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Pracovǐstě Společná laboratoř optiky Univerzity Palackého
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Introduction

This diploma thesis is focused on the analysis of the top quark pair production in pp collisions at

the Large Hadron Collider using the ATLAS detector. The thesis is split into three main parts. In

the first part basics facts about the Standard Model particles and the top quark are presented. The

second part is devoted to an analysis based on the Monte-Carlo generator MadGraph and the detector

simulator Delphes using generated tt̄ signal samples and simple cuts. The last part is about work

on an ATLAS analysis with main results of measured data and Monte-Carlo comparison presented,

and a study of correlation between measured variables.
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Chapter 1

What is the Top Quark

The top quark is a standard model particle discovered by CDF and D0 experiments at the Tevatron

accelerator in 1995. It is the heaviest elementary particle in the Standard Model (SM). The mass

of the top quark is 173.34 ± 0.27(stat) ± 0.71(syst) GeV [10], measured by Tevatron and LHC

experiments. Current all discovered SM particles are displayed in Figure 1.1. There are the leptons

and the corresponding neutrinos, three families of a quarks, intermedial bosons mediating interactions

and the Higgs boson, Higgs mechanism is essential to explain the property of ”mass” of particles.

Figure 1.1: The Standard Model particles.
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1.1 Top quark production

At the leading order (LO) of quantum chromodynamics (QCD) which describes the strong inter-

actions of quarks and gluons, in proton-proton (pp) collisions at LHC at the center-of-mass energy
√
s = 13 TeV the top quarks are produced by the quarks annihilation ∼10% [9] the Feynman dia-

gram in Figure 1.2 (a), or the dominant production process of the gluon fusion ∼90% [9] the Feynman

diagrams in Figures 1.2 (b), (c) and (d). With the increasing center of mass energy
√
s the quarks

annihilation fraction decreases while the gluon-gluon fusion increases. Also with larger center-of-mass

energy the cross section increases as it is indicate in Table 1.1, for center-of-mass
√
s = 13 TeV the

predicted cross section is 815.96+19.37
−28.61 pb [15].

Table 1.1: The theoretical top quark cross sections at LHC (the center-of-mass energy
√
s = 7 TeV,

√
s = 8 TeV,

√
s = 14 TeV ) and Tevatron (

√
s = 1.96 TeV), edited from [9].

Figure 1.2: Top quark pair production Feynman diagrams at the leading order of QCD, edited

from [9].

1.2 Top quark decay

In the SM the top quark decays in 99% cases to a b quark and a W boson. Decay modes are displayed

in Figure 1.3. The top quark pair final states can be divided by the individual top quark decay modes

to the all-hadronic (in Figure 1.4: ”alljets”) channel where the both W bosons decay to quark pairs,

the semi-leptonic channel where one of the W bosons decay to a quarks pair and the other one to
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a charged lepton and a neutrino, and the di-lepton channel where both W bosons decay to leptons

and neutrinos. There are three charged leptons in the Standard Model and the leptonic channel is

further divided based on their flavours as in Figure 1.4.

Figure 1.3: Top quark decay modes a) hadronic b) leptonic.

Figure 1.4: Top quark decay branching ratio [3].

From Figure 1.4 it is evident that the largest fraction is the ”alljets” channel, where the W boson

decays to quark anti-quark pair and 3 jets from the W boson and a b quark are expected, or in

boosted topology, one large-R jet with some sub-jets substructure inside.

1.3 Top quark signatures in a detector

A particle jet is defined by a cone of final state particles after hadronisation, then in the calorimeter

the jet is defined as a collimated deposit of energy in the detectors. When particles enter the calorime-

10



ter, they lose energy by ionisation and radiation processes and the primary particle is stopped. The

jet is characterized by a four vector of the information from the tracking detectors and the calorime-

ters. The raw data from the detector are stored and then are calibrated and reduce for a faster

analysis. The energy deposits from calorimeters are reduced to a jet, which is a four-vector with

energy and momentum (E,px,py,pz). Jets also have a finite size in η − φ plane. By a conventional

choice, small jets are used with R = 0.4 and large-R jets with R = 1.0.

Specifically for the all-hadronic top quark pair decay mode in which top quark decays to a W boson

and a b quark and the W boson decays to two quarks, there are two topologies. First topology is

called resolved where after hadronisation there are three resolved (angularly separated) deposits of

energy, jets. In contrast, the boosted topology is characterized by a very high top quark pT , the

jets are highly boosted and merged and there is only one large-R jet, the difference is illustrated in

Figure 1.5. The large-R jet is then checked for substructure that can be described by a τ variables,

explained in Chapter 2.4.2.

Figure 1.5: Resolved and boosted topology of the top quark decay products in the laboratory frame,

edited from [2].
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Chapter 2

Private analysis

This Chapter is focused on a simulation of the top quark pair production at the
√
s = 13 TeV energy

of the Large Hadron Collider (LHC) and detected by a simplified model simulation of the ALTAS

detector using a MadGraph, Pythia8, Delphes and ROOT frameworks. The main motivation for

using MadGraph is simplicity and variability. Anyone can use it for generating events of various

collisions and energies with simple configuration files. One can extract any information about the

event. It is a useful framework for theoretical studies of the top quark pair kinematic. This part of

thesis is focused on a simple analysis of the top quark pair production in pp collisions.

2.1 MadGraph

MadGraph [11] is Monte-Carlo event generator with aplications to hadron collider physics. It is a

C++ framework controlled from the Linux terminal. With the special command or the text file with

the commands, MadGraph generates events and their full kinematics. These can be generated in pp

collisions, e+e− or the proton anti-proton (pp̄) collisions, at any energy. It can be used from a web

interface or on a local computer. For process generation it can work with Standard Model and also

with some theories beyond, like Supersymmetry. The model configuration files define the particles

interactions and properties including their invariant masses and life times. The events are generated

on parton level, then passed to a parton shower framework Pythia8 [12] the detector level simulation

the framework Delphes [7] is used. Those extensions of Delphes and Pythia8 are automatically loaded

to MadGraph and use similar configurations files. MadGraph can safely generate 50 000 events, for

more statistic one needs to merge samples together.

