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Abstract

A measurement of the top quark Yukawa coupling from the tt̄ differential produc-

tion cross sections in the semi-leptonic channel is presented. The tt̄ production cross

section is sensitive to the square of the Yukawa coupling via weak corrections that

enter when Higgs bosons are exchanged between the final state top and anti-top

quarks. These weak corrections have a negligible effect in the inclusive tt̄ produc-

tion cross section, but they lead to strong distortions of differential distributions

near the threshold energy for pair-production (for low relative velocities of the top

quarks). The differential distributions are therefore sensitive to anomalous values

of the top Yukawa coupling and allow us to set an upper limit based on precision

measurements.

This analysis is based on data collected by the CMS experiment in the LHC

at 13 TeV corresponding to an integrated luminosity of 35.8 fb�1. In addition to

a top reconstruction with at least four jets in the final state, a novel technique

to reconstruct the tt̄ system with one missing jet is developed to enhance the

experimental sensitivity in the low invariant mass region. We compare the data

yields in the invariant mass of the top-antitop system, Mtt̄, the rapidity difference

between top and antitop, |yt � yt̄|, and the number of reconstructed jets with the
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templates simulated for different values of the top Yukawa coupling and extract an

upper limit on the top quark Yukawa coupling of 1.62 (Expected) at 95% CL.
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Chapter 1

Introduction

1.1 Introduction

The Standard Model (SM) representing our understanding of the universe at the
smallest length scale. It describes three out of four fundamental forces in nature
(electromagnetic, weak and strong interaction), via which all known elementary
particles interact. SM provided accurate predictions for a wide variety of experi-
mental results and predicted the existence of fundamental particles, such as the top
quark observed in 1995 [1, 2] and Higgs boson discovered in 2012 [3, 4]. Although
the SM has been very successful, it fails to explain several experimental anomalies.
For example, it does not provide a viable candidate for dark matter [5–7], and the
non-zero neutrino mass. More importantly, it does not include gravity.

To investigate physics at high energy scales, accelerators collide particles head
on at high energies. The Large Hadron Collider (LHC) at CERN was built to collide
protons at the highest ever achieved energy. Around the accelerator ring, two
detectors, the Compact Muon Solenoid (CMS) and the A Toroidal LHC Apparatus
(ATLAS), were built to detect resulting particles from collisions. The LHC and
CMS detector are described in Chapter 3. Event reconstruction is introduced in
Chapter 4.
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Table 1.1: Summary of the three generations of fermions and their properties. T, T3 and Y
represent total weak isospin, the third component of weak isospin and hyper-
charge respectively. Q = T3 + 1

2Y represents the electric charge [8].

1.2 The Standard Model

In SM, all matter particles are described as spin-1
2 fermionic fields, whereas force

carriers are represented by spin-1 bosonic fields. In addition, a spin-0 field, called
the Higgs field, is included in the SM to give masses to all matter and force fields.

Spin-1
2 fermions are classified as quarks or leptons. One major difference be-

tween leptons and quarks is that only quarks carry color charges, and thus can
interact via strong interaction. Both leptons and quarks carry electromagnetic,
Q and weak charges, or weak isospin, T that behaves like normal spin, its third
projection being T3 and hypercharge, Y. Table 1.1 summarizes various quantum
numbers of each fermion in the SM. Four spin-1 gauge bosons act as force carriers
for the electromagnetic, weak and strong interaction. Furthermore, Table 1.2 shows
properties of four gauge bosons and the Higgs boson.

1.3 Strong interaction

The strong interaction can be mathematically formulated as a SU(3) gauge theory,
called quantum chromodynamics (QCD). This theory gives rise to eight massless
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Boson type T T3 Y Q Color charge Force

photons 0 0 0 0 0 Electromagnetic

Z 0 0 0 0 0 Weak

W 1 ±1 0 ±1 0 Weak

gluons 0 0 0 0 rḡ, rb̄, gr̄, gb̄, br̄, bḡ, 1p
2
(rr̄ � gḡ), 1p

6
(rr̄ + gḡ � 2bb̄) Strong

H 1
2 � 1

2 +1 0 0 -

Table 1.2: Summary of gauge boson and their properties [8].

gauge fields called gluons. Gauge invariance dictates gluons to be massless but
does not impose any constraints on quark fields. Each quark field can carry a
color charge, red(r), green (g) or blue(b). The force carriers, gluons, also have color
charge. As a result QCD has an interesting property, called asymptotic freedom [9],
arising from color charge screening in vacuum. This means that the strong coupling
strength decreases for higher energy scales, in contrast to the electromagnetic force.
This important property ensures the validity of perturbative QCD at high energy
scales [10].

1.4 Electroweak interaction

The electromagnetic and weak interaction are collectively described by a single
SU(2)⇥ U(1) gauge theory in the SM. The SU(2) gauge group gives rise to three
gauge fields Wi

µ (i = 1, 2, 3 and µ is the Lorentz index), which only couple to the left
handed chiral component of the lepton field. In addition, U(1) gauge group results
in the hypercharge gauge field Bµ.

The four electroweak gauge field mix to give observable gauge boson fields, W,
Z and photon field [11],

W±
µ =

1
2

⇣
W1

µ ⌥ iW2
µ

⌘
(1.1)

Zµ = cos qWW3
µ � sin qW Bµ (1.2)

Aµ = sin qWW3
µ + cos qW Bµ (1.3)
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where Aµ, Zµ and W±
µ are the photon, Z boson and W boson fields respectively. The

Weinberg angle qW is expressed in terms of the SU(2) and U(1) gauge coupling.

Experimentally observed W and Z bosons [12–15] are massive. Thus, the theory
requires an extra mechanism to generate masses for gauge bosons. This is discussed
in the next section.

1.5 The Higgs Mechanism

The formulation of strong and electroweak interactions as gauge theories requires
the gauge bosons (W boson, Z boson, photon and gluon) to be massless. It is not
compatible with the experimental observation of massive W and Z bosons [12–15].
To provide masses for the electroweak gauge bosons, the Higgs mechanism [16–18]
was proposed as a special case of spontaneous symmetry breaking. Spontaneous
symmetry breaking is a phenomenon in which a physical system respects a certain
symmetry, but the ground state (or multiple degenerate ground states) of this
system does not.

In addition to the gauge and matter fields in SM, a complex scalar field that is
an SU(2) doublet is introduced

f =

0

@ f+

f0

1

A (1.4)

where the quantum numbers of f+ and f0 are summarized in Table 1.3. The field is
described by the following Lagrangian:

LHiggs = (Dµf)†(Dµf)� V(f) (1.5)

with Dµ = ∂µ + igTaWa
µ + ig

0
Bµ. The potential V(f) is proposed to be

V(f) = µ2f†f + l(f†f)2 (1.6)

with µ2 < 0 and l > 0. This potential leads to infinite classical ground state
solutions with |f|2 = � µ2

2l . Quantum-mechanically, the ground state becomes a



5

Field T T3 Y Q

f+ 1
2 + 1

2 1 1

f0 1
2 � 1

2 1 0

Table 1.3: Summary of quantum numbers of the Higgs field [8].

degenerate set of vacuum states with a non-zero expectation value h0| |f|2 |0i =
� µ2

2l . The vacuum state can be conveniently chosen in the unitary gauge such that
the scalar field satisfies

h0| f |0i =
0

@ 0q
µ2

2l

1

A (1.7)

As a result, Higgs field can be expanded around its minimum

f =

0

@ 0

v + H

1

A (1.8)

with v as the vacuum expectation value. Since the scalar field is an SU(2) doublet
and has a hypercharge, it interacts with the W and Z bosons, as described by the
following Lagrangian:

LEW =
1
2
(∂µH)(∂µH)� 1

4
g2W+W�(v + H)2 +

1
8

g2
ZZZ(v + H)2 � V


1
2
(v + H)2

�

(1.9)

where the v2 terms provide the mass terms for W and Z boson in a gauge-invariant
way. The gauge fields for the W and Z boson are defined in Equation 1.3.

The Higgs mechanism allows the introduction of massive electroweak gauge
bosons in SM without violating gauge invariance. Almost fifty years after the
original papers on the Higgs mechanism, the Higgs boson was discovered by the
ATLAS and CMS collaboration with a mass of 125 GeV [3, 4].
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1.6 Top-Higgs Yukawa coupling

The Higgs boson is also postulated to generate mass terms for leptons and quarks.
After spontaneous symmetry breaking as described in Section 1.5, each fermion
acquires a mass through a Yukawa-type coupling with the Higgs boson, with
the coupling strength being proportional to the fermion mass. The top quark,
as the heaviest known elementary particle discovered so far, interacts with the
Higgs bosons with the largest Yukawa coupling. This interaction can be probed by
producing the Higgs in the fusion of a top quark-antiquark pair or through Higgs
radiation from a top quark, as known as the ttH production. Figure 1.1 and 1.2
shows the corresponding diagrams for the ttH production. Observation of the ttH
production has been reported in 2018 [19].

Figure 1.1: Production of Higgs boson via the fusion of a top quark-antiquark pair.

Figure 1.2: Production of Higgs boson via radiation from a top quark.

In this thesis, we are interested in measuring the top-Higgs Yukawa coupling
using virtual Higgs exchange in top pair productions. A deviations of the Yukawa
coupling from the SM value can induce strong distortions in top kinematic distribu-
tions.
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1.7 Top quark physics in LHC

The top quark is the heaviest known elementary particle discovered so far. Since its
discovery in 1995 by the CDF and D0 experiments at the Tevatron, substantial efforts
have been spent on studying its properties. The LHC provides a unique opportunity
to precisely measure the top quark production mechanisms and properties, as with
the unprecedented center-of-mass energy of

p
s = 13 TeV and large instantaneous

luminosity of the accelerator, the LHC can produce top quarks abundantly.

1.7.1 Top quark pair production

In LHC, top quark pairs are predominantly produced via QCD processes. The
main production mechanisms are quark-antiquark annihilation and gluon fusion.
Figure 1.3 shows the leading order Feynman diagrams contributing to top quark pair
production in proton-proton collisions. Quantum amplitudes and hence partonic
cross sections represented by these diagrams are convoluted by parton distribution
functions (PDF) to compute the cross sections of top pair production. Due to the
large strong coupling constant (⇡ 0.1), higher order corrections can give sizable
contributions to the calculations. Due to asymptotic freedom, at higher energy
scales, the calculations are more reliable as the strong coupling constant becomes
smaller.

Figure 1.3: Lowest order diagrams contributing to top quark pair production, in quark-
antiquark annihilation (top) or gluon-gluon fusion (bottom).
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1.7.2 Inclusive cross section

Precise measurement of top pair production cross section is important to establish a
good understanding of SM. First measurements of the inclusive tt̄ cross section were
published by the ATLAS and the CMS collaboration in 2010 [20, 21]. Subsequently
, with more data, an unprecedented level of statistical and systematic precision is
reached in measurements of inclusive tt̄ cross sections. Figure 1.4 shows a summary
of CMS measurements of inclusive cross sections at various center-of-mass energies.
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Figure 1.4: Top quark pair cross section summary of CMS measurements in the di-leptonic
and semi-leptonic channel, compared to theory calcultions at NNLO+NNLL
accuracy.
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1.7.3 Differential cross section

Additional information can be gained from measurements of differential distribu-
tions. Comparisons between theoretical calculations with experimental results can
improve choices of low energy QCD models and scale parameters. Furthermore,
PDF of gluons, especially in the regime with large momentum fractions, can be
constrained with top pair differential cross section measurements. New physics
decaying into top pairs can be visible in various top pair distributions.

