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Abstract

The LHC accelerator is expanding the energy frontier of searching new particles and revealing
unsolved mystery to understand the universe. The ATLAS experiment is one of the projects
operated at the LHC. In Run2, the center-of-mass energy of LHC has increased, the detectors have
been upgraded and object reconstruction methods in this study improved for searching heavier
mass particles and for precision measurements.

This study searches for beyond the Standard Model (BSM) physics using the tt̄ final states,
where the signature is a resonant structure in the tt̄ mass spectrum. The analysis is based on the
production of lepton plus jets channel in the boosted topology recorded by the ATLAS detector
with LHC proton-proton collisions at

√
s = 13 TeV. The integrated luminosity was 3.2 fb−1 in

2015. For higher efficiency at the boosted regime, small radius jets reconstructed by a track
based algorithm was used for b-jet identification, and the Standard Model tt̄ background that has
the same final state as the signal was reduced using a cut on variables related to the production
angle. No significant excess of events above the background expectation was found, and limits
were set on the cross-section times branching fraction for the production of top-color assisted
technicolor model Z′ and RS bulk KK graviton. A new lower limit on the mass of Z′ was obtained.
Mass of Z′ was excluded in the range mZ′ < 2.4 TeV for ΓZ′/MZ′ = 1.2 % and mZ′ < 3.0 TeV for
ΓZ′/MZ′ = 3.0 %. For the KK graviton, the relative cross-section with respect to the model value
was excluded above 2 for mKK = 1 TeV and 3 for mKK = 0.75 TeV.
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Chapter 1

Introduction

The Standard Model [1] is the most successful particle physics scenario which explains the be-
havior of matter and interactions. This model has been examined by many experiments.

The basic building blocks of the Standard Model are fermions, gauge bosons and Higgs par-
ticle (Figure 1.1). The fermions compose matter, and the bosons mediate fundamental forces in
nature, strong interaction, weak interaction and electromagnetic interaction but not for gravita-
tional interaction. The discovery of the Higgs boson [2,3] at the Large Hadron Collider (LHC) [4]
in 2012 completed the Standard Model predictions. The Higgs mechanism gives mass for all ele-
mentary particles via the spontaneous breakdown of gauge symmetry and the vacuum expectation
value of the Higgs field.

However, some theoretical considerations point out that the Standard Model is not the ultimate
theory and new physics called Beyond the Standard Model (BSM) is needed. For example, the
hierarchy problem, the mass of neutrino, matter-antimatter asymmetry, dark energy and dark
matter can not be explained by the Standard Model.

In the four fundamental forces of nature, the electromagnetic interaction and the weak in-
teraction are unified by the electroweak interaction, described as SU(2)L ×U(1)Y gauge theory.
Here, the SU(2)L and U(1)Y are independent of each other with coupling constant g2, g1, respec-
tively. Using the strong interaction described as SU(3)C gauge theory with coupling constant g3,
the Standard Model can be expressed as SU(3)C×SU(2)L×U(1)Y gauge and its interaction was
inspected for a long time by many experiments such as in LEP [6] and Tevatron [7] experiments.

Under the spontaneous gauge symmetry breaking, the Grand Unified Theories (GUT) [8–10]
try to unify the three of the four fundamental forces, electroweak interaction, and strong inter-
action. Understanding on the mechanism of the electrodes symmetry breaking is being worked
out by the CERN LHC [4] experiment. The large discrepancy between GUT or Plank scale
(MPl = 1016 ∼ 1019 GeV) and the electroweak scale (Melectroweak ∼ 102 GeV) is called the hierar-
chy problem. Accompanying with this problem, there is fine tuning problem caused by the scale
of cutoff Λ which is the upper limit of the Standard Model valid scale, therefore the quantum
correlation for the Higgs mass will diverge [11]. For instance, the Higgs mass, mh ∼ 126 GeV,
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2 1.0 INTRODUCTION

Figure 1.1: The Standard Model, Higgs boson was discovered in July 2012 [5].

can be written with the quantum correlation as;

m2
h ≈ m2

h0 +
λ 2

f

8π2 N f
c Λ2 ≡ m2

h0 +m2
h 1-loop, (1.1)

where mh0 is the bare Higgs mass and the remainder is the 1-loop correction term. f is a Dirac
fermion that receives its mass from the Higgs boson, λ f is Yukawa coupling and N f

c is number
of colors of fermion f . Here, naturalness is defined as N0 ≡ m2

h 1-loop/m2
h. In order not to the

cancellation of the bare mass and the 1-loop correction to the Higgs mass at large Λ, fine tuning
N0 ∼ 1030 is needed. To explain these problem, there are several models extended from the
Standard Model such as supersymmetry (SUSY), extradimension and technicolor.

SUSY
On the assumption of SUSY, a new SUSY particle is predicted for each Standard Model
particle which also couples to gauge boson. Then, the Higgs mass can be written as equa-
tion 1.2

m2
h ≈ m2

h0 +
λ 2

f

8π2 N f
c

(
m f̃ 2 −m2

f

)
ln
(

Λ2/m f̃ 2

)
, (1.2)

where f̃ is the superpartner of fermion f . Then, the quadratic dependence on Λ is reduced
to a logarithmic, hence avoiding the fine tuning provided masses of the SUSY particles are
not far from TeV region.
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Extradimension
Another class of models is based on higher dimensional space. If gravity propagate in
the extra dimension, the gravity force appears weak in the ordinary space-time. In this
way, hierarchy problem can be avoided. One of the leading models is Randall-Sundram
(RS) model [12–15] which incorporates warped extra dimension, and predicts a number of
Kaluza-Klein states in TeV scale.

Technicolor
Top color-assisted technicolor model [16, 17] also naturally explains the gauge hierarchy
with new interaction. The Higgs Lagrangian can be modified with a new fermion sector
suitable for new strong gauge interaction (technicolor), then both hierarchy problem and
fine-tuning can be explained. The details are described in section 2.1.1.

These models predict new particles that couple with top quark, and they may appear as heavy
resonances decaying into tt̄ . There are also other scenarios which predict new particles decaying
into tt̄ such as SUSY model [18, 19] and scenarios including heavier Higgs bosons [20]. This
thesis describes the study performs model independent analysis, and searches new resonances in
the mtt̄ spectrum.

There is a long history of tt̄ resonances searches. Several benchmark models such as techni-
color Z′ (see section 2.1.1), extra dimension RS model such as KK gluon [21] and KK graviton
(see section 2.1.2) have been tested. The CDF [22, 23] and DØ [24] experiments have used
∼ 5 fb−1 luminosity and excluded a Z′ mass < 945 GeV. The CMS experiments in Run1 with
the center-of-mass energy

√
s = 8 TeV has set limit on Z′ whose width (ΓZ′/MZ′) was 1.1 % in

a mass region of < 2.4 TeV and a KK gluon with mass< 2.8 TeV using the integrated luminos-
ity of 19.7 fb−1 combined with the all-hadronic, dileptonic and one lepton decay channels [25].
In the ATLAS Run1 analysis using integrated luminosity about 20 fb−1 with center-of-mass en-
ergy

√
s = 7 and 8 TeV, the lower limit on the masses of Z′ whose width (ΓZ′/MZ′) was 1.2 %

(Figure 1.2) and KK gluon were set at 1.8 TeV and 2.1 TeV, respectively [26, 27].

In Run2, with the higher collision energy of
√

s = 13 TeV, it is expected that the sensitivity to
higher mass resonances will increase substantially. For example, the cross section for production
of Z′ of 2 TeV will increase by factor of 5 compared to

√
s = 8 TeV [28]. In addition, this study

introduces improvements of analysis; new b-tagging of higher efficiency, improvement of top
tagging and new cuts for reduction of the Standard Model backgrounds.

1.1 Objective and organization

This thesis describes the study of searching heavy new particles decaying into tt̄ using
√

s =
13 TeV with ATLAS experiment. Chapter 2 describes physics motivation for searching such
particles. Though keeping model independent search, benchmark models are needed for limit
setting. Chapter 3 describes the brief overview of analysis strategy preparing for introduce the
LHC ATLAS experiments in Chapter 4 and datasets used in this analysis as described in Chap-
ter 5. Energy frontier experiment LHC allows to access heavier new particle. Chapter 6 shows
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how objects are reconstructed for analysis. Some techniques to search boosted objects are used.
As described in Chapter 3, three jets from hadronically decaying top are merged as one large-R
jet. In the higher center-of-mass energy, there are pile-up effects (Chapter 5). The technique
of large-R jet reconstruction is applied for trimming algorithm to reduce the pile-up problem
and to recluster the subjets. How to identify top from multi-jet background are also described.
Chapter 7-8 explain event selection using the reconstructed objects. The dominant background
is the Standard Model tt̄, which is difficult to reduce by a previous strategy. Then, by using the
center-of-mass angle related variables, a new cut was developed to reduce the Standard Model
background and not to lose signals. In the ‘dense’ environment where jets are merged, there
is a low b-tagging efficiency problem with previous technique. Then, using the new technique,
b-tagging with smaller radius track-jet solves this problem and higher efficiency is obtained. A
few background components are estimated by data driven method to evaluate correction factors
as described in Chapter 9. Chapter 10 discusses the systematic uncertainties mainly related to
the reconstructed objects and invariant tt̄ spectrum. Chapter 11 presents a procedure for limit
setting and results obtained with a profile-likelihood ratio test. Finally, summary and conclusion
are given in Chapter 12.

The author checked everything written for necessary procedure for analysis. Especially the
author contributed to develop new analysis method; the b-tagging with a smaller radius track-jet
and new cut to reduce the Standard Model backgrounds. In addition, the author works for high-
pT b-tagging calibration with di-jet event [29], which expands b-tagging calibration area up to
1 TeV with smaller systematic uncertainties than that of Run1 analysis.





Chapter 2

Physics motivation

Top quark is the heaviest elementary particle in the Standard Model and its mass, ∼ 173.2 GeV [30],
is close to the electroweak symmetry breaking (ESB) scale and could be related to the hierarchy
problem. The existence of a third generation including top quark was predicted by M.Kobayashi
and T.Maskawa for explanation of the CP violation via a Kaon decay in 1973 [31]. Top quark was
discovered in Tevatron in 1995 [32] by the CDF experiment [33, 34] and DØ experiment [35]. It
has a large Yukawa coupling to the Higgs boson and is expected to have couplings to new parti-
cles of the beyond the Standard Model. This is why the tt̄ resonance has unique role in terms of
the searches for beyond the Standard Model physics.

This study aims to find a new resonance in the top-antitop mass spectrum. The decay products
have boosted mass spectrum when the invariant tt̄ mass is large. From constraint of the CKM
matrix, top quark decays predominantly into a b quark and a W boson (t → b+W ). This search is
designed to be model independent since there are many models predicting new particles decaying
into tt̄ . As benchmark models, Z′ and KK graviton are chosen (see section 2.1); their parameters
such as production mechanism, spins, acceptance and width are different from each other.

2.1 Benchmark models

The benchmark models used in this analysis described in this section.

2.1.1 Top-color (TC) model

Leptophobic TC Z′ boson (Z′
TC2)

Simple top technicolor models have been excluded by precision measurement of EW scale [36].
Therefore, the extended technicolor (ETC), which has additional gauge interactions is considered
as more influential model; top color-assisted technicolor model [16] predicts Z′ decay into tt̄ , and
this model requests the existence of new SU(3) symmetries. The ΛETC is TeV scale, and this gives
quark mass to 0.1 ∼ 1 GeV. Furthermore, new slow running of technicolor model called walking

7
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Figure 2.1: The Feynman diagram of the Z′ → tt̄ .

technicolor can explain the 126 GeV Higgs mass [37]. Also, this model naturally explains the
gauge hierarchy. The Feynman diagram of the Z′ → tt̄ is shown in Figure 2.1. The cross-section
and branching fraction are calculated in references [28, 38, 39] and shown in Figure 2.2. A Z′ is
produced from qq̄ → Z′ process and has spin 1, Γ/m = 0.01 ∼ 0.02.

2.1.2 Randall-Sundrum warped extra-dimension model

Since energy scale of the gravity is too smaller than that of the other forces in the nature, this
model predicts an extra dimension in which gravity would propagate [40].

Bulk Kaluza-Klein (KK) Graviton (GKK)

A KK graviton is produced from gg → G∗ and qq̄ → G∗, has spin 2, Γ/m = 0.03 ∼ 0.06. Fig-
ure 2.3 shows the branching ratio for GKK . GKK → tt̄ is the dominant decay mode at high mass
region.
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Figure 2.2: The branching ratios for the Z′, and does not depend on the Z′ width [26, 39].
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Figure 2.3: The branching ratios for the bulk-RS graviton GKK [41].





Chapter 3

Analysis Strategy

In this thesis, the analysis focuses on searching for high mass tt̄ resonances. While it basically fol-
lows the Run1 analysis, new techniques have been introduced; an improved b-tagging for achieve
high efficiency in crowded jet environment, a top tagging algorithm for background rejection and
new cuts to reduce the Standard Model tt̄ background as described in Chapter 6-8.

The tt̄ final states have three decay modes, categorized by the number of leptons from W
bosons in the t → bW decay (nearly 100 % [1]). The W boson decays into lepton + neutrino
or two quark pairs as shown in Figure 2.1. According to the combination of the two final states,
there are di-lepton (tt̄ → bℓνbℓν final states), one lepton + jets (tt̄ → bℓνbqq′ final states) and
all hadronic channel (tt̄ → bqq′bqq′ final states). The one lepton + jets channel (semileptonic
channel) has a large branching ratio of about 30 % (lepton = e and µ). This channel has smaller
multi-jet background compared to the all hadronic channel. While the momentum of the neutrino
is not directly measured, the kinematics of the final state objects can be fully reconstructed using
the constrains from W decays into ℓν , and it is not the case for di-lepton + jets channel which
involves two missing neutrinos. In this analysis, one-lepton + jets channel is used for the search.

Figure 3.1: Schematic view of the signal topology, resolved regime (left) and boosted regime
(right).

Figure 3.1 shows two topologies of the one lepton channel. When the top transverse momen-

11



12 3.0 EVENT SELECTION

tum pT is low (decay of low mass tt̄ system), the three jets from the hadronically decaying top
are well separated (‘resolved topology’). Kinematics of the top can be reconstructed using these
three objects. As tt̄ mass increases, the top momentum, pT become higher. The decay products
are highly boosted and enter the regime where jets are not well separated any more. Typical
angular separation between 2-body decay products of a boosted heavy particle can be given by:

∆R ∼ 2m
pT

, (3.1)

where pT and m are the transverse momentum and the mass of the boosted decaying particle.
Here a 2-body decay is considered for simplicity. At pT above 700 ∼ 800 GeV, the three jets
from Wb → qq̄′b start to merge. Reconstruction of jet kinematics will become difficult in such a
‘boosted topology’. Figure 3.2 shows the distance ∆R between W boson and b quark as a function
of hadronically decaying top quark pT . In this thesis, top quark pT over 300 GeV is defined
as boosted topology. A different approach is used here where the hadronically decaying top is
reconstructed as a single wide jet which captures all the decay products from the top. As the focus
of this analysis is on high mass tt̄ resonance, analysis of the boosted topology is the main topic
of this thesis. For completeness, a complementary analysis of the resolved topology is described
in Appendix 12. Figure 3.3 shows a candidate event of boosted top quark pair production in the
2015 ATLAS data.
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,b
)

∆
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2.5

3
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Figure 3.2: The distance ∆R between W boson and b quark from as a function of hadronically
decaying top quark pT [42].

The analysis of boosted tt̄ search proceeds as follows.

• The hadronically decaying top is reconstructed as a large-R jet (t →Wb → qq̄′b). Here, jet
reconstruction radius parameter ”R” is mentioned in section 6.2.2 and section 6.3.
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Figure 3.3: An event display of a boosted tt̄ candidates (bµνbqq final states) recorded by the
ATLAS detector [43]. The red line shows the muon track (with pT ∼ 50 GeV), and the dashed
line shows the direction of the neutrino (its magnitude is about 470 GeV). The green and yellow
bars represent energy deposits in the calorimeters (the liquid argon and scintillating-tile calorime-
ters), and the four yellow cones are the small-radius (R = 0.4) jets (pT is about 70 ∼ 300 GeV).
The three overlapping small-R jets are reclustered as a large-R jet (radius parameter R = 1.0, see
section 6.3) of pT ∼ 600 and its mass is ∼ 180 GeV (the large-R jet is not shown explicitly).
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• The leptonically decaying top is reconstructed as two visible objects; a lepton (electron or
muon), one small-R jet from the b-quark, and a missing momentum due to the neutrino
(t →Wb with W → ℓν).