MadGraph is easy to use, after download and extraction it can be started immediately and with the

command install extensions can be added for example the aforementioned Pythia8 for showering and

Delphes for detector simulation. For the study of the top-antitop pair production in the all-hadronic
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channel the following commands for MadGraph generator were used [20]

generate pp > tt ∼ , t > jjb, t ∼ > jjb @0

add process pp > tt ∼ j, t > jjb, t ∼ > jjb @1

which generate the top quark and antitop quark at NLO prediction and decays them hadronicaly, so

in the detector we expects 6 jets in the resolved topology or 2 large-R jets in the boosted topology.

In order to promote the boosted topology, requirements on the pT of each top quark is placed to

be larger than 200 GeV and the anti-kt jet finder with the ∆ R = 1.0 is used. These conditions

are set in the main MadGraph configuration file run card.dat. In MadGraph the top quark mass is

mt = 172 GeV.

2.2 Showering

After the MadGraph parton-level production there is the step called showering, to account for the

particles radiating photons or gluons before their hadronize. For showering, Pythia8 is used. These

two steps produce files for further detector simulation. 10 samples each with the 50 000 events were

generated, amounting to a 500 000 events signal sample for the demonstration of the analysis below.

2.3 Detector simulation (Delphes)

Delphes [7] si a C + + framework for fast detector simulation. The detector in simulation includes a

tracking system with a magnetic field, calorimeters and muon chambers. There is a set of detector

resolution, non-homogeneity in the magnetic field, gaps between detector segments. It provides

information about particles like pT , tracks, energy, missing ET and many others.

Additional information about the generated particles, even those that cannot be measured by real

detector, is stored. This information is defined in a separate file, Delphes then stores the required

information to a ROOT-file for an analysis with the ROOT framework.

2.4 Analysis

The analysis is performed within the ROOT framework [14]. The ROOT is an object oriented

C++ framework used in high energy physics. It is designed for petabytes of data analysis in the

most effective and fastest way possible. The data are stored in ROOT-files, for the most effective and

fast reading and lowest disk size. ROOT framework contains predefined statistical functions, linear
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algebra classes or numerical algorithms for fast and easy coding and analysis. The ROOT then can

produce plots, provides an easy fitting tool and then exports to various output formats like PDF,

JPG or GIF. Mostly, analyzers use three steps of the analysis: the main storage to a ROOT-file, the

analysis storage of analyzed histograms to a ROOT-file and then the printing of histograms.

All the original Figures in this thesis with the histograms are produced within the ROOT framework.

In the analysis a default 200 GeV pT cut for large-R jet was set, because the lower pT is not even

generated by MadGraph. This selection is used for MadGraph study of the top quark pairs kinematics

in this thesis.

2.4.1 Selection

Motivation for the pT cuts comes from the Equation 2.1. If we are want to select boosted top quark

jets, we need a larger pT . Then with the increasing pT cut the lower-mass jets and background do

not survive the selection. The proof that the higher pT cuts help us to get a clearer signal region is

in the Figures 2.1 and 2.2. There are visible the W boson peaks at 80 GeV and the top quark peaks

around 172 GeV.

In Figure 2.1 there is the large-R jet invariant mass after different pT cuts on the large-R jet.

Figures 2.1 and 2.2 show why at boosted region high pT cuts are used, because they promote top

jets. We can them later cut-off the W boson jets peaking at ∼80 GeV. The leading jet pT have the

highest pT in the event and the sub-leading jet have the second highest pT in the event.
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Figure 2.1: Leading jet mass shape in log and non-log scale. Normalized spectra plotted for various

pT cuts on the leading top large-R jet from the Monte-Carlo tt̄ all-hadronic sample generated by

MadGraph, setup in Chapter 2.1.
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A visible peak shape shows two things, first one is that with higher cuts we have a cleaner Monte-

Carlo tt̄ signal sample, the second one is that the higher cuts also remove a large part of signal, that

means there is a lower statistics.

Figure 2.2: Subleading jet mass shape in log and non-log scale. Normalized spectra plotted for various

pT cuts on the sub-leading top large-R jet from the Monte-Carlo tt̄ all-hadronic sample generated by

MadGraph, setup in Chapter 2.1.

This study of the mass peaks structure of normalized histograms ratings choice of the pT cut, is a

compromise between the signal purity and statistic. The pT cut is the main cut in the analysis and

defines the phase space of the detector and the particle level.
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2.4.2 Variables

The Monte-Carlo uses the mathematically well-defined theory (mostly the Standard model) as a

model for physics processes event generation. One has to choose variables for data and Monte-Carlo

comparison because while one variable could fit the data perfectly, another variable at the same time

could be worse. The variables choice is explained in Chapter 3.

For the particle identification, we need to know both momentum and energy informations included

in the basic equation (with c = ~ = 1)

E2 = p2 +m2, (2.1)

The main basic spectra pT , mtt̄, p
tt̄
T , ytt̄, mJ and other, are used for the theory and data comparison.

The Monte-Carlo generator works with the theoretical models, but there could be some differences

from the real measured data, then some of the free parameters of the MC generator must be tunned

for better agreement with the data. The analysis is made for the data and the MC predictions.

Firstly we measure the data, than we setup the MC generator for the parameters what we need, the

central-mass energy
√
s, the pp collision for the LHC and the ATLAS detector. When we have data

and MC predictions we use the same code for the analysis. The final comparison is the ratio of the

MC prediction and data for each spectrum, that ratio should be 1 within the experimental errors if

the theory is correct. There are many aspects why the ratio will never be a 1, the main reason is the

resolution of the detector or missing dynamics in the theoretical models. If the MC over data are in

a within the statistical and systematical limits we could say that the theory is consistent with data.