Various top pair kinematic distributions have been measured in the LHC [22],
with unprecedented statistical precisions. In general, data are very well described
by various theoretical calculations up to an energy scale of about 1 TeV. In this
thesis, we explore the region near the threshold of the top pair production since
it is particularly sensitive to Electroweak corrections resulting from virtual Higgs
exchange.
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Chapter 2

Constraining the top-Higgs Yukawa
coupling with tt̄ production

2.1 Sensitivity in the top pair production

Precise measurements of the top quark pair (tt̄) production cross section and the de-
cay properties of the top quark provide crucial information for testing the standard
model (SM) and searching for new phenomena. The current state of the art calcula-
tions provide next-to-next-to-leading order (NNLO) calculations in perturbative
QCD [23] for the tt̄ production cross section. Weak corrections affect the cross section
at the loop-induced order a2

s aweak (Fig. 2.1) so they make only a small contribution
to the total cross section and are not implemented in the Monte Carlo (MC) event
generators. However, in kinematic regions with large momentum transfer, weak
corrections become significant and may lead to strong distortions of differential
distributions. In addition, it has been shown that in the threshold region, which
corresponds to kinematic regions with small relative velocity between the top and
antitop quarks, the tt̄ cross section is sensitive to the top-quark Yukawa coupling
(Yt) [24]. For example, doubling the Yukawa coupling would lead to a change in the
cross section of about 9%, which is larger than the current experimental sensitivity
of around 6% [25]. Thus, it is feasible to constrain the top-quark Yukawa coupling
using tt̄ differential cross section at the LHC.
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Figure 2.1: Example diagrams for gluon-induced production of tt̄ with the virtual elec-
troweak corrections. G stands for all contributions from gauge, Goldstone and
Higgs bosons exchange.

A detailed study of the differential tt̄ kinematics close to threshold could, there-
fore, determine the strength of Yt, or at least provide an upper limit. In this analysis,
we calculate the weak correction factors using HATHOR [26] and apply them at
the parton level on existing tt̄ simulated samples, fully reconstruct them, and use
them as templates to fit the differential distributions in semi-leptonic tt̄ decays to
determine the most likely Yt value. The most sensitive distributions to Yukawa
coupling are the distributions in the invariant mass of the top quark pair Mtt̄ and
the rapidity difference between the top quark and antiquark Dyt = yt � yt̄. The
analysis covers the phase space from threshold (the lowest reconstruction events
from ⇡200 GeV) to 2 TeV in Mtt̄ and from 0 to 6 in |Dyt|. Low Mtt̄ and small |Dyt|
regions are most sensitive to Yt. Due to the differences in the reconstruction quality
and background contamination it beneficial to treat events with different number
of jets separately.

Top quarks decay almost exclusively through t ! Wb and the final topology
depends on the W boson decays. When one W boson decays leptonically and
the other hadronically, tt̄ ! W+b W�b̄ ! `+nb qq̄0b̄, the final state at leading
order consists of an isolated lepton (electron or muon in this analysis), missing
energy (due to neutrino), and four jets (two from hadronization of b-quarks and
two from light quarks). This final state has a sizable branching ratio (34%), small
backgrounds, and allows for the full kinematic reconstruction of the original top
candidates. For events containing four or more jets in the final state this analysis
follows the same methodology employed in the measurement of the top quark
pair differential production cross section with an integrated luminosity of 35.8 fb�1

at 13 TeV [25]. In addition, we introduce a novel algorithm to reconstruct the tt̄
pair when only three jets are reconstructed. In this analysis we do not attempt to
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determine the parton level kinematics of top and anti-top quarks. Instead, once the
MC samples are reweighted with different Yt values and reconstructed, they are
compared to background-subtracted data distributions at the reconstruction level.

2.2 Electroweak correction

The electroweak (EW) corrections to the tt̄ production cross section were calcu-
lated [27] before the top quark discovery, and are found to have a very small effect
on the total cross section. They can, however, have a sizable impact on differential
distributions and the top-quark charge asymmetry. There is no interference term of
order asa between lowest order strong and neutral current amplitudes in the quark
induced processes. Weak corrections start entering the cross section at loop-induced
order a2

s a, as shown in Fig. 2.1. These corrections are negative for both quark-
and gluon induced diagrams when the parton energies are large. The corrections
for quark induced top production are about twice of those of the gluon induced
processes, due to the non-zero weak charge of the initial state quarks. Top quark
production at the LHC occurs mainly through gluon fusion, but if we require large
top quark transverse momenta, the phase space is dominated by quark-antiquark
annihilation. Thus, weak corrections will be enhanced in the large top pT regime
due to the relative increase of the qq̄-initiated corrections. The majority of weak
corrections does not depend on Yt. The contributions linear in Yt arise from the
production of an intermediate s-channel Higgs boson through a closed b-quark
loop, which we can ignore due to the small b-quark mass. Finally, we are only
left with a quadratic dependence on the top-quark Yukawa coupling arising from
the Higgs boson exchange between the final state top quark and antiquark, which
involves two Htt̄ vertices, as shown in Fig. 2.1.

In HATHOR [26], we calculate the partonic cross section value including the
EW corrections at leading order O(a2

s a) for given values of top mass mt, partonic
center-of-mass energy squared s for the tt̄ system, and the cosine of the scattering
angle q for top in the center-of-mass frame. HATHOR supplies such values in the
form of s(mt, s, cosq). In our case,

p
s is the invariant mass of tt̄ system and cosq

can be recast in terms of the invariant Dyt. The mt=172.5 GeV is assumed fixed,
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and will be treated as a source of systematic uncertainty by reconstructing events
with Dmt = ±1 GeV. We therefore use HATHOR to extract a two-dimensional
correction factor that is defined to be the ratio of the tt̄ production cross section with
electroweak corrections to that without corrections. This is done for different values
of Yt = 0, 1, 2, or 4 in bins of Mtt̄ and Dyt. We then apply this correction factor on
each tt̄ POWHEG MC event at the parton level.

Figure 2.2 shows the leading order tt̄ production cross section, tt̄ production
cross section with weak correction assuming Yt = 2, and their ratio in bins of Mtt̄

and Dyt. We apply this ratio to reweigh each tt̄ MC event according to its value of
Mtt̄ and Dyt. Fig. 2.3 shows the relative EW correction on the NLO QCD production
cross section as a function of Mtt̄ and Dyt. Several Yt scenarios are shown. It is
important to note that while non-SM Yt values can lead to large distortions in the
Mtt̄ and Dyt spectra, especially in the low Mtt̄ region, experimental resolution can
smear out such dramatic distortions. The experimental effects are discussed in the
following Chapters.
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Figure 2.2: The Mtt̄ and Dyt distributions for the leading order tt̄ production cross section
in pb/GeV2 (top left) and the electroweak correction calculated in HATHOR
(top right) for Yt =2. The reweighting factors for implementing electroweak
corrections to the MC samples are given by the ratio of the weak correction over
the leading order production cross section (shown in the bottom plot).
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Chapter 3

Large Hadron Collider and CMS
experiment

3.1 The LHC

The Large Hadron Collider (LHC) is the world’s largest accelerator facility located
at the border of Switzerland and France. It is operated by the European Centre for
Nuclear Research (CERN). The accelerator counter-circulates beams of protons or
heavy ions. The purpose of the LHC is to extend the understanding of some of the
fundamental open questions in Physics to new frontiers in energy and luminosity.
Its design center of mass collision energy of

p
s =14 TeVand instantaneous lumi-

nosity of 1034 cm�2 s�1 are orders of magnitude greater than those of the previous
state of the art collider, Fermilab’s Tevatron.

Figure 3.1 shows a schematic view of this accelerator complex. LHC proton
beams are first accelerated to 50 MeV by the Linear Accelerator 2 (LINAC2). In
successive stages through the Proton Synchrotron Booster (PSB), the Proton Syn-
chrotron (PS), and the Super Proton Synchrotron (SPS), the protons are accelerated
to 1.4 GeV, 26 GeV, and 450 GeV, respectively, before being injected into the LHC.
Inside the LHC, the bunches are steered by 1200 superconducting dipole magnets
and accelerated further to the desired energy 6.5 TeV(current running energy). The
LHC ring is housed by a 27 km long tunnel located as far as 175 meters under
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ground together with four detectors (ALICE, ATLAS, LHCb and CMS) built to
record the results of the high energy collisions.

Figure 3.1: A schematic view of the CERN accelerator complex for the LHC. From [28].

3.2 The CMS detector

The CMS detector is a cylindrically symmetric construction around the LHC beam-
line, centered on the beam intersection point, to precisely measure the energy and
momenta of debris particles from the collisions. The detector consists of four main
sub-detectors and a superconducting solenoid. The magnetic field defects charged
particles along spiral paths with their axis parallel to the field and beamline, each
with a radius proportional to its transverse momentum of the particle. Figure 3.2
shows a schematic view of the CMS detector and its sub-detectors.

The first layer of the CMS detector is the silicon tracker, which records the
charged particles trajectories. The second layer is the electromagnetic calorimeter
(ECAL), which absorbs and measures the energy of photons and electrons produced
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through electromagnetic showering. The third layer is the hadron calorimeter
(HCAL), which specializes in absorbing and measuring energies of hadrons from
hadronic showering. The tracker, ECAL and the inner part of HCAL are located
inside a 3.8 T superconducting solenoid. Outside the solenoid, are the iron return
yoke and the final detector layer, the muon chambers designed for muon detection
since muons are the only particles (apart from neutrinos) that are not stopped by
the calorimeters. Figure 3.3 shows the CMS slice and how particles interact with
each of sub-detectors. Details of the sub-detectors and triggers are discussed in the
following subsections.

C ompac t Muon S olenoid

Pixel Detector

Silicon Tracker

Very-forward
Calorimeter

Electromagnetic�
Calorimeter

Hadron
Calorimeter

Preshower

Muon�
Detectors

Superconducting Solenoid

Figure 3.2: A representation of the CMS detector and its associated sub-detectors. From [29].

3.2.1 CMS coordinate

The CMS coordinate system is oriented such that the x-axis points to the center of
the LHC ring, the y-axis points vertically upward and the z-axis is in the direction
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Figure 3.3: Slice showing CMS sub-detectors and how particles interact with them.
From [29].

of the beam. The azimuthal angle f is measured from the x-axis in the x � y plane
and the radial coordinate in this plane is denoted by r. The polar angle q is defined
in the r � z plane and the pseudorapidity is defined as h = �ln tan( q

2). Rapidity is
used to define a measure of angular separation between particles commonly used in

particle physics DR ⌘
q
(Dy)2 + (Df)2, which is Lorentz invariant under a boost

along the longitudinal (beam) direction. Often, the rapidity term in this expression
is replaced by pseudorapidity, yielding a definition with purely angular quantities

DR ⌘
q
(Dh)2 + (Df)2, which is Lorentz invariant if the involved particles are

massless. The momentum component transverse to the beam direction, denoted by
pT, is computed from the x- and y-components.
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3.2.2 The tracker

CMS features an all silicon tracker with a total active area of 200 m2. The tracking
detector is divided into a pixel detector and a strip detector. The innermost detector
is the Pixel Silicon Tracker, one meter long with three barrel layers and two endcap
layers on each end, extending to r < 20cm, |h| < 2.5. The Pixel detector consists
of 66 million 100 ⇥ 150 µm pixels. It is used to precisely pinpoint the primary
and secondary collision vertices of particle tracks near the beamline. An position
occupancy of about 15 µm can be achieved.