• At least one b-tagged jet is required to reduce background.

• Kinematics of the two top quarks are reconstructed, and mass of the tt̄ system calculated to
see if there is an excess in the mass distribution over the Standard Model background due
to a new tt̄ resonance.

Figure 3.4 shows a few examples of expected tt̄ resonance signature as the mtt̄ distribution.
High mass resonances show a tail of mass distribution to low value. This is mainly caused by
two reasons; a part of the top decay products not fully captured by the large-R jet, and the long
tail of Breit-Wigner resonance enhanced by the steeply rising parton distribution function (PDF)
toward low x. Figure 3.5 shows a comparison of the Standard Model background and tt̄ resonance
signal. The background is mainly dominated by the Standard Model tt̄ production where the final
state topology is the same as the tt̄ resonance signal. The other components in MC are single top,
W+jets, Z+jets and diboson. An attempt of reducing such background is discussed in section 7.3.
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Figure 3.4: Example of the signal reconstructed invariant mass mtt̄ distribution.
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Chapter 4

LHC-ATLAS Experiment

This study was performed using the data collected by the ATLAS experiment at the LHC. Search-
ing for new heavy resonances with boosted top signatures requires an energy frontier experiment.
The LHC has upgraded the center-of-mass energy of proton-proton collisions. The general pur-
pose detector ATLAS surrounds the collision point and detects event candidates which possibly
include new physics. This chapter describes ATLAS detector focusing on the relevant points for
this study. Full information can be fond in [44].

4.1 CERN

The European Organization for Nuclear Research, CERN (Conceille Européenne Recherche
Nucéaire) [45] is located in the border area between Switzerland and France. CERN is the largest
international collaboration to research into particle physics using the most largest instruments in
the energy frontier, founded in 1954. As the days pass, CERN’s accelerator has been evolved and
the accelerators such as Proton Synchrotron and Large Electron-Positron collider (LEP) are uti-
lized. To collide the protons, following accelerators are used; first, Linac2 accelerates protons to
the energy of 50 MeV, Proton Synchrotron Booster accelerates the injected beam to the energy of
1.4 GeV, then Proton Synchrotron pushes the beam to 25 GeV and Super Proton Synchrotron ac-
celerates the protons to 450 GeV. The protons are finally sent to the two beam pipes of the LHC
ring and accelerated to 6.5 TeV. The four large experiments that uses LHC; ALICE, ATLAS,
CMS and LHCb.

4.2 The Large Hadron Collider

The Large Hadron Collider (LHC) [4, 46] is the world largest proton-proton collider with the
highest collision energy. It is installed in a circular tunnel of 27 km circumference, located about
100 m underground (see Figure 4.1). The number of events generated for one second in the LHC

17
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collisions can be written in equation 4.1.

Nevent = Lσevent (4.1)

where σevent is the cross section, and L is the machine luminosity. The two high luminosity exper-
iments, both ATLAS [47] and CMS [48] designed to have peak luminosity of L = 1034cm−2s−1.

At the Spring 2015, LHC has re-started head-on collisions with center-of-mass energy of
13 TeV with upgraded accelerator and detectors, and this run is called Run2. The peak instant
luminosity recorded in 2015 was L = 5×1033cm−2s−1. The LHC parameters are summarized in
Table 4.1

Table 4.1: LHC parameters [46, 49, 50].

Design Run1 Run2 (2015)
Center-of-mass energy (TeV) 14 8 13
Peak luminosity (cm−2s−1) 1.0×1034 7.7×1033 5.0×1033

Number of bunches 2834 1374 2244
Bunch crossing (ns) 25 50, 75, 150 25, 50

Figure 4.1: LHC and experiments ATLAS Experiment c⃝1999-2016 CERN
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4.3 The ATLAS experiment

There are four large particle physics experiments of the interaction points of the LHC ring. AT-
LAS (A Toroidal LHC ApparatuS) is one of them and is a general purpose detector for new
discoveries at the energy frontier. In the past, ATLAS discovered many physics [51], such as
Higgs boson [2]. Currently, precision measurement of the Higgs boson and searching for the
Beyond the Standard model are hot topics.

4.4 The ATLAS detector

The ATLAS detector (Figure 4.2) has a forward-backward symmetric cylindrical geometry cov-
ering nearly 4π solid angle around the collision point. Its size is 44 m long and 22 m diameter,
and the weight is 7000 t. From inside, the detector consists of inner tracker, electromagnetic
calorimeter, hadron calorimeter, and muon spectrometer. A solenoid magnet is installed between
the inner tracker and the electromagnetic calorimeter, providing a uniform magnetic field of 2 T in
the tracker volume. Troidal magnets surround the whole calorimeter and provide magnetic field
for muon spectrometer. Figure 4.3 shows how the ATLAS detector works. From inside, pho-
tons are detected in the electromagnetic calorimeter with electromagnetic shower without tracks
in the tracking chamber. Electrons are detected in both tracking chamber and electromagnetic
calorimeter. Charged hadrons penetrate both tracking chamber and electromagnetic calorimeter
with tracks, and detected in hadronic calorimter with hadrnic shower caused by strong interac-
tion. Neutrons penetrate both tracking chamber and electromagnetic calorimeter without tracks
and cause hadronic shower in hadronic calorimeter. Since muon does not have strong interaction,
it does not cause the hadronic shower. Also, it has heavy mass (105.6 MeV), it does not cause
electromagnetic shower either. Therefore, it penetrates all the ATLAS detector from inside to
outside and is detected by the muon spectrometer located in the outer part of the ATLAS detec-
tor. After all the detectable objects reconstructed, neutrinos that do not cause any interaction are
reconstructed as missing energy of the system.

The details are described below and for more information, see Reference [44]. After the end
of the Run1, the ALTAS detector was upgraded for Run2 [52,53]. Damaged detectors and systems
have been repaired. High radiation tolerance has been realized by employing robust electronics
components since the center-of-mass energy increased from 8 TeV to 13 TeV. Additional muon
chambers have been installed to increase the acceptance and additional new pixel detector named
insertable B-layer (IBL) [54] has been installed as described in section 4.4.3.

4.4.1 Coordinate system

ATLAS used right-handed Cartesian coordinate system with its origin at the nominal interaction
point. The beam axis is defined as z-axis. Transverse to the beam direction is the x-y plane. The
x-axis points from the interaction point to the center of the LHC ring, and y-axis points upwards.
In spherical coordinate, the polar angle from the z-axis is θ and azimuthal angle around the z axis
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Figure 4.2: A schematic view of the ATLAS detector ATLAS Experiment c⃝2008 CERN

Figure 4.3: A schematic view of how the ATLAS detector functions works ATLAS Experiment
c⃝2008 CERN
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is ϕ . The nominal interaction point is at the center of the detector. The pseudorapidity is defined
as:

η =− ln tan
θ
2
. (4.2)

And the distance of the two objects ∆R is defined as:

∆R =
√

(∆η)2 +(∆ϕ)2. (4.3)

4.4.2 Magnet System

The ATLAS magnet system consists of a thin superconducting solenoid and three large supercon-
ducting toroids.

Solenoid Magnet

The solenoid is aligned on the beam axis and has a 2 T axial magnetic field for the inner detector.
This bends charged particles to ϕ direction for the measurement of pT . To keep the resolution of
the calorimeter, the thickness is minimized to 0.66 radiation length (X0). The details are described
in [55].

Toroidal Magnet

The geometry of magnet windings and the calorimeter steel is shown in Figure 4.4. It has the an
eight fold symmetry coils. A barrel toroid (Figure 4.5) and two end-cap toroids are air-core super
conducting coils producing toroidal magnetic field of 0.5 T for the muon detectors in the central
region and 1 T in the end-cap region, respectively. This makes magnetic field of ϕ direction to
measure muon pT with good resolution up to large η .

Figure 4.4: The spacial arrangement of the coil
windings. The eight barrel toroid coils and the
end-cap coils are uniquely arranged [44].

Figure 4.5: Barrel Toroid with symmetry
structure from the underground cave in in-
stalling [44].
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4.4.3 Inner Detector

The role of ATLAS Inner Detector (ID) is to reconstruct charged particle tracks, to measure pT

and charge of the tracks. The ID is immersed in a 2 T solenoid field. As shown in Figure 4.6, it
covers the pseudorapidity range |η | < 2.5. It consists of three independent layers; Pixel detec-
tor (with Insertable B-layer), Silicon micostrip Tracker (SCT) and Transition Radiation Tracker
(TRT). Figure 4.7 shows the schematic view of the inner detector and outer tracking detector.

Figure 4.6: Schematic view of the rz cross section of the inner detector [56].

Pixel detector

In the inner radius, pixel detectors (Figure 4.8) that determine collision points and vertices have
high position resolution of 10 µm for r-ϕ direction and 115 µm for z direction. The pixel size is
50×400 µm2 and 50×600 µm2 and there are a total of 80 M readout channels. In addition to the
three barrel layers and two end-caps, the insertable B-layer (IBL) [54] has been newly-installed
after Run1 as the fourth layer between a new beam pipe and the inner Pixel layer (B-layer).
The IBL is located close to the interaction point (33.25 mm from the beam) in order to improve
the tracking performance. Figure 4.10 shows the definition of transverse and longitudinal track
parameters. The d0 is the transverse impact parameter (the closest approach of the track to the
beam axis), and σd0 is its resolution. z0 is the longitudinal impact parameter with respect to the
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Figure 4.7: Schematic view of the inner derector ATLAS Experiment c⃝2016 CERN
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primary vertex, and θ is the polar angle of the track. The transverse impact parameter resolution
improved in particular in the low pT region. Figure 4.9 shows the improvement of a transverse
impact parameter resolution σd0. This is the comparison data without (2012) and with (2015) the
IBL.

Figure 4.8: The pixel detector, showing individ-
ual barrel and end-cap modules [44].
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Figure 4.9: The transverse impact parameter res-
olution d0, comparing with (2012) and without
(2015) the IBL [57].

Figure 4.10: The definition of transverse and longitudinal track parameters [58].

Silicon micostrip Tracker (SCT)

The second part of ID is a silicon strip tracker (SCT). It provides high-resolution pattern recogni-
tion (17 µm for r-ϕ direction and 580 µm for z direction). As shown in Figure 4.11, each module
consists of two back to back sensors of small angle stereo layout (±20 mrad), and the array of
modules are mounted in four coaxial cylinders in the barrel [59, 60] and nine disk layers in each
end-cap [61,62]. The modules cover total of 63 m2 of the surface and provide hermetic coverage
with precision space-point measurements.
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Figure 4.11: The module attached to the SCT scylinders in the barrel region [44].

Transition Radiation Tracker (TRT)

Outside of the SCT is the transition radiation tracker consisting of multi-layers of gaseous straw
tube (polymide) elements [63]. It consists of 73 layers of straws in the barrel and 160 layers in
the end-caps. The tube diameter is 4 mm and the wall thickness is minimal (35 µm). It is filled
with xenon based gas (Xe:CO2:O2 = 70 : 27 : 3) to detect x-ray photons of transition radiation
from electrons as well as ionization by charged particles.

4.4.4 Calorimetry

The Calorimeter system (Figure 4.12) is located outside of the inner detector covering the range
of pseudorapidity |η | < 4.9. Calorimetry is composed of two parts. One is electromagnetic part
that stops electronic magnetic showering and the other is hadronic part that stops hadrons by
strong interaction.

Electromagnetic calorimeter (ECAL)

The liquid argon (LAr) sampling calorimeter with Pb plate absorber of accordion shape (Fig-
ure 4.13) is located in the barrel region (the pseudorapidity of |η |< 1.475) and the endcap region
(the pseudorapidity of 1.375 < |η |< 3.2). The system measure energy and position of the parti-
cles that have electromagnetic interaction. Total thickness of the module is at least 22 radiation
length (X0) at η = 0. The main part of the calorimeter is segmented in 0.025× 0.025 in η-ϕ .
The energy resolution of the barrel region measured by the test beam is σE/E = 10 %/

√
E ⊕

0.7 % [64].
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Figure 4.12: A schematic view of the calorimetry system. ATLAS Experiment c⃝2008 CERN

Figure 4.13: Schematic view of a ECAL accordion structure [44].
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Figure 4.14: FCal electrode structure [44]. RM is the Molière radius.

EM Forward Calorimeter (FCal)

A special LAr calorimeter is used in the forward region of 3.1 < |η | < 4.9 in the end-cap since
the radiation level in the forward region is higher than in the end-cap. Figure 4.14 shows the
structure of the FCal electrode with the matrix of copper (Cu) plates, tubes oriented parallel to
the beam direction and rods with LAr gap. The small LAr gap leads to a fast signal readout.

Hadron Forward Calorimeter

Hadron forward calorimeter located in the pseudorapidity of 3.1 < |η | < 4.9 is similar to FCal,
but uses tungsten (W) as absorber instead of copper. The space between rod and matrix is wide
(∼ 500 µm) enough to measure the hadronic interaction energy. It also reduces background levels
in the muon detector, has 10 interaction lengths thick.

Hadron Tile Calorimeter

The tile calorimeter is placed outside of the EM calorimter covering the pseudorapidity of |η |<
1.7. It is a sampling calorimeter using steel as the absorber and plastic scintillator for sampling.
The total thickness is 9.7 interaction length (λ ) at η = 0.

Hadron Endcap Calorimeter (HEC)

HEC is placed in the pseudorapidity of 1.5 < |η |< 3.2 behind the end-cap LAr EM calorimeter,
with copper as the absorber and filled with LAr. The wheels made of copper absorber plates have
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cylindrical structure with outer radius of 2030 mm, and consists of two segments in depth. The
front segment is made of 24 copper plates of 25 mm thick, and the rear segment consists of 16
copper plates of 50 mm thick.

4.4.5 Muon Spectrometer

The muon spectrometer shown in Figure 4.15 is based on the magnetic deflection of muon tracks
in the large superconducting air-core toroid magnets. Its role is to measure a muon momentum in
the pseudorapidity range |η |< 2.7 and generate trigger on muons in the |η |< 2.4 region. This is
designed to have a stand-alone transverse momentum resolution of 10 % for 1 TeV muon. Muon
tracks are reconstructed from the hit of the drift tubes described in this section. Figure 4.16 shows
the cross-sections in the plane containing the beam axis. In the barrel region, three cylindrical
layers around the beam axis to measure tracks are installed. In the transition and end-cap regions,
three layers of the chambers are placed perpendicular to the beam axis. The outer view of the
muon spectrometer is shown in Figure 4.17.

Figure 4.15: A schematic view of the muon spectrometer. ATLAS Experiment c⃝2008 CERN

Muon precision tracking chambers

Monitored Drift Tube (MDT) and Cathode Strip Chamber (CSC) are used as muon tracking
chambers.

• Monitored Drift Tube (MDT)
It is the precision momentum measurement chamber covering the pseudorapidity of |η |<
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Figure 4.16: Schematic view of the cross-section of the muon system in the bending plane [44].

2.7. This consists of six or eight layers of drift tubes filled with Ar+CO2 (Argon 93 %)
operated under the pressure 3 bar. Three or four drift tube layers are mounted on each
side of an MDT chamber, and they are held by spacer bars (Figure 4.18). The average
position resolution is 80µm per tube, 35µm per chamber. The details are described in
reference [44, 65].

• Cathode Strip Chamber (CSC)
For high particle fluxes and track density in the forward region of the pseudorapidity of
2.0 < |η |< 2.7, a multiwire proportional chamber CSC is used for the innermost tracking
layer since it has higher rate capability and time resolution (7 ns). The CSC can stand high
rate operation up to 1000 Hz/cm2 while the limit of the safe operation of the MDT is about
150 Hz/cm2.

Muon Triggers

Resistive Plate Chamber (RPC) and Thin Gap Chamber (TGC) are used as the muon trigger
chambers. It provide bunch-crossing identification, discriminate muon transverse momentum,
and measure the muon non-bending coordinate complementary to the muon precision tracking
chambers.

• Resistive Plate Chamber (RPC)
RPC is gas filled chamber consisting of resistive-plates with 2 mm gaps, and signal is
read out by strips. RPC is placed in the barrel region of the pseudorapidity |η | < 1.05, as
shown in Figure 4.19. The system consisting of three chamber layers each containing 2 gas
gaps: two layers of the RPC sandwich the middle layer of the MDT, and the third layers is
placed outer of the MDT. The outside layer of the RPC is used to provide high-pT trigger
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Figure 4.17: Muon chamber from ATLAS visit area (picture taken by the author in August 2013).