Transverse momentum pT

The transversal momentum pT is one of the most important measured variable because

pT =
√
p2
x + p2

y we measure directly and it is well defined in theoretical models. It is important

for the theory and data comparison and also searching for a new physics where the top quark is a

background.

In Figure 2.3 there is a side view of a reconstructed event in the ATLAS detector, where in the

x-y plane the pT = (px, py) is measured, from known tracks (blue lines usually start from the

center in the Figure 2.3) using the well-known magnetic field inside the detector. The lines and

the information about energy from the calorimeters (dark blue rectangles in Figure 2.3) are used to

identify and define jets. The examples of the pT distributions is in Figure 2.4.
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Figure 2.3: An example of the ATLAS detector side event view. Edited from [6].

Figure 2.4: The shape comparison between ptt̄T of the tt̄ system (right) and leading large-R jet pt,1T

(left) Monte-Carlo generated with MadGraph, setup in Chapter 2.1.

The difference of the slopes of the two spectra in Figure 2.4 is clear, because the leading large-R jet

pt,1T distribution have the exponential behavior starting at 200 GeV, because there is a pT cut in the

generator. The ptt̄T has a shape of Poisson distribution at lower starts from zero and peaked around

100 GeV.
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Invariant mass m

Invariant mass is a Lorentz transformation invariant parameter. It is an important spectrum for a

large-R jet, mJ , but the most important is the invariant mass of the tt̄ system, mtt̄, where we are

searching potentially new particles beyond-the-standard-model (BSM) decaying to a tt̄ pair. The

most famous BSM theory is Supersymetry (SUSY). If there is a new particle decaying to tt̄ pair, we

would see a peak corresponding to its mass over continuum.

We can measure the energy of lepton (except muon or neutrino), in the ATLAS detector with the

electromagnetic calorimeter and from tracking detectors we can compute a transversal momentum

and because there are segmented calorimeters, we know the angle. With this informations and with

the Equation 2.1, we find

p2 = p2
T + p2

z, (2.2)

p2 = p2
T + p2 cos2 θ, (2.3)

and with simple algebraic modifications there is a final equation for invariant mass of a particle

m =

√
E2 − p2

T

sin2 θ
. (2.4)

Figure 2.5: The leading large-R jet mass mt,1 (left) and mass mtt̄ of the tt̄ (right) with pT cut 200

GeV Monte-Carlo generated with MadGraph, setup in Chapter 2.1.

The invariant mass of the jet or the tt̄ system is important in the search for a new physics and a

new particles. If there are a new particle, there will be visible a peak. Peak at the invariant mass,

most probably Gaussian or Poisson in shape, has some parameters and from the fit of this peak we

can extract additional information about the particle like lifetime or Γ, although also affected by

experimental resolution.
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Rapidity y

The rapidity is a dimensionless variable, which is a measure of longitudinal space movement (along

the z-axis). The rapidity is defined as

y ≡ 1

2
ln

(
E + pz
E − pz

)
, (2.5)

where the E is the Energy and pz is a component of |p| = (px, py, pz) along the beam the z axis.

Motivation for studying the rapidity is the data and Monte-Carlo cross check. We also know that

the rapidity must be symmetric around zero. If it is not we know that there is some issue like bad

selection or reconstruction.

Figure 2.6: The rapidity ytt̄ of the tt̄ system (right) and leading large-R jet yt,1 (left) Monte-Carlo

generated with MadGraph without analysis cuts, setup in Chapter 2.1.

The ytt̄ and yt,1 distributions are usually of the Gaussian form.

Cos θ*

The θ∗ is the angle between the jet and the z axis in the central mass system (C. M. S.). Let’s have a

simple process qq to a tt̄ as in Figure 2.7. The θ∗ angle can be used for identification which processes

displayed in Figure 1.2 are dominant.
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Figure 2.7: The qq to tt̄ process kinematic at the C. M. S.

The Feynman diagram for this process is in Figure 1.2 (a). The whole energy of the collision is

√
ŝ = Eq + Eq = Et + Et̄, (2.6)

where ŝ is one of the Mandelstam variables [10]. There are three such: the s, t, and u, they are

invariant against the Lorentz transformation. The s-channel productions are in Figure 1.2 (a) and (b),

there are also t-channel in Figure 1.2 (c) and (d).

The real data are not measured at C. M. S., usually the events are boosted along the z (beam) axis

and consequently the Eq from the Equation 2.6 does not have the same value as the Eq. From the

histogram of cos θ∗ one could deduce what process is dominant (the s-channel or the t-channel). The

|cos θ∗| distribution is displayed in Figure 2.8. The |cos θ∗| distribution are different for each of the

channels (s, t, u).
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Figure 2.8: The |cos θ∗| distribution of the tt̄ signal sample generated by Monte-Carlo with Mad-

Graph, setup in Chapter 2.1.

Jet substructure

Jet substructure is important for the top-tagging and for the signal region selection as it is shown in

Figure 2.9. The τN is a N-subjettines variable, when we have a large-R jet with anti-kt R = 1.0,

then there is a search for sub-jets with anti-kt R = 0.4. The τN is how much N sub-jets are in the

large-R jets event then for the event selection is then important the ratio τXY = τX/τY on which

cuts are used to cut-off the background and to have cleaner top jets.

The cuts on the τ variables are important and used in the analysis, because they allows better

separation of signal from background. Specifically the τ32 = τ3/τ2 is the ratio of a τ with three

sub-jets and a τ with two sub-jets and similarly is for the τ21.

22



Figure 2.9: The distributions of the τ t,132 variable for the leading large-R jet with the pt,1T cut of 400 GeV

on the jets for the QCD background sample (purple) and the signal sample (black) Monte-Carlo tt̄

signal generated with MadGraph, setup in Chapter 2.1.