The Silicon Strip Tracker with a length of 5.8 m and a diameter of 2.4 m comple-
ments the Pixel detector. It detect the trajectories of charged particles in the region
between r > 20 cm and r > 120 cm. The Strip Tracker is composed of four subsys-
tems: the four-layer Tracker Inner Barrel (TIB), the six-layer tracker outer barrel
(TOB) and on each side three-disk Tracker Inner Disks (TID) and nine-disk Tracker
Endcaps (TEC). An r � z view of the tracker geometry is shown in Figure 3.4. The
Strip tracker, with 9.6 million silicon strips covers the rapidity region to |h| < 2.5. It
detects charged particles with 100 µm scale azimuthal resolution.

Figure 3.4: The cross section of the CMS tracker. Detector modules are represented by black
lines. From [30].
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3.2.3 The electromagnetic calorimeter

The CMS ECAL surrounds the silicon tracker and is used to measure the energy of
electromagnetically interacting particles, mainly electrons and photons. The ECAL
with a large pseudorapidity coverage up to |h| < 3 is divided into barrel detector,
endocap detector, and Preshower as illustrated in Figure 3.5. The ECAL barrel and
endcap are situated at a radial distance of 1.29 m and longitudinal distance of 3.15
m from the interaction point, respectively. The Preshower detector is placed in front
of the endcaps to guarantee a reliable discrimination of single photons and photons
produced in pairs in neutral pion decays.

The ECAL is constructed of scintillation crystals made from lead tungstate
(PbWO4), and the choice of the material is governed by its fast response time
and high radiation resistance. The crystals are transparent, and when electrons
or photons are stopped, light from the shower propagates outward where it is
measured by photo diodes and photo-triodes. The ECAL energy resolution as a
function of the electron energy, E, measured in GeV is 0.5%/

p
(E).

3.2.4 The hadron calorimeter

The HCAL, as illustrated in Figure 3.6, is divided into a barrel part (HB and HO) at
|h| < 1.3, an endcap (HE) on each side at 1.3 < |h| < 3 and a forward calorimeter
(HF) extending up to |h| < 5.2 to achieve a most hermetic detector coverage. The
barrel part includes the inner part HB, inside the solenoid magnet, and the outer
part HO, which located between the solenoid magnet and the muon detectors. The
HB is located between the outer extent of the ECAL r = 1.77 m and the inner extent
of the magnetic coil r = 2.95 m. Thus, the HB is supplemented by the HO in order
to absorbs any late-starting or highly-penetrating showers. The HF is positioned at
a longitudinal distance of 11.2 m from the interaction point outside the solenoid
magnet.

The HO, HB and HE consist of layers of brass absorber interleaved with scin-
tillating plastic tiles. Brass absorbers, as they are non-magnetic and have a short
interaction length (⇠ 16 cm), ensure a full embedding of hadron showers. The HF
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Figure 3.5: Layout of the CMS electromagnetic calorimeter. From [31].

is made from steel absorber plates composed of 5 mm thick grooved plates with
quartz fibers inserted as active medium.

3.2.5 The muon system

The muon system located outside the solenoid magnet is the outermost part in-
terleaved with an iron return yoke for the magnetic field. The muon system is
equipped with gaseous detector chambers for muon identification and momentum
measurement. There are three different types of gaseous detectors integrated into
the system. In the barrel part, where both the muon rate and the neutron induced
background are small and the magnetic field is very low, drift tube (DT) chambers
are used. However, in the endcaps the muon and the background flux is much
higher. A cathode strip chambers (CSCs), which provide a faster response, a higher
granularity, and a better resistance against radiation are used. The muon system is
also instrumented throughout with resistive plate chambers (RPC), which provide
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Figure 3.6: Longitudinal view of the CMS detector showing the locations of the hadron
barrel (HB), endcap (HE), outer (HO) and forward (HF) calorimeters. From [31].

a coarser spatial resolution, yet, a fast response of a time resolution that is used in
the muon trigger system. The layout of the muon system can be seen in Figure 3.7.

3.2.6 The Trigger system and data acquisition system

Data from all sub-detectors are read out and passed to the trigger system, which
decides whether to record the event for permanent storage or ignore it. Trigger must
ensures a maximum data recording efficiency after application of real-time (online)
selective requirements to reduce the event rate. The trigger is a multi-layer system
of selective online algorithms performing both locally on the sub-detector level or
globally, when outputs from local algorithms are merged. Up to 128 algorithms can
be executed in parallel in order to cope with the unprecedented high event rate of
40 MHz .

If an event is accepted by the online trigger, the full detector information is read
out at a rate of up to 100 kHz as the input of subsequent further discriminations, i.e.
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Figure 3.7: A schematic view of a quadrant of the CMS muon system. The locations of the
Drift Tube (DT), Resistive Plate Chamber (RPC) and Cathode Strip Chamber
(CSC) subsystems are displayed. From [31].

high level trigger (HLT). The HLT menu is composed by a set of triggers addressing
specific selections of physics objects and event topologies, and it further reduces
the event rate to 1 kHz. If an event is accepted both by the online trigger and the
HLT, it is stored for further data analysis. The data are also transferred to each data
storage site around the world, so that the CMS collaboration members in different
regions can access data for physics analyses.
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Chapter 4

Physics object reconstruction and
event selections

4.1 Particle flow algorithm

The particle flow (PF) algorithm [32] is used in CMS experiment to combine the
information from all sub-detectors to identify muons, electrons, photons, charged
hadrons, and neutral hadrons. Charged particles with a track pointing towards a
primary vertex other than the main vertex, defined as the vertex with the highest
sum of pT

2, are considered to be products of a pile-up (parasitic) interaction and are
removed from consideration.

4.1.1 Muon

Muons are reconstructed from tracks in the silicon tracker and measurements in
the muon system. In this analysis we require the reconstruction of a track in the
muon system is compatible with a silicon tracker track. Several selection criteria,
are further applied to increase the purity of the muons and to suppress background
contribution, e.g., from non-isolated muons from decays of pions etc. Lepton
isolation is a measure of the hadronic activity around the lepton. It is defined as
the ratio of the pT sum of particles (leptons, charged hadrons, neutral hadrons and
photons) within a defined DR =

p
(Df)2 + (Dh)2 around the lepton exclude the
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contributions from the physics object itself and pileup events to the pT of the lepton.
Muon is selected to satisfy the isolation requirement. Events with additional muons
are removed from this analysis.

4.1.2 Electron

Electrons are reconstructed from a cluster in the electromagnetic calorimeter ECAL(with
the gap between the barrel and endcap region (1.44 < |hsc| < 1.57) being excluded 1)
and a single track pointing towards this cluster. To take into account the effect of
bremsstrahlung due to interaction with the tracker material energy of photons
spatially compatible with originating from the electron track are added using the
Gaussian-sum filter algorithm [33]. As discussed in the muon selection, electron is
also required to satisfy the isolation selection. Events with additional electrons are
removed from this analysis.

The energy and resolution of leptons is calibrated using Z boson dilepton decays.
The efficiencies of lepton identifications and selections are derived using tag-and-
probe method [34] in pT and h regions.

4.1.3 Jets

Jets are reconstructed from PF particle candidates, clustered using the anti-kTalgorithm [35,
36] with radius DR of 0.4. Jet momentum is determined as the vectorial sum of
all PF candidate momenta in the jet. In this analysis jets are selected within the
tracker acceptance of |h| < 2.4 with the minimum pT of 30 GeV. Isolated muons and
electrons are removed from the jet collection if DR(`, jet) < 0.4.

1hsc is the detector pseudo-rapidity defined with respect to the origin of the coordinate system at
the center of CMS in contrast to the primary vertex that is used to describe the direction of a
particle.
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4.1.4 b-tagging

Due to the relatively long lifetime of b-hadrons, they typically travel a measurable
distance before decaying. The high-resolution tracker can resolve displaced vertices.
Secondary vertices and the possible presence of muon or electrons from semilep-
tonic decays of b-hadrons are used to identify jets from hadronized b-quarks (b-jets).
CMS uses various algorithms to exploit these features for robust identification of
b-jets (b-tagging) [37]. In this thesis the Combined Secondary Vertex version 2
(CSVv2) algorithm is used.

The probability of correctly identifying jets as originating from b quarks (b-
tagging efficiency), and the probability of misidentifying jets originating from light-
flavour partons (u, d, s quarks or gluons) or a charm quark as a b-tagged jet (the
light-flavour and charm mistag probabilities) are measured in control samples [38].
CSVv2 algorithm provides a discriminant between light-flavor and b-jets based on
the combined information of secondary vertices and the impact parameter of tracks
with respect to the primary vertex. Several working points based on the value of
this discriminate are calibrated on data. In this analysis we choose a "medium"
working point that corresponds to b-tagging efficiency of 63%, and charm and
light-flavour mistag probabilities of approximately 12% and 2%, respectively. At
least two jets in each event are required to be b-tagged using this working point.

4.1.5 Missing transverse energy

The missing transverse momentum /~ET is calculated as the negative vector sum of
the transverse momenta of all PF candidates in an event. Its magnitude is referred to
as Emiss

T (MET). We do not impose any requirements on Emiss
T at the event selection

stage. Instead, this variable is used to fully reconstruct the kinematics of the tt̄
events.
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4.2 tt̄ event selection

Candidate signal events are selected to have an isolated muon or electron, and at
least three jets.

To reduce the contribution from background processes and optimize the tt̄
reconstruction additional, more stringent, requirements on the events are imposed
as summarized in Table 4.1.

Preselection
exactly one µ(e) pT > 30 GeV, |h| < 2.4
veto additional µ(e) pT > 15 GeV, |h| < 2.4
number of jets njets � 3
jets pT > 30 GeV, |h| < 2.4

Selection during tt̄ reconstruction
bl,bh pT > 30 GeV, |h| < 2.4
bl,bh CSVv2 medium working point
jW pT > 30 GeV, |h| < 2.4
W boson M`,n

T < 140 GeV
Additional selection if njets = 3

leading jet pT > 50 GeV
likelihood � ln l3 < 13

Table 4.1: Event selection requirements. bl(h) is the b-jet on leptonic (hadronic) side of tt̄
event, jW is the light jet assigned to the W boson decay. The W boson transverse
mass is defined as M`,n

T = (E`
TEn

T � ~p`T ·~pn
T)

1/2, where E`
T and ~p`T refer to the

transverse energy and transverse momentum for the lepton and En
T and ~pn

T refer
to the transverse energy and transverse momentum for the neutrino as found by
the neutrino solver. The likelihood l3 for the three jet category is defined in Sec .

In the three jets category, in order to lower the contribution from QCD mul-
tijet production, additional selection criteria are imposed: the event likelihood
� ln(l3) < 13 and leading jet pT > 50 GeV. The likelihood selection rejects QCD
events by 18% while it keeps 95% of tt̄ events. The pT selection rejects QCD events
by 12% and it still keeps 98.5% of tt̄ events. Furthermore, the likelihood and the pT

selection reject 31% of single top events and 40% of V+jets events.



29

Chapter 5

Data and simulated samples

5.1 Data

Events are taken from certified runs, for which a good performance and full func-
tionality of the CMS detector is ensured. These runs correspond to an integrated
luminosity 35.8 fb�1. For the muon channel events are selected based on a logical
OR between the triggers HLT_IsoMu24 and HLT_IsoTkMu24. The electron events
are triggered with HLT_Ele27_WPTight_Gsf. The pT thresholds of 24 GeV for the
muon and 27 GeV for the electron triggers are below the analysis selection require-
ment of 30 GeV. Further details about trigger efficiencies and parametrization can
be found in [39].