Figure 4.18: An MDT mechanical structure [44].
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Figure 4.19: The schematic view of the muon
trigger system [44].

Figure 4.20: Structure of a TGC in the plane or-
thogonal to the wires. There are anode wires,
graphite cathodes, G-10 layers and a pickup
strip [44].

(the range 9 ∼ 35 GeV), while the two inner chambers produce low-pT triggers (the range
6 ∼ 9 GeV). It provide good time resolution (1.5 ns).

• Thin Gap Chamber (TGC)
TGC is put in front and behind of the two end-cap toroid magnets, corresponding to the
pseudorapidity of 1.05 < |η | < 2.7 (end-cap region) as shown in Figure 4.19. It is multi-
wire proportional chamber, shown in Figure 4.20. In order to get good time resolution,
wire-to-cathode distance of 1.4 mm is smaller than the wire-to-wire distance of 1.8 mm.
A highly quenching gas mixture of CO2 and n-C5H12 (n-pentane) is used. TGC has good
granularity for muon pT discrimination for trigger.

4.4.6 Luminosity measurement

Luminosity detector

Precision luminosity measurement is performed on bunch-by-bunch basis algorithm with lumi-
nosity detectors [44,66]. The Beam Conditions Monitor (BCM) consists of four diamond sensors
(about 1 cm2), put around the beampipe at z = ±184 cm from interaction point. It works as a
luminosity counter at |η |= 4.2 with a time resolution of ∼ 0.7 ns. Luminosity measurement us-
ing Cérenkov Integrating Detector (LUCID) is an online luminosity monitoring detector located
at distance of ±17 m from the interaction point, close to the TAS (Target Absorber Secondaries)
at 5.6 < |η | < 6.0. The luminosity calibration is based on beam separation scan (Van der Meer
scan [67, 68]), that determines the beam size at the interaction point.
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4.4.7 Trigger and Data Acquisition (TDAQ)
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Figure 4.21: Schematic view of the TDAQ organisational structure [69].

Figure 4.21 shows the ATLAS trigger and data acquisition system. The trigger system [70,71]
is used to select interesting events for recording. It was upgraded for Run2 and described in
Figure 4.22. Since the center-of-mass energy was increased from

√
s = 8 to 13 TeV in Run2,

and the luminosity is also expected to increase, the new system is designed to sustain the peak
luminosity up to 1.7×1034 cm−2s−1; about a factor of 2 higher than Run1 [72].

First, the hardware based Level-1 trigger selects events from 40 MHz to 100 kHz by infor-
mation of the calorimeters and muon detectors. Since it is important to increase the bandwidth,
new Central trigger Processor was installed. The preprocessing of calorimeter signals for Level-1
trigger use FPGA (instead of ASIC in Run1) to suppress pile-up effects by auto-correlation filters
and pedestal correction. The muon endcap trigger requires the coincidence with hits from the
innermost muon chamber to suppress most of the fake muon triggers. A new topological trigger
processor (L1Topo) system enables the Level-1 trigger to add object’s kinematics from hardware
base information.

The software based high-level trigger (HLT) selects and records events from output of the
Level-1 trigger to 1 kHz. In order to bear the high output rate, HLT was upgraded by merging
Level-2 and Event Filter (EF) firms in Run1. In this analysis, the event is required to pass the
lepton trigger. More details are described in the reference [71].

The huge amount of the data is processed by the effort of the worldwide LHC computing Grid
system [73].
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Figure 4.22: The schematic view of the trigger and DAQ system in Run2. New features from
Run2 is indicated with orange boxes [71].





Chapter 5

Data and Monte Carlo Samples

This section describes the data and Monte Carlo samples. The data were collected by the ATLAS
detector as described in Chapter 4. Appropriate Monte Carlo simulations were prepared.

5.1 Data sample

The data used in this study were recorded by the ATLAS detector in the 2015 proton-proton col-
lisions at

√
s = 13 TeV. Figure 5.1 shows the history of data collection period. ATLAS recorded

a total integrated luminosity of 3.9 fb−1. The dataset used in the analysis corresponds to 3.2 fb−1

after requirement on good reconstructed physics objects under reliable detector condition.

Due to large inelastic cross-section of pp interaction and high luminosity of LHC, a large
number of pp interactions, mostly ‘soft’ interactions, occur in each bunch crossing called pile-
up [75, 76]. Number of pp interactions per crossing depends on the total instantaneous machine
luminosity L and the number of colliding bunches per beam Nbunch. Mean number of interactions
< µ > is given by:

< µ >=
L×σinel

Nbunch × fLHC
(5.1)

where σinel is the total inelastic pp cross-sections (80 mb) and fLHC is the bunch revolution fre-
quency in LHC (about 11 kHz). Figure 5.2(a) shows the distribution of < µ > during the 2015
run, separately for the early period of 50 ns bunch interval and the later period of 25 ns interval.
The average number of interactions was 20 and 17, for the 50 ns and 25 ns period, respectively.
Figure 5.2(b) shows the maximum number of inelastic collisions per beam crossing per LHC fill.

Effects of pile-up on event reconstruction arise for example from overlapping calorimeter
clusters (called “in-time pile-up”). In addition, influence of detector signals from previous bunch
crossings can affect the signal of a triggered event (called “out-of-time pile-up”). Algorithms have
been developed to mitigate the pile-up effects (Section 6.2.4). Pile-up events are implemented in
the Monte Carlo simulation (Section 5.2).

35
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Figure 5.1: The total integrated luminosity taken with the ATLAS detector in 2015. The “LHC
Delivered” (green histogram) shows stable beam luminosity with the proton-proton collisions
at
√

s = 13 TeV, the “ATLAS Recorded” (yellow histogram) the actual recorded luminosity by
the ATLAS detector, and certified to be good quality data, “All Good for physics” (blue his-
togram) [49, 74].
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Figure 5.2: Distribution of number of interactions per crossing shows separately for the periods
of 50 ns and 25 ns bunch interval (a) and the maximum number of inelastic collisions per beam
crossing per LHC fill (b) during the proton-proton collision stable beam 2015 [74].



5.2 DATA AND MC 37

5.2 Monte Carlo samples

Monte Carlo data are used to simulate the Standard Model background as well as the BSM signal
events. They are generated using physics generators discussed below, and processed through the
full detector simulation [77, 78] of ATLAS based on Geant4 [79]. The simulated data are then
reconstructed in the same way as the real data.

Pile-up is implemented by overlaying a certain number of simulated ‘soft’ (minimum bias)
events on the ‘hard’ event. The number of pile-up events are distributed according to the expected
luminosity profile of the data sample. The difference of < µ > distribution in the Monte Carlo
sample and the real data is taken into account by re-weighting the Monte Carlo events.

5.2.1 Modelling of scattering processes

Figure 5.3: Schematic view of a cross section of a hard scattering process [80].

The process of high energy proton-proton collisions at LHC is rather complex, involving both
soft QCD processes and hard processes [80]. The latter is the main focus of interest for many
of the LHC physics programs, e.g. production of Higgs boson and SUSY particles. The hard
interaction is modelled as a collision of a high energy parton (quark or gluon) from one colliding
proton with another from the other proton. Figure 5.3 shows a diagrammatic structure of a generic
hard scattering process in proton-proton collision. Partons a and b (quarks or gluons) participate
the hard interaction a+ b → X . The QCD factorization theorem allows the cross-section for
pp → X be expressed as a product of parton distribution function and the cross-section for the
hard process.

σAB =
∫

dxadxb fa/A
(
xa,µ2

F
)

fb/B
(
xb,µ2

F
)
× σ̂(ab → X ,µR), (5.2)

The distribution of the parton energy fraction x is given by the parton distribution function (PDF)
f (x,µF). The factorization scale µF defines the boundary of energy scale treated as the hard
process and the process inclusively contained in the PDF. µR is the renormalization scale for the
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QCD running coupling. The effective center-of-mass energy squared of the hard interaction is
s′ ≈ xaxbs, where s is the center-of-mass energy squared of the colliding protons. Normally the
hard process is calculated using perturbation calculation, whereas PDF that involves soft QCD
is obtained from measurements of ep deep inelastic scattering [81] at various x and momentum
transfer Q2. In the process where X contains quarks or gluons, the leading logarithm QCD higher
order effects are accounted in the form of QCD parton shower. Similar treatment is done also for
the QCD initial state radiation. At the end of the parton shower is the process of hadronization for
which perturbation calculation is not applicable, and there are some phenomenological models
such as the string fragmentation and cluster fragmentation. There are a number of Monte Carlo
generators. Each has its strong points and limitations. In many cases the hard processes are
calculated in the leading order (LO) of perturbation. There are also programs including higher
order (NLO) calculations depending on the processes.

5.2.2 Generators

The generators used in this analysis are described below [82].

PYTHIA

An event generator tool for the high-energy collisions such as e+e− and pp, whose process starts
from hard process in the initial states, then generate multiple interactions of partons, beam rem-
nants, string fragmentation and particle decays. The showering model is expected to match the
theoretical description of QCD showers at the Leading Order (LO). The details are described
in Reference PYTHIA6 [83]. The PYTHIA8 [84, 84, 85] the latest version of PYTHIA and
rewritten in C++ is also used.

HERWIG

This also reproduce hard processes, parton showering and QCD effects at the Leading Order
(LO). It simulates angular ordered parton shower and the hadronization process is modeled by
cluster fragmentation. The details are described in Reference [86].

POWHEG

Generate the hardest emission with positive weight event of the Next to Leading Order (NLO)
corrections. This is the extensions of the shower algorithms. The details are described in Refer-
ences [87, 88].

SHERPA

Event generator for simulation of High-Energy Reactions of Particles such as e+e− and pp̄. It
simulate better for final states with large number of isolated jets than PYTHIA and HERWIG.
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The details are described in Reference such as [89, 90].

MADGRAPH

It is the matrix element generator for parton level simulation and is used for both Standard Model
and Beyond the Standard Model [91]. QCD shower and hadronization are simulated by PYTHIA.

MC@NLO

It provides matching calculation for QCD process with a parton showering in the hadronization.
To avoid double counting events which come from NLO calculation, the events are provided
negative weight as well as positive weight. The details are described in Reference [92].

EVTGEN

It provides better modelling of heavy-flavour hadron decays than PYTHIA and HERWIG [93].

5.2.3 Geant4 simulation

Geant4 [79] is a toolkit to simulate how particles interact in a matter. In the ATLAS experiment,
this is used to describe the ATLAS detector components and material distributions and simulate
energy deposits in the detectors.

5.3 Signal and background samples

The generators used to produce the Standard Model background samples are summarized in Ta-
ble 5.1.

Table 5.1: Background samples used in this analysis.

Generator
tt̄ POWHEG+PYTHIA+EVTGEN (NNLO+NNLL)

single top POWHEG+PYTHIA+EVTGEN (NNLO+NNLL)
W/Z+jets Sherpa (NNLO)
diboson Sherpa (NLO)

The Standard Model tt̄

The Standard Model tt̄ is the main source of background in this analysis since the final state is the
same as the signals. The samples are generated by POWHEG + PYTHIA6 with Perugia2012
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tune [94] for the shower and the underlying-event. The PDF is set to CT10 PDF [95,96] and the
pT -dependent radiation effect parameter is set to top mass.

A reweighting factor taking into account for the interferences with diagrams of an electroweak
process is applied to the events. These weights are derived with the NLO electroweak calculations
that is implemented in [97–100]. The initial state partons in CT10 PDF is set at the partonic
energy

√
ŝ = mtt̄ and the scattering angle z = cosθ ∗ are used in the weight calculation.

Single top

Single top process with the leptonic top quark decay results in the one lepton final states. Though
the contribution of this process is small in this analysis, semi-leptonic decay muons from the
b-quarks or mis-identified jets as leptons could behave similarly to the signals. The samples are
also generated by POWHEG + PYTHIA6 with Perugia2012 tune and CT10 PDF settings.

W/Z boson production associated with hadron jets (W/Z+jets)

A W boson decays with lepton and neutrino. The Z/γ∗→ ℓℓ+ jets process also produces a lepton
associated with hadron jets.

They are generated by SHERPA with CT10 PDF setting. MC statistics is high enough that pT

sliced samples are used and that the samples are generated by each of final state flavours.

diboson (VV)

Leptonic decay of W or Z bosons with following processes is simulated; four leptons, three
leptons + neutrino, two leptons + two neutrinos, or one lepton + one neutriono + jets. They are
generated by SHERPA with optimization of parton shower.

Z′ → tt̄ signal samples

The samples are generated with PYTHIA8 with the default generic SSM Z′ generation and
NNPDF23LO [101] PDF setting for several mass points. Cross-section for Z′ signals at each
mass point is considered in this analysis as summarized in Table 5.2, where Z′ is assumed to have
spin 1 and Γ/m = 0.01 ∼ 0.02.

Bulk RS GKK → tt̄ signal samples (G∗)

The samples are generated with MadGraph PYTHIA8 with NNPDF23LO PDF setting for several
mass points. Cross-section for G∗ signals at each mass point is considered in this analysis, as
summarized in Table 5.3, where G∗ is assumed to have spin 2 and Γ/m = 0.03 ∼ 0.06.
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Table 5.2: Next-to-Leading-order (NLO) theoretical cross-sections for the Z′ signal applied with
a k-factor 1.3 (ratio of NLO and LO).

Z′ mass LO cross-section [pb]
400 GeV 70.3
500 GeV 40.1
750 GeV 10.7

1 TeV 3.70
1.25 TeV 1.51
1.5 TeV 0.684

1.75 TeV 0.334
2. TeV 0.172

2.25 TeV 0.0924
2.5 TeV 0.0511

2.75 TeV 0.0289
3 TeV 0.0167
4 TeV 0.00213
5 TeV 0.000331

Table 5.3: Cross-section times branching ratio σGKK ×BR(GKK → tt̄) for RS KK graviton.

GKK mass σGKK ×BR(GKK → tt̄) [pb]
500 GeV 5.84
750 GeV 1.18

1 TeV 0.289
1.5 TeV 0.0305
2 TeV 0.00498
3 TeV 0.000248





Chapter 6

Object Reconstruction

This Chapter describes the methods of the object reconstruction from the detector signal of the
ATLAS detector as described in Chapter 4 with dataset described in Chapter 5 for this analysis.

6.1 Primary vertex

The primary vertex of the ‘hard’ collision is defined to be the vertex with the highest Σp2
T,track. At

least one vertex which had at least two tracks is required. As shown in Figure 6.1, many vertices
due to the pile-up events are seen in one event.

6.2 Jet reconstruction

High energy quarks and gluons are reconstructed as jets in the detector. The jets are reconstructed
from the calorimeter clusters (‘calo-jets’). Cluster energy is calibrated as the electromagnetic
(EM) calorimeter scale.

6.2.1 Topological clustering algorithm

The calo-jets are reconstructed from the three-dimensional topological energy clusters [103]. The
clustering starts from the seed cell with significant energy, group neighboring cells into clusters
if they has significant energies compared to the expected noise. In case of overlapping showers,
the cluster is split into smaller clusters by splitting algorithm [103]. The clustering threshold
is optimized such that particle energy deposits are efficiently collected while the electronic and
pile-up noise is maximally suppressed.

43
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Figure 6.1: High pile-up environment of candidate Z → µµ event with 25 reconstructed ver-
tices [102].

6.2.2 Anti-kT algorithm

Jets are reconstructed from calorimeter clusters by anti-kT algorithm [104], which uses distances
di j (equation 6.1) between entities (clusters, jets) i, j and diB (equation 6.2) between a cluster i
and beam (B).

di j = min
(

k2p
Ti ,k

2p
T j

) ∆2
i j

R2 , (6.1)

diB = k2p
Ti , (6.2)

where ∆2
i j = (ηi −η j)

2 + (ϕi −ϕ j)
2 and kTi, ηi and ϕi are the transverse momentum, pseudo-

rapidity and azimuth angle of cluster i. The parameter p is set to −1 in the anti-kT algorithm.
This means that jet is reconstructed around the high-pT clusters. Originally, this algorithm is
developed as kT algorithm of p = 1 with respect to soft radiation, but this analysis mainly uses
anti-kT for its robustness. An appropriate value of R was searched for to give useful performance
in jet search and was found to be 0.4 [105]. After calculating d for all entities and if the smallest
one is di j, the four-momenta of the entity i and j are combined to produce a new entity k. If the
smallest distance is diB, the entity i is regarded as a jet, and removed from the list of entity. This
procedure is repeated until all the entity is removed. Miss-identified jets due to cosmic rays or
detector noise are removed using a jet cleaning algorithm [106].
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(a) (b)

Figure 6.2: The effect of the correction of the in-time-pile-up, α (a) and out-of-time pile-up, β
(b) [107].