Figure 2.10: The normalized distribution of τ t,132 of the leading large-R jet with the different pt,1T cuts

(100, 200, 300 and 400 GeV) on the signal sample Monte-Carlo generated with MadGraph, setup in

Chapter 2.1.
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With the cuts on the τ32 variable, we could cut-off the background and get a clearer signal region.

The population changes with the pT cuts is obvious in Figures 2.11 and 2.12.

Figure 2.11: The leading large-R jet τ t,132 vs the mass of the leading top jet mt,1
J with pt,1T cuts (left)

of 100 GeV and 200 GeV (right), Monte-Carlo generated with MadGraph, setup in Chapter 2.1.

Figure 2.12: The leading large-R jet τ t,132 vs the mass of the leading top jet mt,1
J with pt,1T cuts (left)

of 300 GeV and 400 GeV (right), Monte-Carlo generated with MadGraph, setup in Chapter 2.1.
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Figure 2.13: The distributions of τ t,121 of the leading large-R jet with the pt,1T cut of 400 GeV on

the jets only for the QCD background sample (purple) and the signal sample (black) Monte-Carlo

generated with MadGraph, setup in Chapter 2.1.

Figure 2.14: The normalized distribution of τ t,121 of the leading large-R jet with the different pt,1T cuts

(100, 200, 300 and 400 GeV) on the signal tt̄ sample generated with MadGraph, setup in Chapter 2.1.
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Figure 2.15: The leading large-R jet τ t,121 vs the mass of the leading top jet mt,1
J with pt,1T cuts (left)

of 100 GeV and 200 GeV (right), Monte-Carlo generated with MadGraph, setup in Chapter 2.1.

Figure 2.16: The leading large-R jet τ t,121 vs the mass of the leading top jet mt,1
J with pt,1T cuts (left)

of 300 GeV and 400 GeV (right), Monte-Carlo generated with MadGraph, setup in Chapter 2.1.

The difference between the τ32 and τ21 is visible in the Figure 2.12 on the right and the Figure 2.16

on the right. The top quark, with the same pT cut, at τ32 is peaking around 0.5 at Y axis and 172

GeV at X axis meanwhile at the τ21 is the top quark peaking at 0.45 at Y axis and 172 GeV at X

axis. In contrast, the W peak is around the 80 GeV in the τ32 distributions is peaking around the

0.7, the W peak is around the 80 GeV in τ21 distributions at the 0.3. This difference of the top quark

peak and W boson peak for the τ cuts study is used below. In the ATLAS analysis τ32 cut is mostly

used but with the cut on τ32 and τ21 it would be possible to get even clearer signal region without

background from jets not originating from top quarks.
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Figure 2.17: The leading large-R jet τ t,121 vs τ t,132 with pt,1T cuts of 100 GeV Monte-Carlo generated

with MadGraph, setup in Chapter 2.1. The ρ is a correlation coefficient.

Pout

The
∣∣ptt̄out∣∣ variable is the absolute value of the out-of-plane momentum, the top quark vector pro-

jection to the plane defined by the another top quark (anti-top) in the same event and the beam z

axis, this describe the following Equation 2.7 from [16]

∣∣∣ptt̄out∣∣∣ =

∣∣∣∣pt,1 · pt,2 × ẑ

|pt,2 × ẑ|

∣∣∣∣ . (2.7)

The geometrical illustration of the
∣∣ptt̄out∣∣ variable is shown on the Figure 2.18.
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Figure 2.18: The ptt̄out at the transversal, x-y plane, schema.

This variable is sensitive to pT imbalance in the transverse plane, to the emission of radiation con-

nected with the tt̄ production. The angle between the top anti-top pair is sensitive to a hypothetical

new particles in the t-channel and also radiation.
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Figure 2.19: The ptt̄out on the Monte-Carlo generated with MadGraph without analysis cuts, setup in

Chapter 2.1.

The jet substructure cuts study

This study is for the τ32 and τ21 cuts, it shows how this cut can improve analysis and make the signal

region clearer. In Figure 2.20 it is obvious the purpose of the τXY cuts, the signal region becomes

clearer, top mass peak more visible although with lower statistics. There is shown that the τ32 cut

reduces the statistics at all distributions almost evenly, but the τ21 cut extremely reduces the W

mass peak at 80 GeV. After both cuts there are only the top quark peak at 172 GeV which we desire.

29



Figure 2.20: The leading large-R jet mass mt,1
J with τ32 and τ21 cuts and with pT cut on 300 GeV,

signal Monte-Carlo generated with MadGraph, setup in Chapter 2.1.

Leading and sub-leading jets

The event with the tt̄ and the two reconstructed large-R jets can be divided to a leading jet with the

larger pT and a second one the sub-leading jet. The pT distributions of these two are primarily used

for the theoretical model and real measured data comparison. There are visible some differences in

the Figures 2.21 and 2.22. The main difference is in the masses of the leading and sub-leading jets.

In Figure 2.22 (left) the leading jet mt,1
J there is a visible large W boson mass peak and a smaller

top quark peak, except the sub-leading jet mt,2
J there is visible the continuum and the W peak but

the top quark peak is almost insignificant indicating that the subleading top jet is less boosted as

expected. In the Figure 2.23 there is not visible difference in the shape of rapidities.
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Figure 2.21: The leading top large-R jet pt,1T (blue) and sub-leading top large-R jet pt,2T (red) for the

signal Monte-Carlo generated with MadGraph without cuts except the setup in Chapter 2.1.

Figure 2.22: The leading top large-R jet mt,1
J (blue) and sub-leading top large-R jet mt,2

J (red) for the

signal Monte-Carlo generated with MadGraph without cuts except the setup in Chapter 2.1.
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Figure 2.23: The leading top large-R jet rapidity yt,1J (blue) and sub-leading top large-R jet rapidity

yt,2J (red) for the signal Monte-Carlo generated with MadGraph, setup in Chapter 2.1.