5.2 Simulated samples

The Monte Carlo(MC) program POWHEG [40–43] (v2) is used to simulate tt̄ events,
which includes next-to-leading order (NLO) QCD matrix element calculation. It
is followed with the parton shower simulation using PYTHIA [44, 45] (v8.205)
(PYTHIA8) with the CUETP8M2T4 tune. All processes with up to two additional
partons are calculated at NLO and combined with the PYTHIA8 parton shower
simulation using the FxFx [46] algorithm. The default parametrization of the Parton
Density Functions (PDF) used in all simulations is NNPDF30_nlo_as_0118 [47]. Top
quark mass mt = 172.5GeVis used. All Monte Carlo samples are listed in Table 5.1.
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When compared to data, the simulation is normalized to an inclusive tt̄ production
cross section of 832+40

�46 pb [23]. This value is calculated with NNLO precision in-
cluding the resummation of next-to-next-to-leading-logarithmic (NNLL) soft gluon
terms. Its given uncertainty is due to the choice of hadronization/factorization
scales and PDF.

In all simulated processes event weights are calculated that represent the uncer-
tainty eigenvectors of the PDF. There are also event weights available that represent
the changes of factorization and renormalization scales by a factor of two or one
half. These additional weights allow for the calculation of systematic uncertainties
due to the PDF and the scale choices. For additional uncertainty estimations we
use POWHEG+PYTHIA8 simulated samples with top quark masses of 171.5 and
173.5 GeV, with initial and final state parton shower scales varied up and down by
a factor of two. Simulation based on POWHEG combined with HERWIGPP [48]
(v2.7.1) with the EE5C tune [49] is used for further comparison.

The main background processes are simulated using the same techniques. The
MG5_aMC@NLO generator is used for the simulation of W boson production in
association with jets, single top quark production (the dominant t-channel, and the
smaller tW and s-channel), and Drell–Yan (DY) production in association with jets.
The POWHEG generator is used for the simulation of single top quark associated
production with a W boson (tW) and PYTHIA8 is used for multijet production. In
all cases the parton shower and the hadronization are described by PYTHIA8 with
the CUETP8M1T4 tune [50]. The W boson and DY backgrounds are normalized
to their NNLO cross sections [51]. The single top quark processes are normalized
to NLO calculations [52, 53], and the multijet simulation is normalized to the LO
calculation [45].

The detector response is always simulated using GEANT4 [54]. The same
reconstruction algorithms that are applied to the data are used.
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RunIISummer16 Evts.(weights) [⇥106] s[pb]
Signal

TT_TuneCUETP8M2T4_13TeV-powheg-pythia8 154.64(154.64) 832
TT_TuneCUETP8M2T4_13TeV-powheg-fsrdown-pythia8 59.1(59.1)
TT_TuneCUETP8M2T4_13TeV-powheg-fsrup-pythia8 59.2(59.2)
TT_TuneCUETP8M2T4_13TeV-powheg-isrdown-pythia8 59.0(59.0)
TT_TuneCUETP8M2T4_13TeV-powheg-isrup-pythia8 58.84(58.84)
TT_TuneCUETP8M2T4_mtop1715_13TeV-powheg-pythia8 19.58(19.58)
TT_TuneCUETP8M2T4_mtop1735_13TeV-powheg-pythia8 19.42(19.42)
TT_TuneCUETP8M2T4down_13TeV-powheg-pythia8 58.34(58.34)
TT_TuneCUETP8M2T4up_13TeV-powheg-pythia8 58.95(58.95)
TT_hdampDOWN_TuneCUETP8M2T4_13TeV-powheg-pythia8 58.16(58.16)
TT_hdampUP_TuneCUETP8M2T4_13TeV-powheg-pythia8 58.86(58.86)
TT_TuneCUETP8M2T4_erdON_13TeV-powheg-pythia8 59.88(59.88)
TT_TuneEE5C_13TeV-powheg-herwigpp 59.17(59.17)
TTJets_TuneCUETP8M2T4_13TeV-amcatnloFXFX-pythia8 43.56(15.07)

Backgrounds
W1JetsToLNu_TuneCUETP8M1_13TeV-madgraphMLM-pythia8 45.17(45.17) 11917.5
W2JetsToLNu_TuneCUETP8M1_13TeV-madgraphMLM-pythia8 59.52(59.52) 3850.4
W3JetsToLNu_TuneCUETP8M1_13TeV-madgraphMLM-pythia8 58.07(58.07) 1124
W4JetsToLNu_TuneCUETP8M1_13TeV-madgraphMLM-pythia8 30.00(30.00) 579.3
DYJetsToLL_M-50_TuneCUETP8M1_13TeV-madgraphMLM-pythia8 144.61(144.61) 5765
WW_TuneCUETP8M1_13TeV-pythia8 7.98(7.98) 118.7
WZ_TuneCUETP8M1_13TeV-pythia8 4.00(4.00) 47.13
ST_t-channel_antitop_4f_inclusiveDecays_13TeV-powhegV2-madspin-pythia8_TuneCUETP8M1 38.81(38.81) 81
ST_t-channel_top_4f_inclusiveDecays_13TeV-powhegV2-madspin-pythia8_TuneCUETP8M1 67.24(67.24) 136
ST_tW_antitop_5f_NoFullyHadronicDecays_13TeV-powheg_TuneCUETP8M1 5.43(5.43) 19.3
ST_tW_top_5f_NoFullyHadronicDecays_13TeV-powheg_TuneCUETP8M1 5.37(5.37) 19.3
ST_s-channel_4f_leptonDecays_13TeV-amcatnlo-pythia8_TuneCUETP8M1 1.0(0.62) 3.4
QCD_Pt-30to50_MuEnrichedPt5_TuneCUETP8M1_13TeV_pythia8 29.56(29.56)
QCD_Pt-50to80_MuEnrichedPt5_TuneCUETP8M1_13TeV_pythia8 19.81(19.81)
QCD_Pt-80to120_MuEnrichedPt5_TuneCUETP8M1_13TeV_pythia8 23.18(23.18)
QCD_Pt-120to170_MuEnrichedPt5_TuneCUETP8M1_13TeV_pythia8 19.98(19.98)
QCD_Pt-170to300_MuEnrichedPt5_TuneCUETP8M1_13TeV_pythia8 36.96(36.96)
QCD_Pt-300to470_MuEnrichedPt5_TuneCUETP8M1_13TeV_pythia8 49.0(49.0)
QCD_Pt-470to600_MuEnrichedPt5_TuneCUETP8M1_13TeV_pythia8 19.36(19.36)
QCD_Pt-600to800_MuEnrichedPt5_TuneCUETP8M1_13TeV_pythia8 19.74(19.74)
QCD_Pt-800to1000_MuEnrichedPt5_TuneCUETP8M1_13TeV_pythia8 19.77(19.77)
QCD_Pt-1000toInf_MuEnrichedPt5_TuneCUETP8M1_13TeV_pythia8 13.2(13.2)
QCD_Pt-50to80_EMEnriched_TuneCUETP8M1_13TeV_pythia8 23.47(23.47)
QCD_Pt-30to50_EMEnriched_TuneCUETP8M1_13TeV_pythia8 11.5(11.5)
QCD_Pt-80to120_EMEnriched_TuneCUETP8M1_13TeV_pythia8 77.7(77.7)
QCD_Pt-120to170_EMEnriched_TuneCUETP8M1_13TeV_pythia8 77.77(77.77)
QCD_Pt-170to300_EMEnriched_TuneCUETP8M1_13TeV_pythia8 11.54(11.54)
QCD_Pt-300toInf_EMEnriched_TuneCUETP8M1_13TeV_pythia8 7.37(7.37)

Table 5.1: Simulation samples
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5.3 Pile-up correction to simulated samples

The distribution of the number of pileup (PU) interactions in MC is different from
that in data, which varies over time. This difference between MC and data is
corrected using the pileup reweighting factors. These factors are defined as the ratios
of the distribution of the number of interactions in data and MC. The distribution
for data is derived by measuring the instantaneous luminosity of colliding bunches
and multiplying by the total inelastic proton-proton cross section. Figure 5.1 shows
the distribution of the mean number of interactions per crossings.
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Figure 5.1: Mean number of interactions per bunch crossing for the 2016 proton-proton run
at 13 TeV. The cross section is taken to be 80 mb.
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Chapter 6

Reconstruction of the top
quark-antiquark system

6.1 Reconstruction of the top quark-antiquark system

The goal of reconstructing tt̄ events is to determine the full kinematics of top
and antitop quarks from their decay products. For this it is important match the
observed objects (leptons and jets) to the top and antitop quark decay products. We
always assume that the two b-tagged jets with the highest CSV values are associated
with the two b-quarks from tt̄ decays. We test all possible assignments of jets to
quarks from the tt̄ decay and build a likelihood that each assignment is correct. For
each event, the jet to quark assignment with the highest probability is selected.

The first step in building a likelihood is to reconstruct the neutrino four-momentum
pn based on the measured /~ET. The Neutrino Solver algorithm [55], finds all possible
solutions for the neutrino momentum using two mass constraints (pn + p`)2 = m2

W
and (pn + p` + pb`)

2 = m2
t . Each equation describes an ellipsoid in the three-

dimensional neutrino momentum space. The intersection of these two ellipsoids is
usually an ellipse. We select pn as the point on the ellipse for which the distance
Dn,min between the ellipse projection onto the transverse plane (pnx,pny) and /~ET is
minimal. The algorithm leads to a unique solution for the longitudinal neutrino mo-
mentum and an improved resolution for the transverse component. The minimum
distance Dn,min is also used to identify the correct b jet in the leptonic top decay, b`.
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When the invariant mass of the lepton and b` candidate is above mt, no solution
can be found in the mass constraint and we continue with the next jet assignment.

6.1.1 Reconstruction of events with at least four jets

The likelihood to find correct jet to quark assignment for events with at least four
reconstructed jets is constructed using the W boson mass and the top quark mass
constraints on the hadronic side and the calculated Dn,min on the leptonic side. It is
defined as l4 (index 4 refers to the requirement of at least four jets):

� ln(l4) =� ln(Pm(m2, m3))� ln(Pn(Dn,min)), (6.1)

where Pm is a two-dimensional probability distribution of the invariant masses of
correctly reconstructed W bosons and top quarks. This probability is calculated
based on the invariant mass of the two jets m2 hypothesized to be the W boson
decay products, and the invariant mass of the three jets m3 hypothesized to be the
decay products of the hadronically decaying top quark. The distributions for the
correct jet assignments, normalized to unity, are shown in Fig. 6.1 (upper left). This
part of the likelihood is sensitive to the correct reconstruction of the hadronically
decaying top quark, modulo a permutation of the two jets from the W boson, but
none of the measured kinematic variables will be affected by this ambiguity.

The probability Pn describes the distribution of Dn,min for a correctly selected b`.
In Fig. 6.1 upper right, the normalized distributions of Dn,min for b` and for other
jets are shown. On average, the distance Dn,min for correctly selected b` is smaller
and has a lower tail compared to the distance obtained for the wrongly assigned
jets. Jet assignments with values of Dn,min > 150 GeVare rejected since they are very
unlikely to originate from a correct b` association. This part of the likelihood is
sensitive to the correct reconstruction of the leptonically decaying top quark.

The likelihood l4 is plotted in lower plot of Fig. 6.1 for the best permutation.
Here, the signal simulation is divided into the following categories: correctly
reconstructed tt̄ systems (tt̄ right reco), events where all decay products are available,
but the algorithm failed to identify the correct jet assignments (tt̄ wrong reco), `+jets
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tt̄ events where at least one decay product is missing (tt̄ not reconstructible), and tt̄
events from dileptonic or fully hadronic decays (tt̄ background).
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Figure 6.1: At least four jets reconstruction. Upper left: normalized two-dimensional mass
distribution of the correct reconstructed hadronically decaying W bosons M(W)
and the correct reconstructed top quarks M(th). Upper right: normalized
distributions of the distance Dn,min for correctly and wrongly selected b jets
from the leptonically decaying top quarks. Lower plot: Distribution of the
negative log-likelihood for the selected best jet assignment for the tt̄ MC and the
backgrounds. The possible categories from the tt̄ reconstruction algorithm are
explained in the text.

