of the presented measurement is built on a brevious
measurement of the top quark mass with the ATLAS detector at a center
of mass energy /s = 8 TeV, documented in Ref. [19], where the template
method is used to extract the value of the top quark mass from the
distribution of the invariant mass of the lepton and the b-jet (m(¢b)). m(¢b)
distributions are reconstructed using Monte Carlo samples generated with
different settings of the top quark mass. A function depending on several
parameters are fitted to the reconstructed distribution. The parameters are
plotted as a function of my,, and fit is performed to parameterize the mass
dependence of the parameters. Finally a binned maximum-likelihood fit is
perforemed to the data distribution to extract the measured value of 1.

Increasing the dataset to the one with higher luminosity as 36 fb=! can
help to reduce the statistical uncertainty, as shown in Fig. (8.1). Also the
systematic uncertainties will be improved by more studies to the generator
uncertainties, as well as increasing the dataset. The systematic uncertainties
evaluated are only the preliminary ones.

Figure 8.1: Statistical uncertainty for integrated luminosity values: 3.2, 36,
72 and 100 fb~ 1.

The luminosity of 36.1 fo~! was satisfied with 2015 and 2016 datasets,
while the 100 fb~! is expected to reach in the next two years, with 2015,
2016, 2017 and 2018 datasets.
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