After the cut studies we chose the following cuts 0.6 > τ32 > 0.3, 0.6 > τ21 > 0.4, pt,1T > 400 GeV

and pt,2T > 300 GeV to select top quark jets in the MadGraph and Delphes analysis. The final results

are below in Figures 2.24, 2.25 and 2.26.
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Figure 2.24: The leading top large-R jet pt,1T (blue) and sub-leading top large-R jet pt,2T (red) for the

signal Monte-Carlo generated with MadGraph after cuts, the setup in Chapter 2.1.

Figure 2.25: The leading top large-R jet mt,1
J (blue) and sub-leading top large-R jet mt,2

J (red) for the

signal Monte-Carlo generated with MadGraph after cuts, the setup in Chapter 2.1.
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Figure 2.26: The leading top large-R jet yt,1J (blue) and sub-leading top large-R jet yt,2J (red) for the

signal Monte-Carlo generated with MadGraph after cuts, the setup in Chapter 2.1.

In the comparison of the spectra without cuts and after them a big decrease of statistic is obvious

as expected but also we get clearer signal region made of mostly the top quark jets as it is visible in

Figure 2.25.

The top anti-top system

The tt̄ system is a sum of the top quark and anti-top quark four-vectors of the large-R jets in one

event. There possibly could be a new particle, which decays to tt̄, this hypothetical particle is

called the Z prime (Z ′). The main motivation for analysis of the all-hadronic channel with boosted

topology is the searches for the beyond-the-standard model particles.

In Figures 2.27, 2.28, 2.29 and 2.34 are displayed spectra without analysis cuts (blue) and with them

(purple), there are also the normalized spectra for the shape comparison.
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Figure 2.27: The mass of the tt̄ system mtt̄ without analysis cuts (blue) and with analysis cuts

(purple) as non-normalized (left) and normalized (right) distributions Monte-Carlo generated with

MadGraph, setup in Chapter 2.1.

Specially in Figure 2.27 is visible the shape to the larger mass of the tt̄ system with the analysis cuts

except in Figures 2.28, 2.29 and 2.34 is visible only the decrease of statistic. That means, if we are

searching for the new particles we need higher pT cuts to look for higher mass and also our chosen

cuts are correct.

Figure 2.28: The transverse momentum of the tt̄ system ptt̄T without analysis cuts (blue) and with

analysis cuts (purple) as non-normalized (left) and normalized (right) distributions Monte-Carlo

generated with MadGraph, setup in Chapter 2.1.
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Figure 2.29: The ∆φ of the tt̄ system ∆φtt̄ without analysis cuts (blue) and with analysis cuts

(purple) as non-normalized (left) and normalized (right) distributions Monte-Carlo generated with

MadGraph, setup in Chapter 2.1.

The ∆φtt̄ in Figure 2.29 is the angle between the two jets coming from the top quark and anti-top

quark. The requirement of the large pT cut makes the value of the ∆φtt̄ mostly around π which means

the two large-R jets to recoil against each other. Non-zero values of ∆φtt̄ are due to extra emissions

of gluons in the initial of final state. The ytt̄ in Figure 2.34 is distributed with Gaussian distribution

around zero and is limited only by the detectors positions and gaps between the detectors segments.

Hypothetical new particle

Hypothetically, if there were a new BSM particle Z ′, we would see the significance in the invariant

mass of the top quark pair. As a test the Z ′ model setup files [19] [18] were imported to MadGraph.

The example of the comparison between tt̄ signal samples and Z ′ samples for mZ′ = 1500 GeV and

mZ′ = 2000 GeV normalized distributions are in Figure 2.30.
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Figure 2.30: The mass of the tt̄ system mtt̄ for the tt̄ signal sample and two Z ′ samples of

mZ′ = 1500 GeV and mZ′ = 2000 GeV, normalized distributions Monte-Carlo generated with Mad-

Graph, setup in Chapter 2.1.

After the combination of the tt̄ sample and the two ad-hoc normalized Z ′ samples we can see what

would the distribution look like if there were Z ′ particles of the two masses, in Figure 2.31.
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Figure 2.31: The mass of the tt̄ system mtt̄ for the tt̄ signal sample and two Z ′ samples of

mZ′ = 1500 GeV and mZ′ = 2000 GeV without log (up) and with log scale (bottom) combined

to one sample Monte-Carlo generated with MadGraph, setup in Chapter 2.1.
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The H tt̄ and the ztt̄ variables

The H tt̄ and ztt̄ variables are pT based spectra combining the leading top jet pT and sub-leading top

jet pT . They give us information about the distribution of the total pT from the collision between

these two jets. These spectra are important in the theory and data comparison, specially for the

Monte-Carlo tuning. The H tt̄ and ztt̄ of the tt̄ system displayed in Figure 2.32 are both pT -related

variables. Differences are obvious in the Equations 2.8 and 2.9 from [16],

H tt̄ ≡ pt,1T + pt,2T (2.8)

ztt̄ ≡ pt,1T
pt,2T

(2.9)

where the pt,1T is a leading top jet pT and pt,2T sub-leading top jet pT .

Figure 2.32: The H tt̄ (left) and the ztt̄ (right) for the signal Monte-Carlo generated with MadGraph,

setup in Chapter 2.1.

The χ of the tt̄ system

From theoretical study it was obtained that the angular variables are sensitive to a pT , i.e. to the

emission of radiation with the top quark pair for the central region of production study is used. The

angle between the two jets from the top quark pair is sensitive to hypothetical new particles in the

t-channel. The χtt̄ is defined as [16]

χtt̄ = e|yt,1−yt,2|, (2.10)

where the yt,1 is the rapidity of the leading top jet and yt,2 is the rapidity of the sub-leading top jet,

both in the center-of-mass system, the example of the distribution is in Figure 2.33.
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Figure 2.33: The non-normalized distribution (left) and normalized distribution (right) of χtt̄ without

cuts (blue) and with analysis cuts (purple) Monte-Carlo generated with MadGraph, setup in Chap-

ter 2.1.