6.1.2 Reconstruction of events with one missing jet

The most sensitive to top Yukawa coupling region of the phase space is the threshold
of tt̄ production. At the same time the efficiency of selecting tt̄ events in this region is
rather low since one or more quarks from tt̄ decay is likely to have pT or h below the
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selection thresholds resulting in a missing jet. To mitigate this effect we developed
an algorithm of tt̄ reconstruction with one missing jet. The idea is inspired by [56].

In 93% of the 3-jet events the missing jet is from W boson decay. Starting with
events that have two medium b-tagged jets and one light quark jet, and assuming
that the two highest b-tagged jets are associated with b-quarks from tt̄ decays (94%
of the time the true b-quarks from tops are the two highest b-tagged jets), the only
ambiguity is in the assignment of the b-tagged jets: which one originates from the
hadronic top decay and which one from the leptonic top decay. To sort out this
ambiguity the algorithm proceeds in the following way:

• We run the Neutrino Solver using each of the b-jets as a leptonic b-jet candidate
to calculate the corresponding minimum distance Dn,min.

• If one of the b-jet candidates does not yield a solution (48% of the overall cases),
that b-jet is considered to be originating from the hadronic top decay and the
other b-jet which has a correct neutrino solution is considered to be coming
from the leptonic top decay (90% true).

• If instead both b-jets candidates yield solutions for neutrino momentum (52%
of the overall cases), a combined likelihood l3 (index 3 refers to three jets), is
constructed using the minimum distance Dn,min and the invariant mass mth of
the two jets hypothesized to belong to the hadronic top decay:

� ln(l3) =� ln(Pmth
)� ln(Pn(Dn,min)), (6.2)

where Pn(Dn,min), shown in Fig. 6.2 upper left, is the probability to identify b`;
Pmth

, shown in Fig. 6.2 upper right, is the probability of the invariant mass of
the hypothesized bh and the jet from W boson decay. The distribution in l3 is
shown in the lower plot of Fig. 6.2. We choose the b-jet with the lowest l3 as
the leptonic b-jet b` (72% true), and the other b-jet as the hadronic b-jet bh.
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When the top candidate is off-shell, no solution can be found to satisfy the mass
constraints and we continue with the next b-jet candidate. Jets assignment with
values of Dn,min > 150 GeV and hypothesized invariant mass mth > 500 GeV are
rejected since they are very unlikely to originate from a correct b-jets association.
Overall, the described algorithm identifies the correct b-jets in 80% of three jet
events, where all three jets are coming from tt̄ decay.

Leptonic top decays are fully reconstructed, regardless of whether we have three
or four jets. The hadronic-top candidate in the missing jet category is approximated
by the system of the b-jet identified to be associated with the hadronic top decay
and the only light-quark jet. Figure 6.3 shows the resolutions of the invariant mass
of the tt̄ system and the difference in rapidity for three jet events compared to those
with at least four jets. It is worth noting that the widths of these distributions are
more important than the central value, since the respective templates are derived
separately for different jet multiplicities. The resolution shows that the three jet
reconstruction is competitive with the one achieved in the four jet category.

To summarize, the newly developed three jets reconstruction allows to increase
the statistics in the sensitive low Mtt̄ region. As will be shown in Section 9.2, the
addition of three jets events also helps reducing the systematic uncertainty due
to sources that cause migration between jet multiplicity bins, e.g. jet energy scale
variation and hadronization model.
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Figure 6.2: Three jets reconstruction. Upper left: normalized distributions of the distance
Dn,min for correctly and wrongly selected b` candidates. Upper right: normalized
mass distribution of the correctly and wrongly selected bh and the jet from W
boson decay. Lower plot: Distribution of the negative combined log-likelihood.

Figure 6.3: Resolution comparison between three jets reconstruction and at least four jets
reconstruction.
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Chapter 7

Background estimation

Backgrounds in this analysis arise from QCD multijet production, single top quark
production, and vector boson production in association with jets (V+jets). The
expected number of events from WW and WZ production as shown in Fig. 7.2 and
Fig. 7.3 is negligible and we ignore it in the signal region.

The contribution from single top is estimated from the MG5_aMC@NLO and
POWHEG simulated samples for t-channel and Wt-production, respectively. The
MC statistical uncertainty and an inclusive 15% uncertainty (estimated by the latest
LHCTOPWG combined cross section both in t-channel and Wt-production [57]) in
the single top cross section are applied. The variations from all the other sources
of systematics such as scale factors are included as well. The contribution from
V+jets is estimated from the simulated samples and normalized according to the
cross sections given in Table 5.1. The systematic uncertainty of the normalization of
V+jets is conservatively set at 30%, based on the uncertainty of the W+heavy flavor
production cross section [58].

Due to the low statistics of QCD simulated events after the selection, we derive
shape templates in the Mtt̄ and Dyt from a control region in order to get smooth
distributions. One of the common control region for QCD estimation is in the region
of inverted lepton isolation. Another control region is the low CSV region, enriched
with V+jets and QCD. The CSV control region follows the same event selections
and is defined by requiring that the maximum CSV value of jets in each event is
less than 0.6.
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The lepton pT in these two control regions are shown, shown in Fig. 7.1 top plots.
The kinematics is observed to be softer in the region of inverted isolation. Shapes in
both control regions are compared to the QCD simulation in the signal region, and
shown in Fig. 7.1 bottom plot. It indicates that the CSV control region is in better
agreement with the kinematics in signal region. For this reason, we use the CSV
data control region to derive the shape of QCD.
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Figure 7.1: Top: The lepton pT distribution in the isolation (left) and the CSV (right) control
regions. It shows good agreement between data and MC. In the left plot, the
data distribution in the CSV control region is shown together with the isola-
tion control region distributions for comparison purpose. Bottom: The QCD
simulation for lepton pT distribution in the signal region compared to the data
distributions in both control regions. The CSV control region shows a better
agrement.

The distribution of the CSV b-tagging discriminant of the highest tagged jet is
shown in Fig. 7.2, and it shows overall good agreement between data and MC. We
further compare the Mtt̄ and Dyt distributions in this sideband region in Fig. 7.3,
which shows consistency of the data and MC within statistical uncertainties.
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Figure 7.2: The CSV b-tagging discriminant distribution for the highest b-tagged jet in
events with three, four, and five or more jets. The CSV control region is defined
by CSV<0.6. This plot illustrates the control region is dominated by V+jets and
QCD (92%).
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Figure 7.3: Mtt̄ and Dyt distributions for events with three, four, and five or more jets in the
control region (CSV<0.6).
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We take the shape distributions for Mtt̄ and Dyt from the data in the CSV side-
band (minus the residual single top, tt̄ and WW and WZ contributions), and nor-
malize it as follows:

NSR
QCD = NCR

resDATA ⇥ NSR
QCDMC

NCR
QCDMC

, (7.1)

where SR is the signal region, CR is the CSV sideband region, NresDATA is the
residual data (data minus the non-QCD components), and NQCDMC is the MC
estimate of the QCD background. The normalization uncertainty of the QCD
background is 30%.

The QCD shape uncertainty due to the b-tagging reversal is evaluated in the
non-isolated data. We consider the difference between tagged and anti-tagged
events in this sample. Figure 7.4 demonstrates the sideband regions used for the
QCD shape evaluation. Region I indicates the signal region. Region II is where
we derived the QCD shape. Region III and IV are regions with inverted lepton
isolation. For region III and IV, the single lepton trigger requirement is removed.
The difference between III and IV is taken as the QCD shape uncertainty.

Figure 7.5 and Figure 7.6 show the shape comparisons in Mtt̄ and Dyt for these
four regions. The plots confirm that the shape derived from region II is closer to the
QCD simulation in the signal region. Also, the shapes derived from region III and
IV are closer to each other but more different from that in the region II. This means
the shape does not change much by going from region III to IV, but it changes more
by going from region III to region II, i.e., it has a smaller change by reversing the
b-tagging than inverting the isolation selections.
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Figure 7.4: The QCD shape is derived in the region of low CSV (data control region II), and
the shape uncertainty is estimated from the difference between region III and IV.
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Figure 7.5: Left: Comparison of the QCD multijet background shape in Mtt̄ derived from
different data control regions (red: region II, black: region III, and blue: region
IV) and MC in the signal region (green block) for events with three, four, and
five or more jets. The lepton pT in region I and II are further required to be
larger than 50 GeV in order to get a consistent selection with inverted isolation
samples. Right: The ratio between region III and region IV, which is used as
QCD shape uncertainty.
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Figure 7.6: Left: Comparison of the QCD multijet background shape in Dyt derived from
different data control regions (red : region II, black: region III, and blue: region
IV) and MC in the signal region (green block) for events with three, four, and
five or more jets. The lepton pT in region I and II are further required to be
larger than 50 GeV in order to get a consistent selection with inverted isolation
samples. Right: The ratio between region III and region IV, which is used as
QCD shape uncertainty.
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Chapter 8

Event yields and control plots

The efficiency of the reconstruction algorithm is defined as the probability that the
most likely assignment, as identified by the likelihood l, is the correct one, given
that all decay products from the tt̄ decay are reconstructed and selected. These
efficiencies as a function of the jet multiplicity are shown in Fig. 8.1 (right). Since the
number of possible jet-to-quark assignments increases drastically with the number
of jets, it is more likely to select a wrong assignment if there are additional jets. Thus,
low number of jets has a higher reconstruction efficiency and it also means a higher
fraction of correctly reconstructed tt̄ events, which is the most sensitive category
to Yukawa coupling. This is also one of advantages of reconstructing three-jets
events. However, all the tt̄ components carry the signature of Yukawa coupling in
tt̄ production, so all of the categories are considered as signal in the final likelihood.
Table 8.1 shows the event yields with statistical uncertainties after event selection
and tt̄ reconstruction.