6.2.3 Jet energy

Jet energy is affected by the pile-up effects, which is corrected by the following procedure [107].
The corrections are done by an area-based subtraction method [76], which removes the pile-up
effect, using the information of the average energy density ρ in the η ×ϕ plane and information
of the area A of the jet in this plane. Using the area-based correction and residual correction, the
pcorr

T is given by:
pcorr

T = pEM
T −ρ ×A−α × (NPV −1)−β×< µ >, (6.3)

where NPV is the number of primary vertices, < µ > is the average number of interactions per
bunch crossing, α and β are derived from the residual dependence in the simulation, parameter-
ized by η shown in Figure 6.2.

At this point, pcorr
T is still in EM scale, i.e. with the definition that the calorimeter response

is due to EM showers of γ/e. An additional correction is necessary to account for the difference
between γ/e and hadron in the calorimeter response. The correction is obtained using Monte
Carlo simulation by comparing the detector level jet energy in EM scale and the truth jet en-
ergy [107–109]. The calibration (EM+JES scheme [110]) uses isolated jets, and the procedure is
as follows. The jets are required to match to truth jets within

∆R =
√

(ηcalo −ηtruth)2 +(ϕcalo −ϕtruth)2 < 0.3,

and have pT > 5 GeV within ∆R = 1.0. The truth jet is required to have pT
truth > 7 GeV within

∆R = 0.6. The ratio of the detector level jet energy to the energy of matched truth jet is used as
the calibration factor, parametrized as a function of jet pT and η .
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Finally, the Monte Carlo based corrections are validated using data with ‘in-situ’ measure-
ment [107]. This exploits the pT balance in processes such as γ/Z+jet. The calibrated jet pT

is compared to the pT of reference object (γ , Z) for which the calibration is independently es-
tablished. Figure 6.3 shows the ratio of jet pT relative to the pT of reference object, shown for
data and compared with two simulations using different Monte Carlo generators [111]. The data
- Monte Carlo difference is taken into account in the jet energy correction. In this calculation,
γ/Z+jet and multi-jet event was used. The uncertainty of jet energy scale is estimated from
several elements such as uncertainties of parameters in the Monte Carlo simulation, difference
between Monte Carlo generators, and comparisons between data and simulations. Jet energy
scale uncertainty in the 2015 data used for this analysis is summarized in Figure 6.4.
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Figure 6.3: Relative jet response for anti-kT (R = 0.4) jets with the EM+JES calibration
scheme [112].

6.2.4 JVT algorithm

The jet-vertex-tagger (JVT) algorithm is developed to distinguish pile-up jets from hard-scatter
jets, and optimized for R = 0.4 jets [113]. JVT is a discriminating variable calculated from like-
lihood of two quantities, corrJVF (equation 6.4) and RpT (equation 6.5). The variable corrJVF is
based on tracking information only, whereas RpT uses both tracking and calorimeter information.

The variable corrJVF is based on a similar variable JVF (jet vertex fraction) which was also
developed for identifying pile-up jets. It is defined as the scalar pT sum of tracks associated to
the jet and originating from the hard-scatter vertex, divided by the scalar pT sum of associated
tracks from all the vertices (hard-scatter and pile-up). The definition is illustrated in figure 6.5. In
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Figure 6.4: Fractional jet energy scale systematic uncertainty components for anti-kT (R = 0.4)
jets calibrated with the EM+JES scheme [112].

this simple configuration where there are two vertices and two jets, and if PV1 is the hard-scatter
vertex, JVF for jet1 is (1− f ) whereas JVF for jet2 (pile-up jet) is 0 when f is the fraction from
jet from PV2. The definition of corrJVF (equation 6.4) is modified from JVF in order to eliminate
the dependence on the number of pile-up vertices.

corrJVF =

∑
k

ptrkk
T (PV0)

∑
l

ptrkl
T (PV0)+

∑
n≥1

∑
l

ptrkl
T (PVn)

k ·nPU
trk

, (6.4)

where ∑k ptrkk
T (PV0) is the scalar pT sum of the tracks associated with the jet and originated from

the hard scatter vertex (PV0). ∑n≥1 ∑l ptrkl
T (PVn) is the pT sum of the associated tracks from the

pile-up vertices (PVn). The latter receives more contribution as the number of pile-up vertices
increases. The second term in the denominator is scaled by k · nPU

trk , where nPU
trk is the number of

pile-up tracks in the event and k is scaling factor with its value chosen to make the second term
approximately independent of the number of vertices. Figure 6.6(a) shows the distribution of
corrJVF for pile-up jets and hard-scatter jets.

The parameter RpT is the sum of associated tracks pT from the hard-scatter vertex normalized
by the jet pT measured with the calorimeter (equation 6.5). This is also a sensitive variable for
discrimination between pile-up and hard-scatter jets.

RpT =

∑
k

ptrkk
T (PV0)

p jet
T

. (6.5)
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Figure 6.5: Schematic view of the JVF principle [76].

(a)

pTR
0 0.5 1 1.5

N
or

m
al

iz
ed

 E
nt

rie
s

-410

-310

-210

-110

1

10

210

PU jets
HS jets

ATLAS Simulation Preliminary
Pythia8 dijets

 LCW+JES R=0.4tAnti-k
 < 30 GeV

T
| < 2.4, 20 < pη|

 30≤ Vtx N≤0 

(b)

Figure 6.6: The corrJVF (a) and RpT (b) distribution for pile-up jets (PU) and hard scattering jets
(HS) with 20 < pT < 30(GeV) [113].

Figure 6.6(b) shows the distribution of RpT for pile-up jets and hard-scatter jets.

The JVT variable is constructed from corrJVF and RpT using a 2-dimensional likelihood,
calculated by the k-nearest neighbor (kNN) algorithm [114]. For given values of corrJVF and
RpT , JVT is defined as the ratio of likelihood for hard-scatter jet divided by the sum of likelihoods
for hard-scatter and pile-up. The distribution of JVT is shown in figure 6.7. JVT = −0.1 is
assigned when there is no track associated to the jet. With the JVT discriminant, the pile-up fake
rate is suppressed to 0.4 %, 1.0 % and 3 % while keeping the efficiency to the jets from hard
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Figure 6.7: The JVT distribution for pile-up jets (PU) and hard scattering jets (HS) with 20 GeV<
pT < 30 GeV [113].

scattering at 80 %, 90 % and 95 %.

6.3 Large-R jet

Large-R jets are reconstructed by the anti-kT algorithm (see section 6.2.2) with the radius param-
eter R = 1.0. To remove the pile-up effect [115], a trimming procedure as described in Figure 6.8
is applied [116, 117]. Calo clusters are reclustered to subjets by kT algorithm [118, 119] (p =+1
in equation 6.1) with radius parameter, Rsub. Only subjets which have larger transverse momen-
tum than a fraction fcut of the parent jet momentum is used to make final trimmed jet. Rsub = 0.2
and fcut = 0.05 is used in this analysis. The value is chosen taking into account the pile-up study.
The above procedure is called grooming. Large-R jets are calibrated by local cluster weighting
(LCW) procedure [120] which corrects for the energy in the dead-material by simulation. The
large-R jet uncertainties such as jet energy scale (JES) and jet mass scale (JMS) are estimated
similarly to small-R jets.

6.4 Top tagging

A top tagging algorithm which is described in references [121,122] is used to identify large-R jets
from boosted top quarks. The top tagging algorithm uses two variables; the calibrated jet mass
mjetcalib and subjettiness ratio τ32.

The calibrated jet mass mjetcalib

The jet mass before calibration is defined by equation 6.6 with the energy Ei and the three
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Figure 6.8: Illustration of the jet trimming procedure [117].

(a) (b)

Figure 6.9: The distribution of mjetcalib (a) and τ32 (b) for Z′ → tt̄ and QCD multi-jet events
in 500 < pT < 1000 GeV bin. The mjetcalib distributions are obtained τ32 < 0.7 and the τ32
distribution for mjetcalib > 80 GeV [121].

momentum p⃗i of the ith jet constituent after grooming.

(mjetuncalib)2 =

(
∑

i
Ei

)2

−

(
∑

i
p⃗i

)2

. (6.6)

Then, mjetcalib is calculated by jet calibration procedure described in subsection 6.2.3. Dis-
tribution of mjetcalib is shown in figure 6.9(a) for top jets and QCD multi-jets. The top jet
distribution is characterized by a peak at the top mass, whereas QCD multi-jets tend to have
lower values.

N-subjettiness
The large-R jet hadronically decaying boosted top quark contains three sub-jets originating
from b and W → qq̄′. N-subjettiness τN is quantity showing how likely the jet has N sub-
jets. N-subjettiness for a jet with radius parameter R is defined by [123, 124]:

τN =
1
d0

∑
k

pTk ×min(δR1k ,δR2k ,δR3k , ...,δRNk), (6.7)

with
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• the transverse momentum pTk of the jet constituent k

• the distance δRik between the subjets i and the constituent k

• d0 = ∑k pTk ×R

N-subjettiness takes a small value when the number of sub-jets N is correctly assigned and
the directions of sub-jets are also precise. The kT algorithm is used to re-cluster the large-
R jet into a given number of N sub-jets. In order to reduce the effect of recoil from the
soft radiation, the ‘winner-take-all (WTA)’ recombination scheme is used [125]. The N-
subjettiness ratio τ32 = τ3/τ2 for N = 3 and 2 is found to be a good discriminating variable
for separating top jets from QCD multi-jets (more 2-jet like). Figure 6.9(b) shows the
distribution of τ32 for top jets and QCD multi-jets.

The top tagging is performed by applying cuts on mjetcalib and τ32. In this analysis, cuts are varied
as a function of pT to obtain a flat 80 % efficiency and maximum multi-jet rejection over the
relevant pT range. Figure 6.10 shows the top tagging efficiency and background rejection as a
function of jet pT .

Figure 6.10: Top tagging performance of efficiency and background rejection as a function of
jet pT for simulated Z′ → tt̄ events and QCD dijet production. The working point is used 80 %
efficiency [121].

6.5 Track-jet

Track-jets are used in this analysis for b-tagging. A track-jet is reconstructed from charged
particle tracks associated to the primary vertex. The reconstruction proceeds in two steps. In
the first step, tracks are required to satisfy tight requirements; pT > 0.5 GeV, |d0| < 1.5 mm,
|z0 sinθ |< 1.5 mm and have hits in the inner detector (≥ 1 hit in the pixel detector, ≥ 6 hits in the
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silicon strip detector) in order to reduce contributions from pile-up tracks. After jets are recon-
structed using the tight tracks and jet axis is also defined, a cone of pT dependent size is defined
around each jet axis and remaining tracks that are within the cone are included in the track-jet.
The second step is necessary to include tracks from secondary vertices which carry information
for b-tagging but may fail to satisfy the tight track requirements.

Track-jet has better angle resolution than calo-jet, and is not dependent on uncertainties orig-
inated from calorimeter cluster, hence is less affected from pile-ups. This allows track-jet to
use smaller-R than calo-jet even in dense environment. However, track-jet does not contain neu-
tral particles that have no tracks in the detector, track-jet energy is sum of the charged particles.
Therefore it has not good energy resolution as calo-jet (the pT is about 2/3 of calo-jet’s). Fig-
ure 6.11 and Figure 6.12 show the comparison between these two jet pT . In some analyses
track-jets are used to obtain a better measurement of jet direction by ghost-matching a track-jet
to the calo-jet [126, 127]. In this analysis, track-jet is used for identifying b-jets in the event
selection.

Figure 6.11: Calo-jet pT V.S. track-jet pT
Figure 6.12: Calo-jet pT V.S. track-jet pT , fitted
by quadratic function p0x2 + p1x+ p2.

6.6 Electron reconstruction

Electrons are reconstructed from the EM calorimeter cluster based on the energy deposit inside
the pseudo rapidity |η | < 2.47, then, tracks are matched to the cluster [128]. The fiducial re-
gion for electrons are defined to avoid the calorimeter crack region (1.37 < |η | < 1.52) for a
good energy measurement. The energy deposit are summed as a tower in each granularity of
the calorimeter, ∆η ×∆ϕ = 0.025× 0.025. A ‘seed’ of cluster is searched by a sliding-window
algorithm [129] from tower. The sliding window size is 3×5 in units of 0.025×0.025 in η ×ϕ
space. This algorithm is applied for the cluster with total transverse energy > 2.5 GeV. Using
the clustering algorithm [103], the clusters are formed around the seeds. This method provides
discrimination against multiple photon showers and precise estimation of the impact point.

Tracks are reconstructed either pattern recognition based on the pion hypothesis or track fit
based on the electron hypothesis. The pion hypothesis allows the energy loss in the detector ma-
terial up to 30 %, while electron hypothesis which uses the ATLAS Global χ2 Track Fitter [130]
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allows for larger energy loss. Taking into account for energy-loss, non-linear bremsstrahlung ef-
fects and the number of hits in the detector, the obtained tracks are matched to the EM clusters
based on η and ϕ information. Electron candidates are then reconstructed. The four-momentum
of the electron is determined, the energy is defined by the final calibrated energy cluster and its
direction is taken from the track best matched to the original seed cluster.

In order to ensure the electron coming from the primary vertex, the tracks are required to have
d0/σd0 < 5 and |z0 sinθ | < 0.5 mm, where the definition is shown in Figure 4.10. In addition,
the events that have hits in the calorimeter crack region 1.37 < |η |< 1.52 is removed for analysis
since Emiss

T (section 6.8) can not be reliably computed.

The electron identification is a likelihood-based method using the multivariate analysis (MVA)
technique [128]. This method uses the probability density functions of signal and background.
The discriminant dL for a given electron is:

dL =
LS

LS +LB
, (6.8)

where

LS(B)(⃗x) =
n

∏
i=1

Ps(b),i(xi). (6.9)

x⃗ is the discriminating variable value vector and Ps(b),i(xi) is the signal (background) probability
density function of the ith variable for xi. The definition of discriminating variables are: the
energy leakage on the HCAL, EM shower shape, track quality requiring the specified hits on the
tracker, the pixel, SCT and TRT. The hits requirement on the b-layer drops fake electron from
photon conversion. The requirement in the ratio of the number of high threshold hits to the total
number of hits in the TRT is used to identify electron tracks based on transition radiation.

There are three reference sets named loose, medium and tight corresponding to their back-
ground rejection power [129, 131]. In this analysis, the tight likelihood identification crite-
rion [132] was chosen, whose background jet rejection is about 50000.

Signal electrons are required to be isolated from other activities in order to reject backgrounds
such as electrons from photon conversion in hadron decays, electrons from heavy flavour hadron
decays, and light hadrons. There are two discriminating variables based on a calorimeter cluster
and tracks [128]. In this analysis, the latter is used, which defines a cone ∆R around the candidate
electron track from the primary vertex of the hard collision, and then requires the sum of the
transverse momenta of all tracks to satisfy quality requirements. Figures 6.13 show the combined
electron reconstruction and identification efficiencies in Z → ee candidates using tag-and-probe
method. Good efficiency is obtained except in the calorimeter transition region. The correction
factor to be applied for MC is calculated from the difference between MC and data.

6.7 Muon reconstruction

Muons are reconstructed by combining information from the inner detector and the muon spec-
trometer [133]. In the muon spectrometer, muon reconstruction starts from searching hit patterns.
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(a) (b)

Figure 6.13: The combined electron reconstruction and identification efficiencies as a function of
the transverse energy ET (a) and pseudorapidity η (b) in Z → ee candidates [128].

A Hough transform [134] is used to search trajectory in the bending plane of each MDT chamber
and nearby trigger chamber. After finding the hits in each station (MDT, RPC, TGC and CSC),
muon track candidates are built by fitting together with algorithm that performs a segment-seeded
combinations search. The search starts from the seed of the segments in the middle stations of
the detector where trigger hits are available, then extends the segments in outer and inner sta-
tion. The segments are selected by a criterion based on hit multiplicity and fitting quality (χ2),
and then matched using their positions. To build a track, at least two matching segments except
barrel-endcap transition region are required. The track candidates are defined if the χ2 fit satisfies
the selection criterion. In order to combine the muon tracks, various algorithms that are based on
the information from the inner detector, muon spectrometer, and calorimeters are used [133].

To select prompt muons against backgrounds mainly coming from pion and kaon in-flight
decays, several variables provide good discriminant. For example, following variables are used
for identifying muons.

• q/p significance, the ratio of the charge and momentum of the muons.

• ρ ′, the difference between the transverse momentum measurements in the inner detector
and muon spectrometer.

• χ2 of the combined track fit.