The number ρ is an assessment value for correlation between kinematic variables, the variables

are correlated if the ρ = 1 and anti-correlated if the ρ = −1. Correlation can be explained as a

direct (positive or negative) dependence of the variables on each other. The strong correlation is in

Figure 2.37 on the left, the mass of the tt̄ system vs. the leading top pt,1T .

Figure 2.34: The rapidity of the tt̄ system ytt̄ without analysis cuts (blue) and with analysis cuts

(purple) non-normalized (left) and normalized (right) distributions Monte-Carlo generated with Mad-

Graph, setup in Chapter 2.1.
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Figure 2.35: The mass of the tt̄ system mtt̄ vs the rapidity ytt̄ (left) and the ptt̄T vs the mass of the tt̄

system mtt̄ (right) on the Monte-Carlo generated with MadGraph, setup in Chapter 2.1.

The important part of the analysis is also the correlations histograms between the variables. For

example the expected correlation in Figures 2.37 between the leading top pT and tt̄ system pT and

mass, but also interesting anti-correlation in Figure 2.36 on the right for the ptt̄T vs ∆φtt̄.

Figure 2.36: The ptt̄T vs rapidity ytt̄ (left) and the ptt̄T vs ∆φtt̄ (right) for the signal Monte-Carlo

generated with MadGraph, setup in Chapter 2.1.
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Figure 2.37: The leading top pt,1T vs ptt̄T (left) and the leading top pt,1T vs mass of the tt̄ system mtt̄

(right) for the signal Monte-Carlo generated with MadGraph, setup in Chapter 2.1.

42



Chapter 3

ATLAS Analysis

The main part of the presented work within the ATLAS experiment was the cooperation with other

physicists, mostly from the Czech Academy of Sciences, to help with the development of the analysis

package and measurements of differential cross-sections of top quarks in the all-hadronic channel.

The main result of the analysis is the comparison of the corrected data to Monte-Carlo distributions

and the calculation of the differential cross-section.

The ATLAS analysis were made on the full data 2015 and 2016 dataset. The biggest contribution to

the analysis was adding more physics variables to the package and producing of the final histograms

at particle level and parton level. The package was producing spectra of the random top candidate

pT . The work was to modify the package and add the random top candidate rapidity y, the tt̄ mass,

the tt̄ pT , the tt̄ rapidity y, the leading top pT and rapidity y, the sub-leading top pT and rapidity y,

the inclusive top pT and rapidity y, pout, Htt̄, ztt̄, the ∆Φtt̄ and the cos θ∗.

The other important study added to the analysis is the correlation among spectra for the theory

and measured data comparison with the larger number of cross-sections using a so-called bootstrap

method.

3.1 Event selection

The event selection is designed for largest signal statistics with lowest background. Every event must

be a reconstructed primary vertex with at least 5 tracks. In the reconstructed event must have zero

reconstructed leptons with pT > 25 GeV to eliminate the semi-leptonic events. That requirement

is the presence of exactly 2 large-R (anti-kt R = 1.0) jets and for leading top pt,1T > 500 GeV and

subleading top pt,2T > 350 GeV and |η| < 2.0 for both. There must be also two small-R jets (anti-kt

R = 0.4) with pT > 25 GeV and |η| < 2.5.

The signal selection requires the two large-R jets, with the mass within 50 GeV around the top
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quark mass 173.34 ± 0.27(stat) ± 0.71(syst) GeV [10]. Eventually we require both large-R jets to

be top-tagged and b-matched. The top-tagging (using a τ32 variable) and b-matching increase the

probability that the jet is from the top quark and it is not a background.

3.2 Background

The background are processes that looks similar in the detector as the signal process. In this analysis

the signal process is the tt̄ production with the allhadronic decay. There are many similar processes

but the important in this case is the W+jets and single top quark production depicted in Figure 3.1

or the tt̄ + W/H/Z production, because these processes have the largest statistic in the same signal

region as our process, but the most important is a QCD background. The background is minimalized

by cuts, the most important is a pT cut and then some sub-structure cuts for example the τ32.

Figure 3.1: The Feynman diagrams of the single top quark production at LO. Edited from [17].

The background coming from the QCD dijet production can be also separated with a data-driven

method called ABCD method or the background can be modeled with a Monte-Carlo generator.

Than we can remove it but after that the method is not independent of Monte-Carlo, therefore

the theoretical prediction. The independence from the theory is necessary for the theory and data

comparison.

3.3 TtbarDiffCrossSection package

The analysis flow consists of three main steps. First the AnalysisTop, an official ATLAS analysis

package for primary data reduction and object selection, is applied and the data are stored in a

ROOT-file. Then the Ttbar Differential Cross-Section package is use for final selection and cuts, for

example a pT cut for leading jet pT > 500 GeV and subleading top jet pT > 350 GeV. After that,

there are scripts for performing the unfolding and plotting the data and Monte-Carlo comparison,

and the final step is calculating systematical uncertainties. These scripts also produce the final results

plots.
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3.4 Unfolding

Every measurement is distorted due to detectors resolution effects. The measured data from the

detector defines the detector-level spectrum, where some events may have been lost in detector or

wrongly reconstructed. The particle-level spectrum is a theoretical spectrum measured with an

ideal detector with zero resolution effects and infinite statistics. The unfolding procedure of a given

distribution could be summarized with an equation

U =
1

feff

·M−1 · facc · (D − Bg), (3.1)

where D is measured distribution at the detector level, Bg is background modeled with Monte-Carlo

generator or calculated from data with some data-driven method which can estimate the background

yield from the data; facc is efficiency of parton/particle cuts at detector selection, called acceptance;

feff is efficiency of detector cuts at parton/particle selection, and M−1 is inversion of migration matrix

between the detector level and parton/particle level. The difference between the parton and particle

level is illustrated in Figure 3.2

Figure 3.2: The top quark pair production in the all-hadronic decay channel with the parton level

highlighted by red lines and the hadronization and particle level by the green lines, the particles

types at the end of green lines are only for illustration.