In Fig. 8.2 to Fig. 8.4, we display kinematic variables: MET, lepton h, pT and
absolute rapidity y for hadronically and leptonically decaying top and tt̄ system,
reconstructed by the algorithm for three, four, five and more jets events. The
V+jets and QCD background distributions in these plots come from a data sideband
described in Sec. 8. In general, good agreement between data and prediction is
observed.
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Source 3 jets 4 jets �5 jets
tt̄ right 130523.1 ± 153.8 92895.1 ± 129.5 71642.6 ± 114.1
tt̄ wrong 29297.9 ± 73.1 17355.6 ± 56.6 43073.0 ± 89.3
tt̄ semi 50695.4 ± 96.2 88762.8 ± 127.1 80960.1 ± 122.1
tt̄ background 53464.6 ± 99.0 26084.5 ± 69.1 25043.6 ± 68.1
single t 17847.8 ± 40.0 6922.3 ± 27.1 6294.3 ± 25.9
V+jets 8989.7 ± 100.3 2823.7 ± 51.6 2477.6 ± 48.9
QCD multijet 19834.8 ± 6247.0 2100.4 ± 603.2 1082.9 ± 209.6

MC sum 310653.4 ± 253.8 236944.5 ± 211.9 230574.0 ± 211.0
Data 308932.0 ± 555.8 237491.0 ± 487.3 226788.0 ± 476.2

Table 8.1: Expected and observed yields with statistical uncertainties after event selection.
Events are categorized in the tt̄ MC as: correctly identified tt̄ systems (tt̄ right);
events where all decay products are available, but the tt̄ reconstruction algorithm
does not identify them as a correct tt̄ permutation (tt̄ wrong); events where at
least one decay product is missing (tt̄ not reco); events arising from the dileptonic
or fully hadronic tt̄ channels (tt̄ background).
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Figure 8.1: Left: Number of reconstructed tt̄ events as a function of the number of jets.
Right: Reconstruction efficiency of the tt̄ system as a function of number of jets
calculated based on the simulations with POWHEG+PYTHIA8 (P8).
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Figure 8.2: Kinematic distribution in the tt̄ system: MET, lepton rapidity, pT and absolute
rapidity y of hadronic and leptonic top and tt̄ system, of the events that pass our
selection criteria in three jets tt̄ events.
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Figure 8.3: Kinematic distribution in the tt̄ system: MET, lepton rapidity, pT and absolute
rapidity y of hadronic and leptonic top and tt̄ system, of the events that pass our
selection criteria in four jets tt̄ events.
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Figure 8.4: Kinematic distribution in the tt̄ system: MET, lepton rapidity, pT and absolute
rapidity y of hadronic and leptonic top and tt̄ system, of the events that pass our
selection criteria in five or more jets tt̄ events.
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Chapter 9

Statistical Treatment

9.1 Likelihood model

We determine the most probable value of the Yt and its uncertainty using the
likelihood model. It is constructed as a product of Poisson likelihoods for the
observation in each (Mtt̄, |Dyt|) bin, as:

L = ’
bin 2(Mtt̄,|Dyt|)

Lbin = ’
bin

Pois(nbin
obs|sbin(q)⇥ Rbin(Yt) + bbin(q))⇥ r(q|q̃) (9.1)

where q represents the full suite of nuisance parameters indicating our degree of
belief on what the true values might be, sbin is the tt̄ prediction from the POWHEG
simulation in a given (Mtt̄, |Dytt̄|) bin, bbin is the prediction from simulation for
various backgrounds, and Rbin(Yt) = sbin(Yt)/sbin encodes the effect of different
Yt coupling scenarios, formulated as quadratic functions of Yt in each bin. Rbin(Yt)

provides electrweak corrections to the predictions on tt̄, depending on the value of
Yt assumed.

Finally, r(q|q̃) denotes constraint terms for each nuisance parameters, where q̃ is
the default value of the nuisance parameter on q. Different sources of systematics
are explained in detail in Section 9.2.

To extract Yt from data, a simultaneous likelihood fit is performed in all bins,
defined by Mtt̄ and |Dytt̄|. The binning is chosen to capture different bahavior of
electroweak corrections quantitatively. Figure 9.6 shows Rbin(Yt) and its quadratic
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dependence on Yt. Three bins are defined in |Dytt̄|: 0.0-0.6, 0.6-1.2, and 1.2 or above.
Within each |Dytt̄| bin, each Mtt̄ bin is formed by requiring at least 10000 simulated
events. With this criterion, 21, 17 and 17 bins are defined for the three-jet, four-jet
and five-or-more jet event category respectively.
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Figure 9.1: This plot shows Rbin(Yt) in their corresponding |Dyt| < 0.6 bins along with Mtt̄
in 3 jets. We apply a quadratic fit, in each bin, on for Yt couplings equal to 0, 1, 2,
3, 4, and 5. The plot shows the event yield with respect to the nominal that can
be expected in a specific Mtt̄ and |Dyt| region for each Yt scenario.
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Figure 9.2: This plot shows Rbin(Yt) in their corresponding |Dyt| < 1.2 bins along with Mtt̄
in 3 jets. We apply a quadratic fit, in each bin, on for Yt couplings equal to 0, 1, 2,
3, 4, and 5. The plot shows the event yield with respect to the nominal that can
be expected in a specific Mtt̄ and |Dyt| region for each Yt scenario.
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Figure 9.3: This plot shows Rbin(Yt) in their corresponding |Dyt| > 1.2 bins along with Mtt̄
in 3 jets. We apply a quadratic fit, in each bin, on for Yt couplings equal to 0, 1, 2,
3, 4, and 5. The plot shows the event yield with respect to the nominal that can
be expected in a specific Mtt̄ and |Dyt| region for each Yt scenario.
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Figure 9.4: This plot shows Rbin(Yt) in their corresponding |Dyt| < 0.6 bins along with Mtt̄
in 4 and �5 jets (with same binning). Colors indicate different jets multiplicities.
We apply a quadratic fit, in each bin, on for Yt couplings equal to 0, 1, 2, 3, 4,
and 5. The plot shows the event yield with respect to the nominal that can be
expected in a specific Mtt̄ and |Dyt| region for each Yt scenario.



57

tY
0 0.5 1 1.5 2 2.5 3 3.5 4

 y
ie

ld
s)

/(P
ow

he
g 

yi
el

ds
)

t
Y(

0.9
0.95

1
1.05

1.1
1.15

1.2
1.25

1.3
3 jets

4 jets

CMS
Simulation
bin 7

tY
0 0.5 1 1.5 2 2.5 3 3.5 4

 y
ie

ld
s)

/(P
ow

he
g 

yi
el

ds
)

t
Y(

0.9
0.95

1
1.05

1.1
1.15

1.2
1.25

1.3
3 jets

4 jets

CMS
Simulation
bin 8

tY
0 0.5 1 1.5 2 2.5 3 3.5 4

 y
ie

ld
s)

/(P
ow

he
g 

yi
el

ds
)

t
Y(

0.9
0.95

1
1.05

1.1
1.15

1.2
1.25

1.3
3 jets

4 jets

CMS
Simulation
bin 9

tY
0 0.5 1 1.5 2 2.5 3 3.5 4

 y
ie

ld
s)

/(P
ow

he
g 

yi
el

ds
)

t
Y(

0.9
0.95

1
1.05

1.1
1.15

1.2
1.25

1.3
3 jets

4 jets

CMS
Simulation
bin 10

tY
0 0.5 1 1.5 2 2.5 3 3.5 4

 y
ie

ld
s)

/(P
ow

he
g 

yi
el

ds
)

t
Y(

0.9
0.95

1
1.05

1.1
1.15

1.2
1.25

1.3
3 jets

4 jets

CMS
Simulation
bin 11

tY
0 0.5 1 1.5 2 2.5 3 3.5 4

 y
ie

ld
s)

/(P
ow

he
g 

yi
el

ds
)

t
Y(

0.9
0.95

1
1.05

1.1
1.15

1.2
1.25

1.3
3 jets

4 jets

CMS
Simulation
bin 12

Figure 9.5: This plot shows Rbin(Yt) in their corresponding |Dyt| < 1.2 bins along with Mtt̄
in 4 and �5 jets (with same binning). Colors indicate different jets multiplicities.
We apply a quadratic fit, in each bin, on for Yt couplings equal to 0, 1, 2, 3, 4,
and 5. The plot shows the event yield with respect to the nominal that can be
expected in a specific Mtt̄ and |Dyt| region for each Yt scenario.
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Figure 9.6: This plot shows Rbin(Yt) in their corresponding |Dyt| > 1.2 bins along with Mtt̄
in 4 and �5 jets (with same binning). Colors indicate different jets multiplicities.
We apply a quadratic fit, in each bin, on for Yt couplings equal to 0, 1, 2, 3, 4,
and 5. The plot shows the event yield with respect to the nominal that can be
expected in a specific Mtt̄ and |Dyt| region for each Yt scenario.
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9.2 Systematic uncertainties

The different sources of experimental and theoretical uncertainties are described in
this Section. Depending on the MC statistics in each bin, the systematic variations
maybe fluctuating. In order to eliminate the effect from low MC statistics, we adopt
a smoothing procedure on the distributions of systematic variations.

9.2.1 Experimental uncertainty

The uncertainty on the integrated luminosity is 2.5% [59]. The simulation samples
are reweighted to match the measured data distribution in the number of collisions
per events. The uncertainty on the total inelastic pp cross section, which affects the
pile-up estimate, is estimated by varying the average number of pile-up events per
bunch crossing by 5%.

Differences in the pile-up distribution between data and MC are corrected by
reweighting each simulation event to match the pile-up distribution in data. The
corresponding uncertainty is estimated by varying the total inelastic proton-proton
cross section within its uncertainty. The overall uncertainty is less then 2%.

Lepton efficiency scale factors, which account for differences in the trigger,
reconstruction, and identification efficiencies between data and simulation, are
measured using a tag-and-probe method in Z ! `` events [60, 61]. The efficiencies
are measured in bins of lepton pT, h, and jet multiplicities, and then applied to
the simulations to match the data. The overall uncertainty from these lepton scale
factors is approximately 2%.

Uncertainties in the jet energy calibration (JEC) are evaluated by shifting the
energies of jets in the simulation up and down by one standard derivation in bins of
pT and h. According to the different sources of JEC uncertainties and the jet flavors,
eighteen shape variations uncertainties are considered. JEC is the biggest experi-
mental uncertainty in this analysis. The uncertainty in the jet energy resolution
(JES) is calculated by broadening the resolution in simulation and recomputing the
acceptances [62], for which the resulting effect is less than 1% in overall yield.
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The b tagging efficiency in simulation is corrected using scale factors deter-
mined from efficiencies measured in data and simulation [63]. The uncertainty in
the measured scale factors ranges between 1 to 20% per jet, leading to an overall
effect between 2-3%.

The uncertainty from MET due to the electron, muon, and unclustered energy
uncertainties, results in a neglectable effect on the acceptance.

As described in background estimation, Section 8, the single top events are
affected by a 15% normalization uncertainty based on the current experimental
measurements. The V+jets normalization uncertainty is 30% and the QCD multijet
data-driven estimation includes a 30% normalization uncertainty and a shape
difference observed between different control regions.
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Figure 9.7: Shape variation of pile-up uncertainties for three jets, four jets, and five or more
jets for tt̄ and single top background in Mtt̄ and |Dyt| analysis bins. The blocks
show the original up and down variations, and the lines with centre dots is
obtained after the smoothing procedure.
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Figure 9.8: Shape variation of RelativeBal (difference between MPF and pT balance methods)
and FlavorQCD (difference in jet flavor and gluon responses) in JEC uncertain-
ties for three jets, four jets, and five or more jets for tt̄ and single top background
in Mtt̄ and |Dyt| analysis bins. The blocks show the original up and down varia-
tions, and the lines with centre dots is obtained after the smoothing procedure.
This is the dominant JEC uncertainty.
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Figure 9.9: Shape variation of all the other JEC uncertainties for three jets for tt̄ and single
top background in Mtt̄ and |Dyt| analysis bins. The blocks show the original
up and down variations, and the lines with centre dots is obtained after the
smoothing procedure.
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Figure 9.10: Shape variation of all the other JEC uncertainties for four jets for tt̄ and single
top background in Mtt̄ and |Dyt| analysis bins. The blocks show the original
up and down variations, and the lines with centre dots is obtained after the
smoothing procedure.
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Figure 9.11: Shape variation of all the other JEC uncertainties for five or more jets for tt̄
and single top background in Mtt̄ and |Dyt| analysis bins. The blocks show the
original up and down variations, and the lines with centre dots is obtained
after the smoothing procedure.
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Figure 9.12: Shape variation of JER uncertainties for three jets, four jets, and five or more
jets for tt̄ in Mtt̄ and |Dyt| analysis bins. The blocks show the original up and
down variations, and the lines with centre dots is obtained after the smoothing
procedure.
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Figure 9.13: Shape variation of lepton ID/trigger (left), b tagging scale factor (middle), and
b mis-tagging scale factor (right) uncertainties for three jets, four jets, and five
or more jets for tt̄, single top, and V+jets backgrounds in Mtt̄ and |Dyt| analysis
bins. The blocks show the original up and down variations, and the lines with
centre dots is obtained after the smoothing procedure.
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Figure 9.14: Shape variation of QCD shape uncertainties for three jets, four jets, and five
or more jets for tt̄ in Mtt̄ and |Dyt| analysis bins. The blocks show the original
up and down variations, and the lines with centre dots is obtained after the
smoothing procedure.
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9.2.2 Theoretical uncertainty

Uncertainties in the renormalization and factorization scales affect the number of
events expected for tt̄ signal. These uncertainties are evaluated by varying each scale
independently by a factor of 2 (where the anti-correlated variations are dropped).
This results in shape variations as large as 5% in tt̄ and single top events, and as
large as 12% in the V+jets events.