Furthermore, specified number of hits in the inner detector and the muon spectrometer are re-
quired; number of hits in the pixel ≥ 1, number of hits on the SCT ≥ 5, number of holes in the
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(a) (b)

Figure 6.14: Total reconstruction efficiency (a) and its uncertainty (b) for medium as a function
of muon pT in the Z → µµ and J/ψ → µµ decay events in the region of 0.1 < |η |< 2.5 [133].

pixel or the SCT < 3, at least 10 % of the TRT hits originally assigned to the track are included
in the final fit.

The selection criteria is defined as four categories for specific needs of each physics analysis.
In this analysis, medium identification criteria is used. This selection, the combined muon is
required to have ≥ 3 hits in at least two MDT stations, and extrapolated muon whose trajectory is
reconstructed in the muon spectrometer and originating from impact parameter is required to have
at least three MDT/CSC stations. In addition, q/p significance < 7 is required. Signal muons are
required to be isolated from other activities in order to reject backgrounds such as muons from
hadron decay, there are two discriminating variables (the same as electron,a calorimeter-based
and a track-based), a track-based isolation is used in this analysis. The reconstruction efficiency
and total uncertainty are shown in Figures 6.14.

The muon reconstruction efficiency is close to 99 % in the range of |η |< 2.5 for pT > 5 GeV.
The transverse muon momentum pT is corrected using the information from inner detector and
simulated muon, taking account for muon’s second-order effects [135,136]. The scale factor (MC
and data ratio) for reconstruction efficiency is measured by data and simulation ratio using a tag-
and-probe method based on Z → µµ and J/ψ → µµ events [136]. Figure 6.15 shows the muon
momentum scale and resolution that are obtained from reconstructed Z → µµ events [136].

6.8 Missing transverse energy (Emiss
T ) reconstruction

After all the objects are reconstructed, missing transverse energy (Emiss
T ) [137, 138] is computed

on the assumption of the momentum conservation in the transverse direction. In the ATLAS
detector, the Emiss

T is reconstructed from calibrated objects; electrons/photons, jets and muons.
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(a) (b)

Figure 6.15: µµ mass (a) and resolution (b) as a function of pseudo rapidity η of leading muon
obtained from Z → µµ [136].

The missing transverse energy Emiss
T is a negative vector sum of all objects given by:

E⃗miss
T =−∑ p⃗ e/γ

T −∑ p⃗ µ
T −∑ p⃗ jet

T −∑ p⃗ soft
T , (6.10)

here, soft term is constructed from inner detector tracks and tracks that are not associated to any
hard objects (reconstructed either by calorimeter-based methods or track-based methods). The
Emiss

T resolution as a function of ∑ET (scalar sum of objects ET ) is shown in Figure 6.16.
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Figure 6.16: The Emiss
T resolution as a function of ∑ET for Z → µµ event by simulation [139].



Chapter 7

Event Selection

According to the strategy described in Chapter 3, candidate events are selected with the following
procedure. As shown in Figure 7.1, tt̄ events with high-pT isolated lepton, small-R jet close to
the lepton, large-R jet with top-tagged far from leptonic decay top side, large missing transverse
energy, and at least one b-tagged track-jet are required.

Figure 7.1: The outline of the event selection from reconstructed objects.

7.1 Event selection from reconstructed objects

Events are required to passed good event criteria with stable colliding beams and good operating
conditions of relevant sub-detectors. After the requirement, the total luminosity is 3.2 fb−1.

Single lepton triggers

In order to collect events that have lepton plus jets, the events must pass either the single electron
or muon triggers. For the electron channel, the trigger requires ET > 18 GeV at the Level 1

57
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and ET > 24 GeV or 120 GeV at the High Level Trigger (HLT). For muon channel, the trigger
requires pT > 15 GeV at the Level 1 and pT > 20 GeV or 50 GeV at the HLT. In order to cover
the low efficiency in the high-pT region of Level 1 (mainly comes from the detector geometrical
acceptance), HLT trigger with loose isolation criteria is required [71]. The trigger performances
used in this analysis are shown in Figure 7.2 and Figure 7.3.
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Figure 7.2: Efficiency for single electron trig-
gers used in this analysis as a function of the of-
fline electron candidate’s transverse momentum
ET . The efficiency is measured using a tag-and-
probe method with Z → ee decays [140].
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Overlap Removal

Lepton identification and jets reconstruction are performed independently. A single particle can
be reconstructed as more than one objects. For example, high energy electron can also be recon-
structed as a high energy jet. Another example is a part of hadron jets misidentified as electrons.
In order to remove such objects overlap, one of the two objects of pT > 25 GeV is removed if it
satisfies the following conditions [26].

• If electron and jet are close within ∆R(jet,e)< 0.2, jets are removed, otherwise if ∆R(jet,e)<
0.4, electrons are removed.

• The muons with ∆R(µ, jet)< 0.04+10 GeV/pµ
T are rejected when the jet has at least three

tracks from the primary vertex, if not the case, the jet is rejected.

One lepton

Exactly one lepton (electron or muon) matched to the trigger is required. The lepton is re-
quired to have pT > 30 GeV for electron or pT > 25 GeV for muon, and satisfy the Loose
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isolation criteria [142] at 99 % efficiency. The scalar sum of transverse momenta of all tracks
(with pT > 1 GeV, enough hits in the inner detectors and |z0 sinθ | < 3 mm) in a cone of ∆R =
min

(
10 GeV/pℓT ,Rmax

)
around the lepton track originating from the primary vertex are used

(Rmax is 0.2 for the electron and 0.3 for the muon) [128,143]. The size of ∆R is tuned at different
pT ranges to get constant performance. Figure 7.4 shows the caption for the figures in the follow-
ing histograms. Figures 7.5-7.7 show the lepton pT , η and ϕ distribution. The light blue bands
indicate systematic uncertainties mentioned in Chapter 10.

Figure 7.4: The caption for the histograms.
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Figure 7.5: Lepton pT distributions, electron (left) and muon (right).

Small-R jet

At least one small-R jet (R = 0.4 calo-jet) with pT > 25 GeV and |η | < 2.5 is required. For
those jets with pT < 50 GeV and |η | < 2.4, it is required to pass the pile-up rejection criteria
|JV T | > 0.64 (section 6.2.4). The highest pT jet close to the lepton with ∆R(jet, lepton) < 1.5
(the same decay hemisphere to the lepton) is used for the reconstruction for semi-leptonially
decaying top quark. Figures 7.8–7.9 show the pT of the selected small-R jets and distance ∆R
from leptons, respectively.
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Figure 7.6: Lepton η distributions, electron (left) and muon (right).
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Figure 7.7: Lepton ϕ distributions, electron (left) and muon (right).

Figure 7.8: The small-R jet closest the lepton pT distributions, electron channel (left) and muon
channel (right).
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Figure 7.9: The distribution of distance ∆R between the lepton and the small-R jet closest to the
lepton, electron (left) and muon (right).

Large-R jet

A highly boosted hadronically decaying top is reconstructed as a large-R jet. It is reconstructed
by anti-kT algorithm with radius parameter R = 1.0 as described in section 6.2. At least one
large-R jet is required. It is required to have pT > 300 GeV (Chapter 3) and |η |< 2.0 and to pass
the top tagging described in section 6.4. It is also required to be separated from the lepton by
∆ϕ (large-R jet, ℓ) > 2.3 (close to backside), and from the small-R jet of leptonically decaying top
by ∆R(large-R jet, small-R jet) > 1.5 (not overlapped from each other). Figure 7.10 shows the pT

distributions of large-R jets.
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Figure 7.10: Large-R jet pT distributions, electron channel (left) and muon channel (right).
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Large missing transverse energy (Emiss
T )

Large missing transverse energy (section 6.8) corresponding to the neutrino from semi-leptonic
decaying top is required in this analysis.

Emiss
T > 20 GeV and Emiss

T +mT (W )> 60 GeV. (7.1)

Here, the W transverse mass mT is defined by:

mT =
√

2pℓT Emiss
T (1− cosϕ), (7.2)

where ϕ is the azimuthal angle between the lepton momentum and Emiss
T directions. This cut

is effective to remove W boson background which decays into neutrino and lepton, and these
criteria are required to suppress the multi-jet background [27]. Figure 7.11 show the distribution
for Emiss

T and Figure 7.12 shows the W transverse mass distributions, for electron channel (left)
and muon channel (right), respectively.
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Figure 7.11: Emiss
T distributions, electron channel (left) and muon channel (right).

b-tagging

The event is required to have at least one b-tagged small-R track-jet (anti-kT , R = 0.2) with
pT > 10 GeV and |η |< 2.5. The detail is described in Chapter 8, the multi-variate discriminant
named MV2c20 tagger is applied at the working point of 70 % efficiency of b-tagging for the
Standard Model tt̄ events [144]. The distribution of number of b-tagged track-jets before dropping
no b-tagged events is shown in Figure 7.13.

7.2 Event kinematics reconstruction

Using the reconstructed objects in the selected events, event kinematics are defined.
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Figure 7.12: W transverse mass distributions, electron channel (left) and muon channel (right).
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Figure 7.13: Number of b-tagged track-jets before dropping no b-tagged events, electron channel
(left) and muon channel (right).
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7.2.1 Neutrino reconstruction

The four-momentum of the neutrino in the semi-leptonic decay of the top is estimated from the
missing transverse energy and lepton momentum. The neutrino pν

T is regarded as equal to Emiss
T

of the event. Since it is impossible to measure longitudinal component of the neutrino momentum
pz directly, the constraint from the on-shell production of W boson with mass 80.4 GeV [1] is
considered to obtain the neutrino pν

z . Under the assumption that the missing energy due to the
neutrino and the lepton originate from the W boson decay, neutrino pν

z can be calculated by
solving the following quadratic equations.

(Eν)2 = (pν
T )

2 +(pν
z )

2, (7.3)

(MW )2 = (Eℓ+Eν)2 − (pℓT + pν
T )

2 − (pℓz + pν
z )

2 (7.4)

The solution is given by

pz =
(M2

W −M2
ℓ +2pℓT · pmiss

T )pℓz ±
√

D
2(Eℓ2 − pℓ2z )

, (7.5)

where,
D = Eℓ2((M2

W −M2
ℓ +2pz

ℓ · pmiss
T )2 −4(Emiss

T )2(Eℓ2 − pℓ2z )). (7.6)

If there is only one real solution, it is used as the pν
z solution. If there are two real solutions, the

one that is the smallest |pν
z | is chosen since it has better invariant mass of the tt̄ resolution [26,27].

If there is no real solution, the magnitude of Emiss
T vector is varied to have one solution.

7.2.2 Top mass and tt̄ mass reconstructions

Top mass

The leptonically decaying top mass is reconstructed by the four momentum of the small-R jet,
the lepton and the neutrino. Figures 7.14 and 7.15 show the top mass for the leptonic side and
hadronic side, respectively. The light blue bands indicate systematic uncertainties mentioned in
Chapter 10.

Invariant mass of top-antitop system mtt̄

After all event selections and object reconstructions finished, mass of the top-antitop system (mtt̄ )
is reconstructed. This is calculated from four-vector of the reconstructed objects;

m2
tt̄ = |Large-R jet+ small-R jet+ lepton+neutrino|2, (7.7)

where the neutrino is reconstructed as described in subsection 7.2.1. Figures 7.16 show the re-
constructed invariant mass mtt̄ distribution, electron channel and muon channel.
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Figure 7.14: The reconstructed top mass distribution for the leptonic side, electron channel (left)
and muon channel (right).
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Figure 7.15: The top mass distribution for the hadronic side, Large-R jet mass distributions, for
electron channel (left) and muon channel (right). When not so boosted topology, the large-R jet
did not contain b-jets in ∆R < 1.0 region, therefore it makes peak at the W mass (80.4 GeV).
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Figure 7.16: The invariant mass of the tt̄ system, electron channel (left) and muon channel (right).

Table 7.1: Angular distribution

Process Distribution
qq̄ →V 1+ cos2 θ ∗

gg → G 1− cos4 θ ∗

qq̄ → G 1−3cos2 θ ∗+4cos4 θ ∗

7.3 Reduction of Standard Model tt̄ events

The main background in the boosted channel especially in the high mass region is the Standard
Model tt̄ events whose topology is the same as that of signal. There is a difference however in
the angular distribution in the tt̄ center-of-mass frame reflecting the production mechanism and
the properties of the tt̄ resonance (e.g. spin). Figure 7.17 shows the cosθ distribution for qq → Z′

(spin 1), gg → G (spin 2) and the Standard Model tt̄ from the gluon fusion. Table 7.1 summarizes
the angular dependence for the signal processes [145,146]. The Standard Model tt̄ process of the
gluon fusion can be expressed as:

dσ̂gg→tt̄

d cosθ
=

πα2
s

9s
β
(
1+2β 2 −2cos2 θβ 2 −2β 4 +2cos2 θβ 4 − cos4 θβ 4) , (7.8)

where s is the center-of-mass energy squared, mt is the top quark mass, and β =
√

1−4m2
t /s is the

velocity of the top quark. While the Standard Model tt̄ distribution is strongly peaked to forward
and backward directions, the signal distributions are more central. The center-of-mass angle θ ∗ is
obtained from the laboratory system quantities. Figure 7.18 shows the kinematic variables in the
center-of-mass frame and the laboratory frame. Since the difference of rapidity of two particles
(2Y in the center-of-mass frame, and ∆y = y1 − y2 in the laboratory frame) is invariant under
longitudinal Lorenz boost, cosθ ∗ is given by:

cosθ ∗ =
1− e−(y1−y2)

1+ e−(y1−y2)
, (7.9)
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Figure 7.17: The cosθ ∗ distribution for various signals of initial states compared to the Standard
Model tt̄ .

Figure 7.18: The definition of the scattering angle θ ∗ and rapidity Y in the center-of-mass system,
and rapidity y in the laboratory system.
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here the relations Y = − ln(tan θ
2 ) and 2Y = y1 − y2 are used. Figure 7.19 shows the Monte

Carlo distribution of cosθ ∗ for the Z′ signal and background processes with the invariant tt̄ mass
window 1.6 < mtt̄ < 2.2 GeV. As expected, the Standard Model tt̄ is peaked to the small angle
while the Z′ signal is populated in the large angle region. Equivalent information of ∆y and

Figure 7.19: The center-of-mass angle cosθ distribution of top (with the invariant tt̄ mass window
is 1.6 < mtt̄ < 2.2 GeV).

Figure 7.20: The center-of-mass angle ∆y distri-
bution of top (with the invariant tt̄ mass window
is 1.6 < mtt̄ < 2.2 GeV).

Figure 7.21: The center-of-mass angle ∆η distri-
bution of top (with the invariant tt̄ mass window
is 1.6 < mtt̄ < 2.2 GeV).

similar quantity using pseudo-rapidity ∆η are shown in Figure 7.20 and Figure 7.21. In this
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analysis a cut on ∆η is used. The cut value

|∆η |< 2.0

is optimized by maximizing the sensitivity:

Sensitivity =

√
nbins

∑
i=0

(
si

si +bi

)2

. (7.10)

Figure 7.22 and Figure 7.23 show a comparison of mtt̄ distribution with and without the |∆η | cut.
The background is reduced by a factor of ∼ 2, while the signal is very little affected (the sensitivity
is higher about 10 % than nominal). This cut is also effective to reduce another background
contributions.

Figure 7.22: The mtt̄ shape before (left) and after (right) applied ∆η > 2.0.
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Figure 7.23: The ratio before(new)/after(nominal) ∆η > 2.0 applied, background (left) and signal
(right). The background can be reduced to the half in this cut though the signals remain.



Chapter 8

b-tagging study

Top quark decays into a b quark and a W boson. In order to reject background events not contain-
ing b-quark-induced-jets (b-jets), identification of b-jets, b-tagging is applied in this analysis as
mentioned in Chapter 7. Since a B-hadron has relatively long lifetime of τ ∼ 1.5 ps, its average
decay length is < Lxy >= βγcτ ∼ 6.4 mm. Therefore, a secondary vertex can be reconstructed
at a certain distance from the primary vertex and a large impact parameter, which is the distance
of closest approach between the extrapolated track and the primary vertex, is expected. The
b-tagging algorithm is based on the information of the impact parameters of the inner detector
tracks associated with the jets, the secondary vertices and the reconstruction of the decay chain.

8.1 Flavour tagging algorithm – MV2c20

In this study, an ATLAS b-tagging algorithm named MV2c20 is employed, which is based on
the multi-variate technique. The MV2c20 uses the combination of 24 input variables from three
basic algorithms; impact parameter based algorithms, inclusive secondary vertex reconstruction
algorithms and decay chain multi-vertex reconstruction algorithms [147]. The algorithms are
developed using tt̄ events that contain at least one lepton from a subsequent W decay.