There is a procedure where the spectrum of a chosen variable from data is fluctuated 5000 times in

each bin so there are produced 5000 pseudo-experiments. Then the all spectra are analyzed and in

each bin the mean value and the width are computed. This width from each bin is the statistical

uncertainty.
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Bayesian unfolding

Bayesian unfolding [13] is based on the Bayes theorem

P (C|E) =
P (E|C)P (C)

P (E)
, (3.2)

where the cause (C) and effect (E) are events and P (E) 6= 0. The P (C) and P (E) are the probabil-

ities of observing C or E and observables are independent. The P (C|E) is probability of observing

C while the E is true and the P (E|C) is probability of observing E while the C is true.

3.4.1 Particle level

Particle level is defined as a final state formed by stable particles, before entering the detector.

Kinematically it is defined close to the detector level, but without the detector limitations (resolution,

etc.). It is accessible only in MC simulation. Particle level defines the fiducial phase space. The

particle level is a lot easier for unfolding, there are lower modeling uncertainties than when unfolding

to the parton level, because this level is much closer to the measured data than the parton level.

3.4.2 Parton level

Unfolding data to the parton level is useful primary for the comparison of experimental data to

theoretical predictions from pQCD which come at the full-phase space level. The full-phase space is

a production of the top quark pair without any cuts. This level is calculated by theoretical physicists

using QCD and QED. However, the results unfolded to the parton level have much larger systematical

uncertainties due to large extrapolation and related modeling uncertainties.

3.4.3 Closure test

Closure test is a test of the Unfolding method where there are Monte-Carlo generated spectra at

parton/particle level and also Monte-Carlo detector simulation, then the detector simulation called

pseudo data is used for unfolding. Ratio of unfolded pseudo data spectrum and generated par-

ton/particle level spectrum must be 1 if the unfolding procedure works correctly. The example from

the ATLAS analysis is in Figure 3.3.
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Figure 3.3: The unfolding closure test examples for the pt,1T and mtt̄.

3.4.4 Folding

The other way of the procedure test is through the folding. Folding uses modified Monte-Carlo

generated spectra with the migration matrix M and applied it to the particle level distribution Ptc,

F = M · Ptc, (3.3)

The folded spectrum should correspond to the MC detector level spectrum, again within errors.

3.4.5 Stress test

A necessary step is to check the unfolding procedure if it will recover the correct spectra therefore

independence of the unfolding on the shape of the distribution. This test is made by the reweighting

the Monte-Carlo signal sample in two different ways, the difference is in Figure 3.4, which are

unfolded and compared to the reweighted sample particle distribution. If the unfolding machinery

works correctly the final ratio must be 1 or around within the uncertainties. It is a test that the

method is correct and independent shape of the spectra in Monte-Carlo. The stress test results are

in Figure 3.5.
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Figure 3.4: The comparison of the reweighted samples and the nominal Monte-Carlo signal sample

for the mtt̄.
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Figure 3.5: The unfolding stress test ”reweighted 1” sample ratio (left) and ”reweighted 2” sample

ratio (right) examples for the mtt̄.

The stress test results in Figure 3.5 look reasonable in the context of the total experimental uncer-

tainty except the last bin in both distributions. The larger disagreement is probably due to the lower

MC statistic in these bins.

3.5 Results

The shapes of spectra from the real analysis with the ATLAS detector is comparable with the

MadGraph analysis results from the Chapter 2.4. Results are presented separately for the particle

level and the parton level.

3.5.1 Particle level

In Figures 3.6 –3.12 there are the final results from the analysis at the particle level. All variables

have a good agreement of the theory and data within errors. However, the best agreement with the

data has the Powheg and Herwig 7 Monte-Carlo generator.
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Figure 3.6: Fully corrected data (points) compared to various MC predictions at the NLO order of

pQCD (lines) for the leading top pt,1T (left) and the sub-leading top pt,2T (right) unfolded to the particle

level. Statistical and total uncertainties are displayed as dark and light yellow band, respectively.

Figure 3.7: Fully corrected data (points) compared to various MC predictions at the NLO order

of pQCD (lines) for the leading top rapidity yt,1 (left) and the sub-leading top rapidity yt,2 (right)

unfolded to the particle level. Statistical and total uncertainties are displayed as dark and light

yellow band, respectively.
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Figure 3.8: Fully corrected data (points) compared to various MC predictions at the NLO order of

pQCD (lines) for the ptt̄T (left) and the rapidity ytt̄ (right) unfolded to the particle level. Statistical

and total uncertainties are displayed as dark and light yellow band, respectively.
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Figure 3.9: Fully corrected data (points) compared to various MC predictions at the NLO order of

pQCD (lines) for the mtt̄ (right) and the ∆Φtt̄ (right) unfolded to the particle level. Statistical and

total uncertainties are displayed as dark and light yellow band, respectively.

Figure 3.10: Fully corrected data (points) compared to various MC predictions at the NLO order of

pQCD (lines) for the tt̄ system χtt̄ (left) and the H tt̄ of the tt̄ system (right) unfolded to the particle

level. Statistical and total uncertainties are displayed as dark and light yellow band, respectively.
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Figure 3.11: Fully corrected data (points) compared to various MC predictions at the NLO order of

pQCD (lines) for the pout (left) and the cos θ∗ (right) unfolded to the particle level. Statistical and

total uncertainties are displayed as dark and light yellow band, respectively.

53



Figure 3.12: Fully corrected data (points) compared to various MC predictions at the NLO order

of pQCD (lines) for the ztt̄ of the tt̄ system unfolded to the particle level. Statistical and total

uncertainties are displayed as dark and light yellow band, respectively.