Different alternative versions (replicas) of NNPDF30 PDF set [47] are used to
estimate the corresponding acceptance uncertainty. Eight dominant base variations
are used to represent the total PDF uncertainty which amount to a shape variation
of no more than 1.5%. Different replicas due to the variation of strong coupling
constant aS result in around 1% change in the acceptance.

The uncertainty due to the top quark mass is estimated by taking the acceptance
variations in simulations generated with mt varied up and down by 1GeV, and it
results in a shape variation as large as 5% near the tt̄ threshold.

In the following, we describe the sources of uncertainties due to modeling of
the parton shower. The uncertainty in matching the matrix element calculation
to the parton shower is estimated by changing the parameter which regulates the
damping of real emission in the NLO calculation [64], resulting in an effect of
around 1-4% for different event categories. Color reconnection reconfigures color
strings after parton shower affecting the W decays [64]. This is also considered
as a source of uncertainty resulting in an effect of around 1-3%. The scales which
determine initial-state radiation (ISR) and final-state radiation (FSR) are also var-
ied [65], resulting in maximum a 3-10% change of the shape. The uncertainty in
fragmentation, momentum transfer from b quark to B hadron, is estimated by
varying the parameterized function in the simulation. It results in a shape variation
as large as 3%. The branching fraction of B hadron decaying semi-leptonically
may change the b jet energy response and therefore, the uncertainty is calculated by
reweighing the simulation with one standard variation of measurements [66]. It
makes an effect on the acceptance as large as 3%. Uncertainties in modelling the
amount of multiple-parton interactions [64] are found to be negligble.
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It was observed in all of the top decaying channels that the available event
generators has an overall harder top pT spectrum than observed in data with the
discrepancy still being within the analyses uncertainties. The origin of this discrep-
ancy is not entirely understood, and it will likely require a substantial efforts from
the theory community. There are indications that the discrepancy is minimized
when comparing to NNLO QCD prediction [67]. In order to account for this discrep-
ancy, an empirical reweighting based on the observed top pT distribution is utilized
in many analyses. In our analysis, no empirical reweighting is applied due to the
correlation between top pT and Mtt̄ and potential sensitivity to Yt from it. Instead,
we reweight the average top pT (one half of the scalar sum of the top and anti-top
pT value) by the factor computed with NNLO and we take the difference in the
spectrum of Mtt̄ and Dyt before and after reweighting as a systematic uncertainty.

Finally, the weak correction is implemented by reweighing nominal POWHEG
MC samples with the ratio of weak correction over the leading-order cross section
calculated by HATHOR. As recommended by the HATHOR authors [68], the associ-
ated systematic uncertainty for this procedure can be estimated from the difference
between the multiplicative and additive treatments, i.e. (1 + dQCD)(1 + dEW) and
(1 + dQCD + dEW); where dQCD can be estimated by varying the factorization and
renomalization scale on the NLO cross-section up and down, and dEW is the ratio
of weak correction over the leading-order cross-section we got in HATHOR. The
difference is dQCD ⇥ dEW , which is also a function of Yt since the overall effect of
weak correction increases for increasing Yukawa couplings.
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Figure 9.15: Shape variation of renormalization scale uncertainties (left), factorization scale
uncertainties (middle), and both renormalization and factorization scale vary-
ing the same direction uncertainties (right) for three jets, four jets, and five or
more jets for tt̄, single top, and V+jets backgrounds in Mtt̄ and |Dyt| analysis
bins. The blocks show the original up and down variations, and the lines with
centre dots is obtained after the smoothing procedure.
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Figure 9.16: Shape variation of the biggest three PDF base uncertainties for three jets, four
jets, and five or more jets for tt̄ and single top backgrounds in Mtt̄ and |Dyt|
analysis bins. The blocks show the original up and down variations, and the
lines with centre dots is obtained after the smoothing procedure.
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Figure 9.17: Shape variation of as(MZ) in PDF uncertainties for three jets, four jets, and five
or more jets for tt̄ and single top background in Mtt̄ and |Dyt| analysis bins.
The blocks show the original up and down variations, and the lines with centre
dots is obtained after the smoothing procedure.
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Figure 9.18: Shape variation of top mass uncertainties for three jets, four jets, and five or
more jets for tt̄ in Mtt̄ and |Dyt| analysis bins. The blocks show the original
up and down variations, and the lines with centre dots is obtained after the
smoothing procedure.
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Figure 9.19: Shape variation of FSR (upper left), B hadron decaying Br. (upper middle),
b-jet fragmentation (upper right), color reconnection (lower left), NLO shower
matching (lower right) in parton shower uncertainties for three jets for tt̄ and
single top background in Mtt̄ and |Dyt| analysis bins. The blocks show the
original up and down variations, and the lines with centre dots is obtained
after the smoothing procedure.



74

0-
36

0

36
0-

40
0

40
0-

44
0

44
0-

48
0

48
0-

54
0

54
0-

20
00

0-
40

0

40
0-

44
0

44
0-

48
0

48
0-

52
0

52
0-

58
0

58
0-

20
00

0-
50

0

50
0-

56
0

56
0-

62
0

62
0-

70
0

70
0-

20
00

Ev
en

ts

2000

4000

6000

8000

10000

12000

14000

16000

18000

20000

22000

24000
 (central value)tt

)σ sys up (+1tt
)σ sys down (-1tt

single top
V+jets
QCD

CMS
Simulation

(13 TeV)-135.8 fb

4j, fsr

| <
 0

.6
y

∆
0.

0 
< 

|

| <
 1

.2
y

∆
0.

6 
< 

|

| <
 6

.0
y

∆
1.

2 
< 

|

0-
36

0

36
0-

40
0

40
0-

44
0

44
0-

48
0

48
0-

54
0

54
0-

20
00

0-
40

0

40
0-

44
0

44
0-

48
0

48
0-

52
0

52
0-

58
0

58
0-

20
00

0-
50

0

50
0-

56
0

56
0-

62
0

62
0-

70
0

70
0-

20
00

]2 [GeV/cttm

0.1−

0

0.1

t
re

l u
nc

 t

0-
36

0

36
0-

40
0

40
0-

44
0

44
0-

48
0

48
0-

54
0

54
0-

20
00

0-
40

0

40
0-

44
0

44
0-

48
0

48
0-

52
0

52
0-

58
0

58
0-

20
00

0-
50

0

50
0-

56
0

56
0-

62
0

62
0-

70
0

70
0-

20
00

]2 [GeV/cttm

0.1−

0

0.1

re
l u

nc
 s

in
gl

e 
t

0-
36

0

36
0-

40
0

40
0-

44
0

44
0-

48
0

48
0-

54
0

54
0-

20
00

0-
40

0

40
0-

44
0

44
0-

48
0

48
0-

52
0

52
0-

58
0

58
0-

20
00

0-
50

0

50
0-

56
0

56
0-

62
0

62
0-

70
0

70
0-

20
00

Ev
en

ts

2000

4000

6000

8000

10000

12000

14000

16000

18000

20000

22000

24000
 (central value)tt

)σ sys up (+1tt
)σ sys down (-1tt

single top
V+jets
QCD

CMS
Simulation

(13 TeV)-135.8 fb

4j, bdecay

| <
 0

.6
y

∆
0.

0 
< 

|

| <
 1

.2
y

∆
0.

6 
< 

|

| <
 6

.0
y

∆
1.

2 
< 

|

0-
36

0

36
0-

40
0

40
0-

44
0

44
0-

48
0

48
0-

54
0

54
0-

20
00

0-
40

0

40
0-

44
0

44
0-

48
0

48
0-

52
0

52
0-

58
0

58
0-

20
00

0-
50

0

50
0-

56
0

56
0-

62
0

62
0-

70
0

70
0-

20
00

]2 [GeV/cttm

0.05−

0

0.05

t
re

l u
nc

 t

0-
36

0

36
0-

40
0

40
0-

44
0

44
0-

48
0

48
0-

54
0

54
0-

20
00

0-
40

0

40
0-

44
0

44
0-

48
0

48
0-

52
0

52
0-

58
0

58
0-

20
00

0-
50

0

50
0-

56
0

56
0-

62
0

62
0-

70
0

70
0-

20
00

]2 [GeV/cttm

0.05−

0

0.05

re
l u

nc
 s

in
gl

e 
t

0-
36

0

36
0-

40
0

40
0-

44
0

44
0-

48
0

48
0-

54
0

54
0-

20
00

0-
40

0

40
0-

44
0

44
0-

48
0

48
0-

52
0

52
0-

58
0

58
0-

20
00

0-
50

0

50
0-

56
0

56
0-

62
0

62
0-

70
0

70
0-

20
00

Ev
en

ts

2000

4000

6000

8000

10000

12000

14000

16000

18000

20000

22000

24000
 (central value)tt

)σ sys up (+1tt
)σ sys down (-1tt

single top
V+jets
QCD

CMS
Simulation

(13 TeV)-135.8 fb

4j, bfrag

| <
 0

.6
y

∆
0.

0 
< 

|

| <
 1

.2
y

∆
0.

6 
< 

|

| <
 6

.0
y

∆
1.

2 
< 

|

0-
36

0

36
0-

40
0

40
0-

44
0

44
0-

48
0

48
0-

54
0

54
0-

20
00

0-
40

0

40
0-

44
0

44
0-

48
0

48
0-

52
0

52
0-

58
0

58
0-

20
00

0-
50

0

50
0-

56
0

56
0-

62
0

62
0-

70
0

70
0-

20
00

]2 [GeV/cttm

0.05−

0

0.05

t
re

l u
nc

 t

0-
36

0

36
0-

40
0

40
0-

44
0

44
0-

48
0

48
0-

54
0

54
0-

20
00

0-
40

0

40
0-

44
0

44
0-

48
0

48
0-

52
0

52
0-

58
0

58
0-

20
00

0-
50

0

50
0-

56
0

56
0-

62
0

62
0-

70
0

70
0-

20
00

]2 [GeV/cttm

0.05−

0

0.05

re
l u

nc
 s

in
gl

e 
t

0-
36

0

36
0-

40
0

40
0-

44
0

44
0-

48
0

48
0-

54
0

54
0-

20
00

0-
40

0

40
0-

44
0

44
0-

48
0

48
0-

52
0

52
0-

58
0

58
0-

20
00

0-
50

0

50
0-

56
0

56
0-

62
0

62
0-

70
0

70
0-

20
00

Ev
en

ts

2000

4000

6000

8000

10000

12000

14000

16000

18000

20000

22000

24000
 (central value)tt

)σttsig sys up (+1

)σttsig sys down (-1

single top

V+jets

QCD

CMS
Simulation

(13 TeV)-135.8 fb

4j, color

| <
 0

.6
y

∆
0.

0 
< 

|

| <
 1

.2
y

∆
0.

6 
< 

|

| <
 6

.0
y

∆
1.