Impact parameter based algorithm
The impact parameter based algorithm uses the transverse and longitudinal impact param-
eter significances d0/σ(d0) and z0/σ(z0) of all the tracks associated with the jet where
σ(d0) and σ(z0) are the resolution of the transverse and longitudinal impact parameters,
respectively [148].

Secondary Vertex Finding algorithm
Secondary vertex finding algorithm uses the information of the reconstructed secondary
vertices displaced from the primary vertex. The secondary vertex is reconstructed from
the steps that start from reconstructing two-track vertices except those originating from a
long-lived particle, such as K0

s or Λ, photon conversions or hadronic interactions with the
detector material.
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Decay chain multi-vertex algorithm
Decay chain multi-vertex algorithm uses the topological structure of weak b- and c-hadron
decays inside the jet [149, 150]. This algorithm reconstructs the hadron decay chain using
Kalman Filter; chasing tracks from primary vertex→ b → c-hadron.

For constructing the MV2c20 discriminant, a boosted decision tree (BDT) is trained to perform
discrimination of b-jets from a mixture of 80 % light-flavour and 20 % c-jets. Figure 8.1(a) shows
the output distribution of the MV2c20 for b (green), c (blue) and light (red) flavour jets. From
this distribution, the cut corresponding to 70 % efficiency for b-jets (in this analysis, MV2c20
> −0.3098) is chosen as the default b-tagging criterion, the cut is determined from a separate
Monte Carlo data of tt̄ events. The tagging efficiency with this MV2c20 cut to each jet flavour
is shown in Figure 8.1(b). Figure 8.2 shows the performance of the light-jet and c-jet rejection
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Figure 8.1: The MV2c20 output for each flavour jets (a) and the tagging efficiency to each flavour
jets for MV2c20 as a function of pT (b) in tt̄ event [147].

as a function of the efficiency to b-jets. In this figure, output of another algorithm MV2c00 ??
are shown, too. MV2c00 is trained only for light jets rejection, thus c-jet rejection by MV2c00 is
low.

8.2 b-tagging for boosted tt̄ resonance search

In the tt̄ event topology as described in Chapter 7, a signal event have two b-jets, one is a de-
cay product of the semi-leptonically-decaying top (t → Wb → ℓνb) and the other comes from
the hadronically-decaying top (t → Wb → qq̄′b). Since the former is isolated from the other
jets, the performance of b-tagging study is well established. On the other hand, b-jet from the
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Figure 8.2: The light-jet (a) and c-jet (b) rejection as a function of b-tagging efficiency for the
MV2c20 b-tagging algorithm in tt̄ events [147].

hadronically-decaying top is overlapped with other hadron jets from the subsequent W decay. In
such ‘dense’ environment [151], several problems arise as described in the following.

The b-tagging efficiency for anti-kT calo-jet with radius parameter R= 0.4 (which is Standard
in Run1 analysis) in the Standard Model tt̄ is shown in Figure 8.3. In the figure, the color shows
difference mass point (mZ′ = 1.75 TeV and 4 TeV). Compared to the leptonic top side the perfor-
mance is worse in the hadronic side. Furthermore, it becomes worse in the high mass Z′, that is,
in the high pT hadron jets (Figure 8.4). This can be explained as follows. First, b-tagging algo-
rithm uses only information from tracks. Calo-jet is reconstructed from clusters. For b-tagging,
the tracks associated to the calo-jet are used (Figure 8.5, left). Charged-particle’s tracks from
b-hadron and light-flavour jets from W → qq̄ are overlapped inside the large-R jet cone, which
leads to mis-identification of the tracks from the b-hadron in the b-tagging algorithm. For effi-
cient b-tagging, both capturing the tracks from B-hadron and good approximation of B-hadron
direction by the jet axis are needed. But those two are compromised in the dense environment.
These problems are mitigated by the use of small-R track-jet. Track-jet which explicitly origi-
nated from the primary vertex in reconstruction has an advantage on applying b-tagging in such
environment (Figures 8.5 and 8.6).

8.2.1 b-tagging performance comparison

The performances of b-tagging algorithm using jets with several radius parameters R = 0.2, 0.3
and 0.4 are studied with the signal MC samples (Figure 8.7). The efficiency of the b-tagging to
events after event selection (Chapter 7) except b-tagging requirement is evaluated as a function
of b-quark pT using jets with R = 0.2, 0.3 and 0.4. The jet flavours are known by truth matching
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Figure 8.3: The b-tagging rate at combined, leptonic and hadronic side using Z′ → tt̄ sample.
The b-tagging working point is 70 %.

in the simulation. Figure 8.7(b) shows the comparison of b-tagging efficiency to b-quarks from
the hadrnoically-decaying top with different size of R in the Z′ signal of mass = 4 TeV. Bet-
ter performance is found with smaller R, and the best result with the track-jet. In comparison
with the b-tagging performance to isolated b-quarks from the leptonically-decaying top shown
in Figure 8.7(a), comparable performance in the dense environment can be achieved in the case
of the track-jet with R = 0.2, as shown in Figure 8.7(b). As shown in Figure 8.8, the b-tagging
performance is relatively improved by 30 ∼ 40 %, by using a new method, track-jet with R = 0.2.

8.2.2 Calibration of the b-tagging efficiency

The potential difference between data and simulation in the b-tagging efficiency is taken into
account by scale factor, which has been estimated by the independent sample requiring isolated
b-jet in the event. The scale factor is then tested in the main analysis sample dominated by the tt̄
events. Possible contribution of the tt̄ resonance signal can be ignored because the scale factor is
the ratio of efficiency in data and Monte Carlo that is also derived from the ratio of tagged and
pretagged events.

The data and simulated samples after the event selection (Chapter 7) except b-tagging re-
quirement are used. To enhance the purity of the b-jets in selected events, a tag and probe method
is performed; when seeing the leptonic (hadronic) side, the existence of at least one b-tagged
R = 0.2 track-jet in the hadronic (leptonic) side is required as a tag. Then, the b-enriched sample
is obtained on the other side (probe). The b-tagging efficiency is then calculated as a function
of pT of the closest jet to the lepton (leptonic top) or large-R jet (hadronic top), where a new
b-jet component is subtracted by using the Monte Carlo predictions (denoted as ‘non-tt̄’ in equa-
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(a) (b)

Figure 8.4: b-tagging efficiency with R = 0.4 calo-jet as a function of pT for Z′ mass (a) 1.75 TeV
and (b) 4 TeV.

Figure 8.5: The concept of the b-tagging between calo-jet and track-jet.
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Figure 8.6: The concept of the difference b-tagging between calo-jet and track-jet

(a) (b)

Figure 8.7: b-tagging performance (a) for isolated b-jets as a function of pT in the tt̄ leptonic side
and for (b) dense environment, hadronic side from Z′ of mass 4 TeV.
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Figure 8.8: The b-tagging efficiency comparison between track-jet with R = 0.2 (new method)
and calo-jet with R = 0.4 (old method in Run1) in the hadronic side.

tion 8.1).

b-tagging efficiency (event fraction) =
b-tagged−b-tagged non tt̄

pre-tagged−non-tt̄
. (8.1)

Figure 8.9 and Figure 8.10 show the b-tagging efficiency and ratio of the data/MC when applying
the b-tagging scale factor. In conclusion, the b-tagging scale factor estimated by the isolated b-jet
is applicable to the b-jet in the dense environment.
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Figure 8.9: b-tagging efficiency and data/MC when applying b-tagging scale factor at the leptonic
side.
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Chapter 9

Data driven estimation of backgrounds

Since the simulation does not perfectly reproduce data, W+jets and QCD multi-jet background
components are estimated using data. This method is established in Run1 analysis [26, 152] and
optimized for Run2 implemented in [153–155]. In fact, the QCD multi-jet background is very
small component especially in this boosted regime, ∼ 0.03%, as shown in Chapter 11.

9.1 W+jets background

W+jets background normalization is estimated by a data driven method since its production rate
and flavour fractions are not well described in simulation. This method exploits the large asym-
metry in the production rate of W+ and W− in proton-proton collisions since there are more
valence u quarks than d quarks. The charge asymmetry of W is estimated by Monte Carlo sim-
ulations more reliably than the production rate. The number of W+jets events in the data can be
obtained by:

NData,W = NData,W+ +NData,W− =

(
NMC,W+ +NMC,W−

NMC,W+ −NMC,W−

)
(D+

asym −D−
asym)

=

(
rMC +1
rMC −1

)
(D+

asym −D−
asym). (9.1)

Here, rMC = NMC,W+/NMC,W− is the ratio of number of W+jets events with a positive charged lep-
ton to that with a negative charged lepton, and is calculated using SHERPA simulation [156,157].
D+(−)

asym is the number of observed events with a positive (negative) charged lepton, corrected for
contributions from charge asymmetric processes other than W+jets, e.g. single top, W or Z, by
subtracting the estimated amount by simulation. In the difference (D+

asym −D−
asym), charge sym-

metric contributions such as tt̄ are cancelled and only the number for W+jets events is retained.
The scale factor is obtained as the ratio of NData,W and NMC,W.

In order to reduce the statistical uncertainty in the scale factor estimation, the normalization
region, where the W+jets events are enhanced, is defined by the event selection criteria but without
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requiring the b-tag and requiring that the event fails the top tagging. The scale factors obtained
are used for correcting the Monte Carlo estimation of W+jets background in the signal region.
The value of the scale factor is 0.82±0.18 for the electron channel and 0.73±0.12 for the muon
channel.

9.2 QCD backgrounds

The simulation of the background events involving non-prompt leptons and jets misidentified as
leptons, mainly originating from QCD multi-jet production, suffers from large systematic and
statistical uncertainties. The QCD multi-jet contribution is estimated using data by the Matrix
Method [158, 159]. It exploits the fact that loose leptons contain more fakes from QCD multi-jet
than tight leptons. The number of loose leptons NL can be divided into the numbers of prompt
leptons and fake leptons.

NL = Nprompt +NQCD. (9.2)

The number of tight leptons NT can be given by:

NT = ε ×Nprompt + f ×NQCD, (9.3)

where ε ( f ) is the probability of prompt (non-prompt) leptons passing the loose criteria and also
satisfies the tight criteria. By solving the equations 9.2 and 9.3, f ×NQCD is obtained as:

f ×NQCD =
(ε −1) f

ε − f
NT +

ε f
ε − f

NA, (9.4)

where NA is the number of events with anti-tight lepton selection (NA = NL −NT ).

The value of ε is calculated using MC samples of tt̄ events. The value of f is obtained using
data. A QCD enriched sample containing loose leptons is selected with the requirements of no
isolation, Emiss

T < 20 GeV and Emiss
T +mT,w < 60 GeV. For the electron channel, d0 < 5 mm is

required while d0 < 3 mm for the muon channel. By applying the tight selection, NT is calculated.
The f is obtained as NT/NL after subtracting the small Nprompt contribution using MC simulation.

The QCD background in the tt̄ event selection is calculated using equation 9.4 with NT and
NA in the signal region. A systematic uncertainty of 50 % is assigned, including that arising from
MC subtraction.



Chapter 10

Systematic Uncertainties

To evaluate the results of this study, the following systematic uncertainties that can change the
normalization and shape of mtt̄ distribution are considered.

Experimental uncertainties

The total uncertainty in the luminosity in 2015 dataset is 2.1 %, which depends on the calibra-
tion of the luminosity scale, and this is applied as a constant shift of the normalizations of the
simulated events. It is estimated by the method in reference [66] for Run2 2015 data.

10.1 Uncertainties on the reconstructed objects

For the physics objects described in Chapter 6-7, the relevant quantities for the objects are shifted
to by the amount of associated systematic uncertainty to evaluate the effects on the normalization
and shape of the reconstructed mtt̄ distribution.

Leptons

For the electron or muon in the events, the trigger, reconstruction and identification efficiencies as
well as the resolution and scale of the momentum are accounted for the systematic uncertainties.

Small-R jets

The jet energy scale uncertainties and jet energy resolution uncertainty for R = 0.4 jets which are
discussed in section 6.2 are considered. The jet energy resolution (JER) uncertainty is estimated
by smearing the nominal JER by the observed differences in JER between MC simulation and data
measured using in-situ technique extrapolated to Run2 at

√
s = 13 TeV from Run1 at

√
s = 8 TeV.

The jet energy scale is also derived from
√

s = 8 TeV and extrapolated to
√

s = 13 TeV [107]. The
estimated uncertainty is symmetrized and used as an input to the fit.
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Large-R jets

The uncertainty such as jet mass and τ32 coming from the top-tagging described in section 6.4 is
also considered. They are derived from

√
s = 8 TeV [160] and uncertainties are extrapolated to√

s = 13 TeV.

b-tagging of the track-jets

Taking account on the correlation and over-profiling, the uncertainties are broken down into
eigenvector: 6, 4 and 12 eigen vectors for each b-, c-, light- flavor quarks respectively, and 2
eigenvectors specifically for the extrapolation of the scale factor in high pT are considered. In the
high pT region, flavours are correlated. c- and light- flavour had very small impact on the result.

10.2 Uncertainties on the background estimations

Uncertainties for tt̄ background

The tt̄ cross section is calculated from NNLO+NNLL theory [161]. It is σtt̄ = 832+46
−52 pb for a

top quark mass of 172.5 GeV. The tt̄ generator uncertainty, accounting for the difference between
generator implementations for the hard processes, is evaluated by comparing the acceptance and
shape between POWHEG+HERWIG and MCNLO+HERWIG [162–167]. The uncertainty of
the electroweak correction of the loop factor (Sudakov corrections [168]) is estimated to be 10 %
of their deviation from unity [154].

The cross section is shifted by Parton distribution function (PDF) variation uncertainty. Ac-
cording to the recommendation from PDF4LHC [169], the PDF and αs uncertainties are calcu-
lated [95, 96, 96, 101, 170].

For the ISR/FSR uncertainty estimation, the set of POWHEG + PYTHIA6 are used as
shape comparison between nominal set and other modified sets which modified shower radiation,
factorization and renormalization scale (×2 and ×0.5) and NLO radiation for QCD [171–173].

Uncertainties for single top background

The cross-section uncertainty is regarded as ±5.3 % [174], corresponding the theoretical uncer-
tainty on NNLO in QCD [175–177].

10.3 Impact of the systematics

The estimated impact of the uncertainties in the electron and muon channels are shown in Ta-
ble 10.1. The effect of the systematic uncertainties on the mass spectra and differences between
electron and muon channels are shown in Appendix 12 and Appendix 12, respectively.
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Table 10.1: Systematic impact on the background yields in each channel, in percentage values.

Systematics Electron channel Muon channel
large-R jet 16 16
small-R jet 1.0 0.8

b-tagging eff 1.4 1.6
b-tagging c mistag 0.6 0.6

b-tagging light mistag 1.3 0.9
lepton 1.5 1.5

luminosity 2.0 2.0
Emiss

T 0.1 0.1
QCD 0.0 0.0

single top cross section 0.3 0.2
tt̄ electroweak correction 0.0 0.0

tt̄ generator 5.4 1.7
tt̄ ISR/FSR 1.8 4.1

tt̄ PDF 1.5 1.7
tt̄ parton shower 5.8 11.4
tt̄ cross section 5.4 5.4

W+jets 0.0 0.0
Total 18.8 21.1





Chapter 11

Results and Discussion

The number of data events observed after the event selection is summarized in Table 11.1 (elec-
tron channel) and Table 11.2 (muon channel) together with the expected background yields from
the Standard Model processes considered. Figure 11.1 shows the distribution of reconstructed

Table 11.1: Event yields for the electron boosted channel. Uncertainties on background estima-
tion are also shown.

Type Yield
tt̄ 3214 ± 626

W+jets 197 ± 47
single top 173 ± 34

Z+jets 28 ± 11
multi-jet 1.0 ± 0.5
diboson 46 ± 11

Total 3658 ± 689
Data 3531

Table 11.2: Event yields for the muon boosted channel. Uncertainties on background estimation
are also shown.

Type Yield
tt̄ 3136 ± 697

W+jets 199 ± 43
single top 166 ± 33

Z+jets 27 ± 11
multi-jet 0.9 ± 0.5
diboson 37 ± 8

Total 3566 ± 752
Data 3222
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86 11.1 RESULTS AND DISCUSSION

invariant mass of tt̄ system (mtt̄ ). The data are in good agreement with the background predic-
tions within the statistical and systematic uncertainties, and no significant data excess in a way as
expected from the production of a tt̄ resonance is observed. In the following sections, limits are
set on the cross-section of tt̄ resonance production.
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Figure 11.1: The invariant mass of tt̄ distribution, electron channel (left) and muon channel
(right).