3.5.2 Parton level

In Figures 3.13 –3.19 there are the final results from the analysis at the parton level. All variables

have a good agreement between data to theory within errors. However, the agreement is worse than

at the particle level and which generator has the best agreement to data is not so obvious as it was

at particle level results.
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Figure 3.13: Fully corrected data (points) compared to various MC predictions at the NLO order of

pQCD (lines) for the leading top pt,1T (left) and the sub-leading top pt,2T (right) unfolded to the parton

level. Statistical and total uncertainties are displayed as dark and light yellow band, respectively.

Figure 3.14: Fully corrected data (points) compared to various MC predictions at the NLO order

of pQCD (lines) for the leading top rapidity yt,1 (left) and the sub-leading top rapidity yt,2 (right)

unfolded to the parton level. Statistical and total uncertainties are displayed as dark and light yellow

band, respectively.
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Figure 3.15: Fully corrected data (points) compared to various MC predictions at the NLO order of

pQCD (lines) for the ptt̄T (left) and the rapidity ytt̄ (right) unfolded to the parton level. Statistical

and total uncertainties are displayed as dark and light yellow band, respectively.
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Figure 3.16: Fully corrected data (points) compared to various MC predictions at the NLO order of

pQCD (lines) for the mtt̄ (right) and the ∆Φtt̄ (right) unfolded to the parton level. Statistical and

total uncertainties are displayed as dark and light yellow band, respectively.

Figure 3.17: Fully corrected data (points) compared to various MC predictions at the NLO order of

pQCD (lines) for the tt̄ system χtt̄ (left) and the H tt̄ of the tt̄ system (right) unfolded to the parton

level. Statistical and total uncertainties are displayed as dark and light yellow band, respectively.
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Figure 3.18: Fully corrected data (points) compared to various MC predictions at the NLO order of

pQCD (lines) for the pout (left) and the cos θ∗ (right) unfolded to the parton level. Statistical and

total uncertainties are displayed as dark and light yellow band, respectively.
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Figure 3.19: Fully corrected data (points) compared to various MC predictions at the NLO order

of pQCD (lines) for the ztt̄ of the tt̄ system unfolded to the parton level. Statistical and total

uncertainties are displayed as dark and light yellow band, respectively.

3.6 Correlations between variables

Correlation among the variables can be studied with the Monte-Carlo signal simulation. However,

for the comparison of theoretical models and the measured data, we have to unfold a large number

of double-differential cross-sections or the single-differential cross-section. But then, statistical cor-

relations between variables have to be measured by unfolding statistically coupled replicas of each

spectra. This is made with data and we used a bootstrap method. This method uses replicas of

each spectra, derived by fluctuating each event with the Poisson distribution. The correlation matrix

can be extracted. The Poisson generator is setup for each event for each replica separately but in a

correlated way for all spectra. The result is received by connecting the differential cross-section for

each event. The reason for extracting the correlation between variables is to use Cov for a generalized

χ2 [16]

χ2 = (D − T )TCov−1(D − T ), (3.4)

where the D is the measured data, T is the theoretical prediction from the Monte-Carlo generator and

Cov is the covariance matrix calculated from the correlation matrix and error in each bin. The result

from Equation 3.4 use the measured data in a correlated way and the theory and data comparison

can be used for more variables simultaneously.

The correlation among unfolded spectra is made by several steps, first step is the event selection,
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then the bootstrap framework produces n replicas and each replica is unfolded by usual way. After

that the spectra are combined and the correlation matrix is computed.

The correlation is defined by the following equation

pX,Y = Corr(X,Y ) =
Cov(X,Y )

σXσY
=
E[(X − µX)(Y − µY )]

σXσY
, (3.5)

where the X and Y are the random variables (cross-sections in bins X and Y ) with expectation

values µX and µY with their standard deviations σX and σY , E means the expectation value, Cov is

covariance, the Corr represents the correlation matrix.

Figure 3.20: An illustration of correlated (left) and anti-correlated (right) spectra.

3.6.1 Spectra correlation

After all the steps of bootstrap correlation, the results of correlations among spectra, for the parton

level the absolute cross-section is shown in Figure 3.21 and the relative cross-section in Figure 3.22.

There are visible correlation between the ptt̄out and ptt̄T or between ytt̄B and ytt̄, but also the expected

anti-correlation between ∆φtt̄ and ptt̄T because with a increasing pT is the tt̄ boosted in z-axis and

decreasing a angle between the two top jets.
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Figure 3.21: The correlation across the absolute spectras at parton level. The variables from left pt,1T ,

yt,1, pt,2T , yt,2, mtt̄, ptt̄T , ytt̄, χtt̄, ∆φtt̄, ptt̄out, y
tt̄
B, cos θ∗ and H tt̄

T .
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Figure 3.22: The correlation across the relative spectras at parton level. The variables from left pt,1T ,

yt,1, pt,2T , yt,2, mtt̄, ptt̄T , ytt̄, χtt̄, ∆φtt̄, ptt̄out, y
tt̄
B, cos θ∗ and H tt̄

T .
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Conclusion

This thesis focused on the analysis of the tt̄ production in pp collisions at LHC, using the ATLAS

detector. With the MadGraph Monte-Carlo generator samples of the tt̄ signal were produced and

simple studies of the pT cuts were performed motivating why we use the high pT cuts in the boosted

region, also there is a study of the τ32 and τ21 cuts. Together these studies are important for

illustrating the event selection described in the ATLAS analysis part of this thesis, which is devoted

to a real ATLAS analysis, the work on the analysis package and the main results which is the

theory and data comparison and the correlation among spectra. Parts of an ATLAS analysis were

a contribution to the ATLAS internal note ATL-COM-PHYS-2016-1696, the title page is shown in

Appendix 1. The author would like to thank the project IGA no. PrF/2017/005 for support.
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