2 
< 

|

0-
36

0

36
0-

40
0

40
0-

44
0

44
0-

48
0

48
0-

54
0

54
0-

20
00

0-
40

0

40
0-

44
0

44
0-

48
0

48
0-

52
0

52
0-

58
0

58
0-

20
00

0-
50

0

50
0-

56
0

56
0-

62
0

62
0-

70
0

70
0-

20
00

]2 [GeV/cttm

0.05−

0

0.05t
re

l u
nc

 t

0-
36

0

36
0-

40
0

40
0-

44
0

44
0-

48
0

48
0-

54
0

54
0-

20
00

0-
40

0

40
0-

44
0

44
0-

48
0

48
0-

52
0

52
0-

58
0

58
0-

20
00

0-
50

0

50
0-

56
0

56
0-

62
0

62
0-

70
0

70
0-

20
00

Ev
en

ts

2000

4000

6000

8000

10000

12000

14000

16000

18000

20000

22000

24000
 (central value)tt

)σttsig sys up (+1

)σttsig sys down (-1

single top

V+jets

QCD

CMS
Simulation

(13 TeV)-135.8 fb

4j, hdamp

| <
 0

.6
y

∆
0.

0 
< 

|

| <
 1

.2
y

∆
0.

6 
< 

|

| <
 6

.0
y

∆
1.

2 
< 

|

0-
36

0

36
0-

40
0

40
0-

44
0

44
0-

48
0

48
0-

54
0

54
0-

20
00

0-
40

0

40
0-

44
0

44
0-

48
0

48
0-

52
0

52
0-

58
0

58
0-

20
00

0-
50

0

50
0-

56
0

56
0-

62
0

62
0-

70
0

70
0-

20
00

]2 [GeV/cttm

0.05−

0

0.05

t
re

l u
nc

 t

Figure 9.20: Shape variation of FSR (upper left), B hadron decaying Br. (upper middle),
b-jet fragmentation (upper right), color reconnection (lower left), NLO shower
matching (lower right) in parton shower uncertainties for four jets for tt̄ and
single top background in Mtt̄ and |Dyt| analysis bins. The blocks show the
original up and down variations, and the lines with centre dots is obtained
after the smoothing procedure.
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Figure 9.21: Shape variation of FSR (upper left), B hadron decaying Br. (upper middle),
b-jet fragmentation (upper right), color reconnection (lower left), NLO shower
matching (lower right) in parton shower uncertainties for five or more jets for
tt̄ and single top background in Mtt̄ and |Dyt| analysis bins. The blocks show
the original up and down variations, and the lines with centre dots is obtained
after the smoothing procedure.
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Figure 9.22: Shape variation of top pT uncertainties for three jets, four jets, and five or more
jets for tt̄ and single top background in Mtt̄ and |Dyt| analysis bins. The blocks
show the original up and down variations, and the lines with centre dots is
obtained after the smoothing procedure.



77

9.2.3 Summary of the systematic uncertainties

Systematic uncertainties, which have a relatively flat distribution in Mtt̄ and Dyt

are treated as normalization uncertainties, while the others are treated as shape
uncertainties. Table 9.1 lists all the systematic uncertainties. Figure 9.23 to Fig. 9.25
demonstrate uncertainties of the weak correction reweighting effect for some Yt

scenarios.

Experimental uncertainties are treated as 100% correlated among signal and
background processes and across the reconstruction channels. The normalization
uncertainties for data-driven V+jets and QCD background are considered fully
uncorrelated.
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Uncertainty tt̄ single t V+jets QCD
Luminosity 2.5% 2.5% 2.5% 2.5%
Pile-up shape shape - -
JEC (19 independent variations) shape shape - -
JER shape - - -
Lepton ID/trigger shape shape shape -
b tagging scale factor shape shape shape -
b mis-tagging scale factor shape shape shape -
Background normalization - 15% 30% 30%
CSV invertsion on QCD template - - - shape
Fact. & reno. scale shape shape shape -
PDF shape shape - -
as(MZ) in PDFs shape shape - -
Top mass shape - - -
Parton Shower
-NLO shower matching shape - - -
-Color reconnection shape - - -
-ISR 2%/2%/3% - - -
-FSR shape shape - -
-b-jet fragmentation shape shape - -
-B hadron decaying Br. shape shape - -

Weak correction dQCDdEW shape - - -

Table 9.1: Summary of the sources of systematic uncertainties, their effects and magnitudes
on signal and backgrounds. If the uncertainty shows a shape dependency on the
Mtt̄ and Dyt distributions, it is been considered in the likelihood and labeled as
"shape" in the table. For columns with several numbers, the numbers refer to the
events with three, four, five and more jets.
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Figure 9.23: The effect of the weak correction uncertainties (±1s) on the three jets recon-
structed tt̄ events in Mtt̄ and |Dyt| analysis bins (The vertical dashed lines
separate the three |Dyt| regions). The top panel shows the total electroweak
correction from HATHOR for different Yt values with respect to the POWHEG
MC samples. The remaining plots show the relative uncertainties for each Yt
scenario.
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Figure 9.24: The effect of the weak correction uncertainties (±1s) on the four jets recon-
structed tt̄ events in Mtt̄ and |Dyt| analysis bins (The vertical dashed lines
separate the three |Dyt| regions). The top panel shows the total electroweak
correction from HATHOR for different Yt values with respect to the POWHEG
MC samples. The remaining plots show the relative uncertainties for each Yt
scenario.
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Figure 9.25: The effect of the weak correction uncertainties (±1s) on the five jets recon-
structed tt̄ events in Mtt̄ and |Dyt| analysis bins (The vertical dashed lines
separate the three |Dyt| regions). The top panel shows the total electroweak
correction from HATHOR for different Yt values with respect to the POWHEG
MC samples. The remaining plots show the relative uncertainties for each Yt
scenario.
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Chapter 10

Results

Events are analyzed in three exclusive channels according to the number of jets
in the final state. The expected signal and background estimation are shown in
Tables 8.1. The systematic uncertainties described in Section 9.2 are used to construct
a binned likelihood function, Eq. 9.1, as a product of Poisson probabilities from
all bins with the strength R(Yt) = 1 corresponding to the signal cross section
in the SM. From this we construct a profile likelihood ratio test-statistic q(Yt) =

�2 ln
h
L(Yt, ˆ̂q)/L(Yt, q̂)

i
.

Here, ˆ̂q in the numerator denotes the value of nuissance parameter q that maxi-
mizes the likelihood for a specific value of Yt, i.e., it is the conditional maximum-
likelihood (ML) estimator of q (and thus it is a function of Yt). The denominator is
the maximized (unconditional) likelihood function, i.e., Yt and q̂ assume the values
that simultaneously maximize the likelihood. The statistical procedure to extract
the parameter of interest (Yt) is detailed in [69].

We set a limit on the top Yukawa coupling by scanning the likelihood with
respect to Yt. At each scanned point, the coupling Yt is profiled with respect to
the SM value 1. Systematics are taken into account via the penalty terms in the
likelihood. The intersections of test-statistics with horizontal lines gives upper limits
of two sided or one sided intervals which depend on the available scan region. The
limits on Yt are reported in 68% and 95% confidence levels (CL) where intersections
of the test-statistics are 1 and 3.84 respectively. The likelihood scan distributions are
shown in Fig. 10.1. The expected and the observed limits are presented in Table 10.1.
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Figure 10.1: The test-statistic scan versus Yt for each channel (three jets, four jets, five and
more jets), and all channels combined. The interpolated scan minimum indi-
cates the best fit of Yt. The red lines indicate 68% CL and 95% CL, respectively.
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Channel Expected 95% CL Observed 95% CL
3 jets Yt < 2.18 Yt < 2.69
4 jets Yt < 1.88 Yt < 1.82
�5 jets Yt < 2.01 Yt < 2.30
Combined Yt < 1.62 Yt < 1.70

Table 10.1: The expected and observed 95% CL intervals on Yt.
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Chapter 11

Conclusion

A measurement of the the top-Higgs Yukawa coupling is performed using top pair
production in the semi-leptonic channel. The dataset corresponds to proton-proton
collisions at

p
s = 13 TeV with an integrated luminosity of 35.9 fb�1. The analysis

uses two kinematic variables of the top pair system, Mtt̄ and |Dytt̄|, to infer any
possible deviation in Yt from the SM prediction. A new reconstruction algorithm is
developed to reconstruct the top pair system in the case of one jet lost due to the
detector acceptance. Residual multijet backgrounds are estimated by data-driven
techniques.

The top-Higgs Yukawa coupling can also be constrained indirectly by the mea-
surement of tttt production [70]. Following this approach, a search for tttt produc-
tion in the same-signed and three-lepton final state [71] reports a upper limit of
|Yt/YSM

t | < 2.1, corresponds to an integrated luminosity of 35.9 fb�1. For direct
measurements, although the ttH production has been observed by the CMS collab-
oration [19], no direct measurement has been performed on the top-Higgs Yukawa
coupling.

This analysis is systematics dominanted, which means the upper limit will
not be largely improved by only using more CMS collected data. It can only be
sizable improved if we have further understanding of the systematics uncertainties.
There are several future improvements in some aspects could be considered for
the next study using similar conditions. The most significant and challenging is
the estimation of the multijet background. It is the dominant background source
in three jets category. A well-defined background estimation method is applied



86

and corresponding uncertainties are assigned. Because the assigned uncertainty
is not small, it dilutes in part the improvement on the upper limit we originally
expected from including the three jets category. Another improvement could be on
the binning optimization when the MC samples are generated with more statistics.
A finner binning can be applied near the Mtt̄ threshold region to gain more shape
information in the likelihood model. With more statistics in the five or more jets
reconstruction category, it could be broken down into a few more channels. It could
help on the upper limit of the combine channel result. It would also be interesting
to extend the Mtt̄ to higher region, which is expected to be sensitive to the Yukawa
coupling as well.

Moreover, a two dimensional likelihood model constraining simultaneously the
Yukawa coupling and the top mass is well motivated. A preliminary study has
been done in this analysis using the same dataset and the same likelihood model.
It indicates a promising result, Figure. 11.1, showing that is worth pursuing in the
next study. We can expect a better result with the improvements mentioned above.
The results can also be improved by the other SM top measurements, because this
helps the understandings of many systematic uncertainties in this analysis.

The LHC is expected to deliver data up to 3000 fb�1. Possibilities of further
constraining Yt would require exploitation of this large dataset and reductions
in various systematic uncertainties. Any deviation in Yt could point to potential
Beyond-Standard-Model signatures. It is pivotal to perform precise measurements
on the properties of Higgs boson and other SM processes, to complete our under-
standing of physics at TeV scale, and provide possible new directions for particle
physics.



87

tY
0 0.5 1 1.5 2 2.5 3

 m
(t)

 (G
eV

)
∆

3−

2−

1−

0

1

2

3
PreliminaryCMS  (13 TeV)-135.8 fb

+jets, 3 jetsµe/

σ1 σ2

tY
0 0.5 1 1.5 2 2.5 3

 m
(t)

 (G
eV

)
∆

3−

2−

1−

0

1

2

3
PreliminaryCMS  (13 TeV)-135.8 fb

+jets, 4 jetsµe/

σ1 σ2

tY
0 0.5 1 1.5 2 2.5 3

 m
(t)

 (G
eV

)
∆

3−

2−

1−

0

1

2

3
PreliminaryCMS  (13 TeV)-135.8 fb

+jets, 5 jetsµe/

σ1 σ2

tY
0 0.5 1 1.5 2 2.5 3

 m
(t)

 (G
eV

)
∆

3−

2−

1−

0

1

2

3
PreliminaryCMS  (13 TeV)-135.8 fb

+jets, all jets combinedµe/

σ1
σ2

Figure 11.1: The test-statistic scan of Yt versus the derivation of the top mass MC setting
(172.5 GeV) for each channel (three jets, four jets, five and more jets), and all
channels combined. The interpolated scan minimum indicates the best fit of Yt.
The contours indicate 68% CL and 95% CL, respectively.
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