11.1 Limit setting

Limits on the production cross-section of signal are computed by a frequentist approach using
the CLs method at the 95 % confidence level (CL) [178–180]. This method is based on the
comparison of two hypotheses: background only and background+signal.

11.1.1 Profile likelihood

The likelihood function for a specific signal assumption is defined using Poisson probability for
the observed number of events and Gaussian probability describing the constrains on the system-
atic uncertainties associated with the signal and background yields:

L(µ,Θ) =
channels,bins

∏
i=0

Poisson(ni|νi)Gauss(Θ), (11.1)
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where νi is the expected number of events in bin i of the mtt̄ histogram, expressed as

νi = µ · si ·Cs(Θ)+bi ·Cb(Θ) (11.2)

The parameter µ is the relative signal strength with respect to the assumed tt̄ resonance cross-
section. Expected signal and background yields are si and bi, respectively. C(Θ) represents
the shift of expected yield due to systematic effects parameterized as a function of nuisance
parameters Θ. The signal yield si is defined by:

si = aiσsigBr(tt̄) ·L, (11.3)

where the ai is the signal acceptance for bin i, σsig is the production cross-section for the reso-
nance, Br(tt̄) is the branching fraction to tt̄ and L is the integrated luminosity of the data sam-
ple [154, 181, 182]. The Poisson probability for observing ni events in bin i is given by:

Poisson(ni|νi) =
νnie−νi

ni!
. (11.4)

Variation of nuisance parameters, generically represented by Θ, is constrained by the Gaussian
probability,

Gauss(Θ|0,σ) =
1√

2πσ
exp
(
− Θ2

2σ2

)
. (11.5)

here σ is the 1-sigma variation of parameter Θ.

The profile likelihood ratio Λ(µ) is defined by:

Λ(µ) =


L(µ, ˆ̂Θ(µ))

L(0,Θ̂)
(µ̂ < 0),

L(µ, ˆ̂Θ(µ))
L(µ̂,Θ̂)

(µ̂ ≥ 0).
(11.6)

where ˆ̂Θ(µ) is the value of Θ that maximize L for a given value of µ . In the denominator, µ̂ and
Θ̂ are the values that maximizes the Likelihood, i.e. the best fit values of µ and Θ. In the case of
negative µ̂ , it is forced to 0 which is the best value under the condition of zero or positive signal
strength for the tt̄ resonance production [180].

11.1.2 Test static

The test static q̃µ is defined by equation 11.7,

q̃µ =

{
−2lnΛ(µ) (µ̂ ≤ µ)
0 (µ̂ > µ) =


−2ln L(µ, ˆ̂Θ(µ))

L(0,Θ̂)
(µ̂ ≤ 0),

−2ln L(µ, ˆ̂Θ(µ))
L(µ̂,Θ̂)

(0 ≤ µ̂ ≤ µ),

0 (µ̂ > µ).

(11.7)
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This represents the increase of −2lnL(µ) with respect to the minimum value −2lnL(µ̂) under
the constraint of 0 ≤ µ̂ ≤ µ . The upper bound on µ̂ is imposed to ensure a one-sided confidence
interval, i.e. an upward fluctuation of the data giving a large value of µ̂ is not used as an evidence
against a smaller value of µ being tested, which can lead to a two-sided confidence interval (an
accidental discovery).

11.1.3 Limit on µ

For a given value of µ , using the pdf’s of q̃µ , f (q|µ,Θ), for two hypothesis, background only
(µ = 0) and background+signal, p-values are calculated:

pµ =
∫ ∞

q̃µ ,obs
f
(
q̃µ |µ,Θ̂µ,obs

)
dq̃µ (signal+background) (11.8)

1− pb =
∫ ∞

q̃µ ,obs
f
(
q̃µ |0,Θ̂0,obs

)
dq̃µ (background only). (11.9)

The value CLs is defined by the ratio these p-values:

CLs =
pµ

1− pb
. (11.10)

For the experimental data, the value of CLs is calculated as a function of µ and the value of µ
which gives CLs = 0.05 is defined as the limit of µ at the 95 % confidence level. It is used as
a robust procedure to avoid an accidental exclusion of background only hypothesis. TRexFit-
ter [183], RooStats [184] and RooFit [185] were used to perform this limit setting procedure. The
limit on cross-section times branching ratio is defined by µσsigBr(tt̄).

11.1.4 Limits on Z′ signal

The expected and observed limits at the 95 % CL on the cross-section times branching ratio of
the Z′

TC2 signal are shown in Figure 11.2 as a function of mZ′ . Signal points used in this study
are, mZ′ = 400 GeV, 500 GeV, 750 GeV, 1 TeV, 1.25 TeV, 1.5 TeV, 1.75 TeV, 2 TeV, 2.25 TeV,
2.5 TeV, 2.75 TeV, 3 TeV, 4 TeV and 5 TeV as shown in Table 5.2 in Chapter 5. The dashed
line shows expected limits when no signal is in data. The green and yellow bands show the
±1σ (68 %) and ±2σ (95 %) ranges, respectively. The red dots are the observed limits. Values
of cross-section times branching ratio greater than ∼ 0.1 pb are excluded for the production of
Z′ scenario. The red lines show the cross-section times branching ratio for Z′, corrected for k-
factor 1.3 presenting the QCD correlation factor LO to NLO. Two values of resonance width are
considered, Γ/mZ′ = 1.2 % and 3.0 %. From a comparison with the cross-section limit, mass
range of Z′ in 0.7 - 2.4 TeV and 0.5 - 3.0 TeV are excluded at the 95 % CL for the assumed
resonance width of 1.2 % and 3.0 %, respectively. The mtt̄ distributions after profiling of the
nuisance parameters are shown in Figure 11.3. The fitting results of nuisance parameter impact
on fitting is shown in Appendix 12.
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Figure 11.2: The 95 % CL limits on the cross-section times branching ratio of the Z′
TC2 signal

using observed data.
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Figure 11.3: mtt̄ distributions after fitting with the profiling of the nuisance parameters for the
electron (left) and muon (right) channels.
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11.1.5 Limits on KK graviton signal

The 95 % CL limits on the cross-section times branching ratio for KK graviton are obtained as
shown in Figure 11.4. Signal points used in this study are; mKK = 500 GeV, 750 GeV, 1 TeV,
1.5 TeV, 2 TeV and 3 TeV, 4 TeV as shown in Table 5.3. The values are similar to those for Z′

limits, but the slight difference reflects the acceptance difference arising from different angular
distributions (spin 1 and spin 2). Theoretical cross-section times branching ratio is shown as
the red curve. The cross-section times branching fraction larger than 2 times the model value is
excluded for mKK = 1.0 TeV and 3 times for mKK = 0.75 TeV.
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Figure 11.4: The 95 % CL limit on the cross-section times branching ratio of the KK graviton
signal.

11.1.6 Comparison with the latest results from another experiment

In this year 2016, the ATLAS and CMS made public the results using the 2015 data almost at the
same time [154, 186], this section describes how it was in the CMS search. Using the integrated
luminosity 2.6 fb−1, the CMS set limits at 95 % CL on the production of new particle with semi-
leptonic channel. Top-color Z′ excluded 0.6 TeV < mZ′(Γ/m) = 1 % < 2.3 TeV (Figure 11.5),
0.5 TeV < mZ′(Γ/m) = 10 % < 3.4 TeV and 0.5 TeV < mZ′(Γ/m) = 30 % < 4.0 TeV.

Slightly better result of Figure 11.2 was obtained than that of CMS’s, though they are similar
taking account of systematics. The detector of ATLAS and CMS are built in different principle
then the procedure of object reconstruction is also different with each other. The systematics esti-
mation in ATLAS analysis is more conservative than that of CMS’s (e.g. the multi-jet background



11.1 RESULTS AND DISCUSSION 91

is neglected in CMS analysis). No excess was found in both analyses.
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Figure 11.5: The 95 % CL limit on the cross-section times branching ratio of the Z′ with Γ/m =
1 % signal [186].





Chapter 12

Summary and conclusion

In spite of the completeness of the Standard Model predictions by the Higgs boson discovery,
some phenomena can not be explained by current model and beyond the Standard Model physics
is considered. For example, the large discrepancy between GUT or Plank scale and the elec-
troweak scale called the hierarchy problem, and several models that solve the problem are ex-
pected. These models such as top-color model and extradimension model predict new particles
that decaying into tt̄. Usually, the search is performed by searching excess on the invariant mass
of the tt̄ spectrum, and high mass search is needed.

This study was performed for searching new heavy particles that decay into tt̄ with the center-
of-mass energy

√
s = 13 TeV in the LHC-ATLAS experiment. The dataset corresponding to an

integrated luminosity of 3.2 fb−1 was used. Using the boosted technique, the search required
the lepton+jets channel where W form a top decays leptonically and the other hadrninally. The
hadronically decaying top can be regarded as large-R jet. The events must pass the single lepton
trigger, have exactly one lepton, large-R jet with top-tagged, small-R jet, missing energy (Emiss

T
) and at least one b-tagged with track-jet of R = 0.2. The large-R jet uses trimming algorithm
to suppress pile-up effects and subjets are reclustered with kt algorithm. The top tagging uses
both invariant mass of the jet and N-subjettiness ratio τ32 to reject multi-jet background. The
previous search used R = 0.4 calo-jet for b-tagging, but there were problems with low efficiency
in the hadronic side. Using the smaller radius jet made from R = 0.2 track-jet, higher b-tagging
efficiency (about 30 % improved) was obtained in spite of such dense environment. In addition,
applying the new cut variables related to the center-of-mass angle, the dominant background, the
Standard Model tt̄ were reduced to half whereas the signals remained (about 10 % improved).

No evidence for new physics has been observed in the tt̄ invariant mass spectra. Upper limits
on the cross-section times branching ratio have been set for new particles. From a comparison
with the model cross-section, mass of Z′ was excluded in the range mZ′ < 2.4 TeV for Γ/m =
1.2 % and mZ′ < 3 TeV for Γ/m= 3 %. For KK graviton, cross-section times branching fraction 2
times the model value or larger was excluded for mKK = 1.0 TeV and 3 times for mKK = 0.75 TeV.
By the end of Run2, the total integrated luminosity will be 100 fb−1, the search sensitivity will
reach the KK graviton.
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Appendix A
Systematic uncertainties plots

The effect of the systematic uncertainties on the mass spectra of total background is shown in
Figures A.2–A.31. They show the systematic shifts with the nominal spectrum with “up” and
“down” variations.

A–1



0 1000 2000 3000 4000 5000 6000

 E
ve

nt
s

3−10

2−10

1−10
1

10

210

310

410

510

610

710 tt
W+jets
single top
Z+jets
multi-jet
diboson
akt10 run 1 up smooth
akt10 run 1 up
akt10 run 1 down smooth
akt10 run 1 down

  
-1

 L dt = 3.2 fb∫
e channel

 mass of the top-antitop system [GeV]
0 1000 2000 3000 4000 5000 6000N

om
in

al
A

ny

0.8
1

1.2

(a) Boosted JES, run 1 extrapolation, e+jets channel.
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(b) Boosted JES, run 1 extrapolation, µ+jets channel.
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(c) Boosted JES, cross-calibration, e+jets channel.
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(d) Boosted JES, cross-calibration, µ+jets channel.

Figure A.2: Effect of various systematics before and after smoothing for electron (left) and muon
(right) channels.
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(a) ISR/FSR, e+jets channel.

0 1000 2000 3000 4000 5000 6000

 E
ve

nt
s

3−10

2−10

1−10
1

10

210

310

410

510

610

710 tt
W+jets
single top
Z+jets
multi-jet
diboson
ISR/FSR(up) smooth
ISR/FSR(up)
ISR/FSR(dw) smooth
ISR/FSR(dw)

  
-1

 L dt = 3.2 fb∫
 channelµ

 mass of the top-antitop system [GeV]
0 1000 2000 3000 4000 5000 6000N

om
in

al
A

ny

0.8
1

1.2

(b) ISR/FSR, µ+jets channel.
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(c) JER , e+jets channel.
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(d) JER , µ+jets channel.
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(e) JES component 1, e+jets channel.
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(f) JES component 1, µ+jets channel.

Figure A.3: Effect of various systematics before and after smoothing for electron (left) and muon
(right) channels.
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(a) JES component 2, e+jets channel.
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(b) JES component 2, µ+jets channel.
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(c) JES component 3, e+jets channel.
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(d) JES component 3, µ+jets channel.
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(e) Monte Carlo generator, e+jets channel.
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(f) Monte Carlo generator, µ+jets channel.

Figure A.4: Effect of various systematics before and after smoothing for electron (left) and muon
(right) channels.
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(a) Electron resolution, e+jets channel.
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(b) Electron resolution, µ+jets channel.
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(c) Electron energy scale, e+jets channel.
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(d) Electron energy scale, µ+jets channel.
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(e) Muon resolution (inner detector), e+jets channel.
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(f) Muon resolution (inner detector), µ+jets channel.

Figure A.5: Effect of various systematics before and after smoothing for electron (left) and muon
(right) channels.
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(a) Muon resolution (muon spectrometer), e+jets chan-
nel.
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(b) Muon resolution (muon spectrometer), µ+jets chan-
nel.
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(c) Muon momentum scale, e+jets channel.
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(d) Muon momentum scale, µ+jets channel.
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(e) Parton shower, e+jets channel.
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(f) Parton shower, µ+jets channel.

Figure A.6: Effect of various systematics before and after smoothing for electron (left) and muon
(right) channels.
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(a) Emiss
T 1, e+jets channel.
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(b) Emiss
T 1, µ+jets channel.
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(c) Emiss
T 2, e+jets channel.
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(d) Emiss
T 2, µ+jets channel.
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(e) Emiss
T 3, e+jets channel.
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(f) Emiss
T 3, µ+jets channel.

Figure A.7: Effect of various systematics before and after smoothing for electron (left) and muon
(right) channels.
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(a) b-tagging of b, component 0, e+jets channel.
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(b) b-tagging of b, component 0, µ+jets channel.
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(c) b-tagging of b, component 1, e+jets channel.
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(d) b-tagging of b, component 1, µ+jets channel.
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(e) b-tagging of b, component 2, e+jets channel.
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(f) b-tagging of b, component 2, µ+jets channel.

Figure A.8: Effect of various systematics before and after smoothing for electron (left) and muon
(right) channels.
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(a) b-tagging of b, component 3, e+jets channel.
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(b) b-tagging of b, component 3, µ+jets channel.
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(c) b-tagging of b, component 4, e+jets channel.
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(d) b-tagging of b, component 4, µ+jets channel.
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(e) b-tagging of c, component 0, e+jets channel.
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(f) b-tagging of c, component 0, µ+jets channel.

Figure A.9: Effect of various systematics before and after smoothing for electron (left) and muon
(right) channels.
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(a) b-tagging of c, component 0, low pT , e+jets channel.
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(b) b-tagging of c, component 0, low pT , µ+jets channel.
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(c) b-tagging of c, component 0, medium pT , e+jets
channel.
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(d) b-tagging of c, component 0, medium pT , µ+jets
channel.
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(e) b-tagging of c, component 0, high pT , e+jets channel.
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(f) b-tagging of c, component 0, high pT , µ+jets chan-
nel.

Figure A.10: Effect of various systematics before and after smoothing for electron (left) and
muon (right) channels.
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(a) b-tagging of c, component 1, e+jets channel.
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(b) b-tagging of c, component 1, µ+jets channel.
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(c) b-tagging of c, component 2, e+jets channel.
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(d) b-tagging of c, component 2, µ+jets channel.
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(e) b-tagging of c, component 3, e+jets channel.
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(f) b-tagging of c, component 3, µ+jets channel.

Figure A.11: Effect of various systematics before and after smoothing for electron (left) and
muon (right) channels.
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(a) b-tagging of light, component 0, e+jets channel.
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(b) b-tagging of light, component 0, µ+jets channel.
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(c) b-tagging of light, component 0, low pT , e+jets chan-
nel.
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(d) b-tagging of light, component 0, low pT , µ+jets
channel.
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(e) b-tagging of light, component 0, medium pT , e+jets
channel.
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(f) b-tagging of light, component 0, medium pT , µ+jets
channel.

Figure A.12: Effect of various systematics before and after smoothing for electron (left) and
muon (right) channels.
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(a) b-tagging of light, component 0, high pT , e+jets
channel.
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(b) b-tagging of light, component 0, high pT , µ+jets
channel.
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(c) b-tagging of light, component 1, e+jets channel.
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(d) b-tagging of light, component 1, µ+jets channel.
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(e) b-tagging of light, component 2, e+jets channel.
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(f) b-tagging of light, component 2, µ+jets channel.

Figure A.13: Effect of various systematics before and after smoothing for electron (left) and
muon (right) channels.
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(a) b-tagging of light, component 3, e+jets channel.
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(b) b-tagging of light, component 3, µ+jets channel.
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(c) b-tagging of light, component 4, e+jets channel.
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(d) b-tagging of light, component 4, µ+jets channel.
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(e) b-tagging of light, component 5, e+jets channel.
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(f) b-tagging of light, component 5, µ+jets channel.

Figure A.14: Effect of various systematics before and after smoothing for electron (left) and
muon (right) channels.
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(a) b-tagging of light, component 6, e+jets channel.
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(b) b-tagging of light, component 6, µ+jets channel.
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(c) b-tagging of light, component 7, e+jets channel.
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(d) b-tagging of light, component 7, µ+jets channel.
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(e) b-tagging of light, component 8, e+jets channel.
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(f) b-tagging of light, component 8, µ+jets channel.

Figure A.15: Effect of various systematics before and after smoothing for electron (left) and
muon (right) channels.
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(a) b-tagging of light, component 9, e+jets channel.
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(b) b-tagging of light, component 9, µ+jets channel.
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(c) b-tagging of light, component 10, e+jets channel.
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(d) b-tagging of light, component 10, µ+jets channel.
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(e) b-tagging of light, component 11, e+jets channel.
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(f) b-tagging of light, component 11, µ+jets channel.

Figure A.16: Effect of various systematics before and after smoothing for electron (left) and
muon (right) channels.
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(a) b-tagging of light/b at high pT , e+jets channel.
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(b) b-tagging of light/b at high pT , µ+jets channel.
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(c) b-tagging of c at high pT , e+jets channel.
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(d) b-tagging of c at high pT , µ+jets channel.
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(e) Electron inner detector SF, e+jets channel.
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(f) Electron inner detector SF, µ+jets channel.

Figure A.17: Effect of various systematics before and after smoothing for electron (left) and
muon (right) channels.
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(a) Electron isolation SF, e+jets channel.
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(b) Electron isolation SF, µ+jets channel.
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(c) Electron reconstruction SF, e+jets channel.
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(d) Electron reconstruction SF, µ+jets channel.
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(e) Electron trigger SF, e+jets channel.
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(f) Electron trigger SF, µ+jets channel.

Figure A.18: Effect of various systematics before and after smoothing for electron (left) and
muon (right) channels.
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(a) Muon inner detector SF (stat), e+jets channel.
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(b) Muon inner detector SF (stat), µ+jets channel.
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(c) Muon inner detector SF (syst), e+jets channel.

0 1000 2000 3000 4000 5000 6000

 E
ve

nt
s

3−10

2−10

1−10
1

10

210

310

410

510

610

710 tt
W+jets
single top
Z+jets
multi-jet
diboson
mu ID syst. up smooth
mu ID syst. up
mu ID syst. down smooth
mu ID syst. down

  
-1

 L dt = 3.2 fb∫
 channelµ

 mass of the top-antitop system [GeV]
0 1000 2000 3000 4000 5000 6000N

om
in

al
A

ny

0.8
1

1.2

(d) Muon inner detector SF (syst), µ+jets channel.
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(e) Muon isolation SF (stat), e+jets channel.
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(f) Muon isolation SF (stat), µ+jets channel.

Figure A.19: Effect of various systematics before and after smoothing for electron (left) and
muon (right) channels.
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(a) Muon isolation SF(syst), e+jets channel.
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(b) Muon isolation SF(syst), µ+jets channel.
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(c) Muon trigger SF (stat), e+jets channel.
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(d) Muon trigger SF (stat), µ+jets channel.
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(e) Muon trigger SF (syst), e+jets channel.
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(f) Muon trigger SF (syst), µ+jets channel.

Figure A.20: Effect of various systematics before and after smoothing for electron (left) and
muon (right) channels.
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(a) PDF eigenvector 1, e+jets channel.
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(b) PDF eigenvector 1, µ+jets channel.
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(c) PDF eigenvector 2, e+jets channel.
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(d) PDF eigenvector 2, µ+jets channel.
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(e) PDF eigenvector 3, e+jets channel.
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(f) PDF eigenvector 3, µ+jets channel.

Figure A.21: Effect of various systematics before and after smoothing for electron (left) and
muon (right) channels.
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(a) PDF eigenvector 4, e+jets channel.
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(b) PDF eigenvector 4, µ+jets channel.
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(c) PDF eigenvector 5, e+jets channel.
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(d) PDF eigenvector 5, µ+jets channel.
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(e) PDF eigenvector 6, e+jets channel.
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(f) PDF eigenvector 6, µ+jets channel.

Figure A.22: Effect of various systematics before and after smoothing for electron (left) and
muon (right) channels.
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(a) PDF eigenvector 7, e+jets channel.
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(b) PDF eigenvector 7, µ+jets channel.
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(c) PDF eigenvector 8, e+jets channel.
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(d) PDF eigenvector 8, µ+jets channel.
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(e) PDF eigenvector 9, e+jets channel.
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(f) PDF eigenvector 9, µ+jets channel.

Figure A.23: Effect of various systematics before and after smoothing for electron (left) and
muon (right) channels.
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(a) PDF eigenvector 10, e+jets channel.
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(b) PDF eigenvector 10, µ+jets channel.
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(c) PDF eigenvector 11, e+jets channel.
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(d) PDF eigenvector 11, µ+jets channel.
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(e) PDF eigenvector 12, e+jets channel.
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(f) PDF eigenvector 12, µ+jets channel.

Figure A.24: Effect of various systematics before and after smoothing for electron (left) and
muon (right) channels.
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(a) PDF eigenvector 13, e+jets channel.

0 1000 2000 3000 4000 5000 6000

 E
ve

nt
s

3−10

2−10

1−10
1

10

210

310

410

510

610

710 tt

W+jets

single top

Z+jets

multi-jet

diboson

PDF4LHC15_nlo_30 E13 smooth

PDF4LHC15_nlo_30 E13

  
-1

 L dt = 3.2 fb∫
 channelµ

 mass of the top-antitop system [GeV]
0 1000 2000 3000 4000 5000 6000N

om
in

al
A

ny

0.8
1

1.2

(b) PDF eigenvector 13, µ+jets channel.
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(c) PDF eigenvector 14, e+jets channel.
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(d) PDF eigenvector 14, µ+jets channel.
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(e) PDF eigenvector 15, e+jets channel.
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(f) PDF eigenvector 15, µ+jets channel.

Figure A.25: Effect of various systematics before and after smoothing for electron (left) and
muon (right) channels.
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(a) PDF eigenvector 16, e+jets channel.
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(b) PDF eigenvector 16, µ+jets channel.
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(c) PDF eigenvector 17, e+jets channel.
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(d) PDF eigenvector 17, µ+jets channel.
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(e) PDF eigenvector 18, e+jets channel.
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(f) PDF eigenvector 18, µ+jets channel.

Figure A.26: Effect of various systematics before and after smoothing for electron (left) and
muon (right) channels.
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(a) PDF eigenvector 19, e+jets channel.
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(b) PDF eigenvector 19, µ+jets channel.
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(c) PDF eigenvector 20, e+jets channel.
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(d) PDF eigenvector 20, µ+jets channel.
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(e) PDF eigenvector 21, e+jets channel.
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(f) PDF eigenvector 21, µ+jets channel.

Figure A.27: Effect of various systematics before and after smoothing for electron (left) and
muon (right) channels.
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(a) PDF eigenvector 22, e+jets channel.
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(b) PDF eigenvector 22, µ+jets channel.
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(c) PDF eigenvector 23, e+jets channel.
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(d) PDF eigenvector 23, µ+jets channel.
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(e) PDF eigenvector 24, e+jets channel.
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(f) PDF eigenvector 24, µ+jets channel.

Figure A.28: Effect of various systematics before and after smoothing for electron (left) and
muon (right) channels.
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(a) PDF eigenvector 25, e+jets channel.
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(b) PDF eigenvector 25, µ+jets channel.
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(c) PDF eigenvector 26, e+jets channel.
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(d) PDF eigenvector 26, µ+jets channel.
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(e) PDF eigenvector 27, e+jets channel.
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(f) PDF eigenvector 27, µ+jets channel.

Figure A.29: Effect of various systematics before and after smoothing for electron (left) and
muon (right) channels.
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(a) PDF eigenvector 28, e+jets channel.
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(b) PDF eigenvector 28, µ+jets channel.
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(c) PDF eigenvector 29, e+jets channel.
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(d) PDF eigenvector 29, µ+jets channel.
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(e) PDF eigenvector 30, e+jets channel.
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(f) PDF eigenvector 30, µ+jets channel.

Figure A.30: Effect of various systematics before and after smoothing for electron (left) and
muon (right) channels.
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(a) Electroweak Correction for tt̄, e+jets channel.
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(b) Electroweak Correction for tt̄, µ+jets channel.
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(c) W+jets normalization, e+jets channel.
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(d) W+jets normalization, µ+jets channel.

Figure A.31: Effect of various systematics before and after smoothing for electron (left) and
muon (right) channels.





Appendix B
Comparison between channels e/µ

Difference between electron and muon channels with systematic uncertainties are shown here.
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Figure B.2: Selected jet pT
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Figure B.3: min ∆R( jet, lepton)
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Figure B.4: close to lepton jet pT
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Figure B.5: leading b-jet pT

B–1
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Figure B.6: mass of the leading R = 0.4 calo-jet
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Figure B.7: pT of the leading R = 0.4 calo-jet
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Figure B.8: mass of the sub-leading R = 0.4
calo-jet
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Figure B.9: pT of the sub-leading R = 0.4 calo-
jet.
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Figure B.10: mass of the third leading R = 0.4
calo-jet
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Figure B.11: pT of the third leading R = 0.4
calo-jet.
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Figure B.12: Large-R jet pT
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Figure B.13: Large-R jet η
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Figure B.14: Large-R jet ϕ
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Figure B.15: Large-R jet mass
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Figure B.16: Large-R jet τ21
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Figure B.17: Large-R jet τwta
21
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Figure B.18: Large-R jet τ32
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Figure B.19: Large-R jet τwta
32
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Figure B.20: Lepton pT
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Figure B.21: Lepton η
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Figure B.22: Lepton ϕ
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Figure B.23: Large-R jet
√

d12
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Figure B.24: Emiss
T
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Figure B.25: ϕ of Emiss
T
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Figure B.26: W transverse mass
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Figure B.27: leptonic top mass
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Figure B.28: number of b-tagged jets
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Figure B.29: number of b-tagged track-jets
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Figure B.30: invariant tt̄ mass system
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Figure B.31: yields



Appendix C
Nuisance parameter impact on fitting

Figure C.2 shows the nuisance parameter used in this fit and their dependence is shown in Fig-
ure C.3.
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Figure C.2: The pull of the nuisance parameters for a fit performed under the hypothesis
background+Z′(2.25 TeV), for the Asimov pseudo-data (left) and data (right).
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Figure C.3: The nuisance parameter correlation matrix used in this fit.





Appendix D
Resolved regime

The events were separated orthogonal into boosted and resolved regime. The resolved regime
contains 4 separated small-R jets selected by the χ2 method to matching top quarks.

12.1 Comparison of data to signal and backgrounds in the resolved
regime

Figure D.2, D.3 and D.4 shows the distributions for leptons. Figure D.5–D.10 show the pT

50 100 150 200 250 300 350 400 450 500

E
ve

nt
s 

/ 2
0 

G
eV

5000

10000

15000

20000

25000
Data
tt
W+jets
single top
Z+jets
multi-jet
diboson
Bkg. uncertainty

  
-1 = 13 TeV, 3.2 fbs

e+jets

 [GeV]
T

Lepton p
50 100 150 200 250 300 350 400 450 500

D
at

a 
/ B

kg
.

0.5

1

1.5 50 100 150 200 250 300 350 400 450 500

E
ve

nt
s 

/ 2
0 

G
eV

5000

10000

15000

20000

25000

30000

35000

40000
Data
tt
W+jets
single top
Z+jets
multi-jet
diboson
Bkg. uncertainty

  
-1 = 13 TeV, 3.2 fbs

+jetsµ

 [GeV]
T

Lepton p
50 100 150 200 250 300 350 400 450 500

D
at

a 
/ B

kg
.

0.5

1

1.5

Figure D.2: Lepton pT distributions, electron (left) and muon (right).

and mass distributions of the leading, the sub-leading and the third-leading small-R jets.
Figure D.11 show the pT distributions of the leading b-tagged small-R jets. Figure D.12 show the
minimum distance of ∆R between the small-R jet and the lepton. Figure D.13 D.14 shows Emiss

T
distribution. The number of b-tagged track-jet is shown in Figure D.15.
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Figure D.3: Lepton η distributions, electron (left) and muon (right).
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Figure D.4: Lepton ϕ distributions, electron (left) and muon (right).
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Figure D.5: Leading small-R jet pT distributions, electron channel (left) and muon channel
(right).
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Figure D.6: Leading small-R jet mass distributions, electron channel (left) and muon channel
(right).
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Figure D.7: Sub-leading small-R jet pT distributions, electron channel (left) and muon channel
(right).
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Figure D.8: Sub-leading small-R jet mass distributions, electron channel (left) and muon channel
(right).
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Figure D.9: Third leading small-R jet pT distributions, electron channel (left) and muon channel
(right).
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Figure D.10: Third leading small-R jet mass distributions, electron channel (left) and muon chan-
nel (right).

0 50 100 150 200 250 300 350 400 450 500

2000

4000

6000

8000

10000 Data
tt
W+jets
single top
Z+jets
multi-jet
diboson
Bkg. uncertainty

  
-1 = 13 TeV, 3.2 fbs

e+jets

 [GeV]
T

 leading b-jet p
0 50 100 150 200 250 300 350 400 450 500

D
at

a 
/ B

kg
.

0.5

1

1.5 0 50 100 150 200 250 300 350 400 450 500

2000

4000

6000

8000

10000
Data
tt
W+jets
single top
Z+jets
multi-jet
diboson
Bkg. uncertainty

  
-1 = 13 TeV, 3.2 fbs

+jetsµ

 [GeV]
T

 leading b-jet p
0 50 100 150 200 250 300 350 400 450 500

D
at

a 
/ B

kg
.

0.5

1

1.5

Figure D.11: Leading small-R b-jet pT distributions, electron channel (left) and muon channel
(right).
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Figure D.12: The distance distribution of ∆R of between the small-R jet which is close to the
lepton and lepton, electron (left) and muon (right).
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Figure D.13: Emiss
T distributions, electron channel (left) and muon channel (right).
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Figure D.14: ϕ of Emiss
T distributions, electron channel (left) and muon channel (right).
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Figure D.15: Number of b-tagged track-jets, electron channel (left) and muon channel (right).

12.1.1 Event reconstruction

For selecting the jets from top quark decays, a χ2 defined in equation D.2 that constrains the
expected top quark and W boson masses was used [187].

χ2 =

(
m j j −mW

σW

)2

+

(
m j jb −m j j −mth −mW

σth−W

)2

+

(
m jℓν −mtℓ

σtℓ

)2

+

(
(pT , j jb−pT , jℓν )− (pT ,th−pT ,tℓ )

σdi f f pT

)2

(D.2)
where mW = 83.3 GeV, mth,W = 91.1 GeV, mtℓ= 168.2 GeV, σW = 10.8 GeV, σth−W = 14.2 GeV,
σtℓ = 20.6 GeV, pT ,th−pT ,tℓ= −8.7 GeV and σdi f f pT = 55.5 GeV. The first term constrains
the hadronically decaying W boson, the second term means the hadronically decaying top quark,
the third term corresponds the semileptonically decaying top quark, and the last term constrains
the top quark transverse momentum. Figure D.16 show the χ2 distribution. Figures D.17–D.18
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Figure D.16: The χ2 distribution, electron channel (left) and muon channel (right).

show the reconstructed top mass of the leptonic side and hadronic side respectively. Figure D.19
show the reconstructed invariant mass of top-antitop system mtt̄ .
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Figure D.17: The reconstructed top mass distribution at the leptonic side, electron channel (left)
and muon channel (right).
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Figure D.18: The reconstructed top mass distribution at the hadronic side, electron channel (left)
and muon channel (right).
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Figure D.19: The invariant mass of tt̄ distribution, electron channel (left) and muon channel
(right).
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