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ABSTRACT

The discovery of the Higgs boson during the Run 1 of LHC has provided the answer to
the long-standing puzzle of electroweak symmetry breaking at least within the Standard
Model. Recent ATLAS and CMS results strongly indicate the Higgs boson couples with
the SM particles as predicted by the SM. Presently, various production mechanisms (ggF,
VBF, VH and ttH) and decay modes of the Higgs boson (at the LHC) are being explored
to achieve further precision on the existing measurements, while looking for any deviation
from the SM predictions. H — 7 decay is an interesting final state signature due to the
involvement of a virtual top quark loop and thus any beyond the Standard Model (BSM)
physics involving Higgs boson production would lead to an excess in the diphoton invariant
mass spectrum (from Higgs). Furthermore, during the Run 2 of LHC, an additional Higgs
boson production mode associated with a single top quark (tH) is explored to improve the
sensitivity further for the H — v analysis and also to explore associated possibilities
beyond the SM.

After the discovery of the Higgs boson, the SM is complete as a low-energy effective
theory describing all known fundamental particles and their interactions. However several
problems still remain unanswered including why the quantum correction of the Higgs boson
mass diverges to the Plank scale. In many models and extensions of the standard model,
inclusion of a new type of fourth generation particles, called vector-like quarks, T" and B/,
provides a feasible solution. A dedicated analysis is performed to search for production of
the T vector-like quark in proton-proton collisions at a center-of-mass energy of 13 TeV
using data corresponding to an integrated luminosity of 137 fb~' collected by the CMS
detector during the 2016-2018 LHC run. The search is focused on a T” quark decaying to a
SM top quark and a Higgs boson (T” — tH), with the Higgs boson further decaying to two
photons (H — ~7).This analysis presents the asymptotic upper limit of the T’ production
signal strength (1 = ogbs/0sm) over the T’ mass range of 600 GeV to 1200 GeV. This
search is the first T’ search to exploit the decay of the Higgs boson in the diphoton channel.
The excellent diphoton invariant mass resolution of 1-2% results in an increased sensitivity

compared to previous searches, for narrow T’ states with masses up to 1.1 TeV.
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Summary

One part of the thesis present a detailed investigation into the Higgs boson production asso-
ciated with the singe top quark, focusing on the decay of the Higgs boson into two photons
and the subsequent leptonic decay of the top quark using the data collected by the CMS
detector during period of 2016-2018 LHC run corresponding to an integrated luminosity
of 137 fb~'. The signal strength modifiers for the Higgs boson production associated with
the single top quark mode is determined through a simultaneous fit with all other Higgs
production modes is found to be, g = 6.247553(Syst) 7387 (Stat). It is important to note
that the results are currently limited by statistical uncertainties, and further data is required
to reduce these uncertainties and draw conclusive interpretations. The cross section of this
SM Higgs production mode, convoluted with H — ~ branching fraction (o X By_), is
observed to be 1.37) 7 fb. After combining with all other Higgs production mechanisms, the

Higgs boson production signal strength in H — ~+y decay mode is observed to be 1.127005.

The other part of the thesis presents a dedicated analysis performed to search the Vector
Like Quark T’ production in proton-proton collision at a center-of-mass energy of 13 TeV
using the data corresponding to an integrated luminosity of 137 fb~" collected by the CMS
detector during period of 2016-2018 LHC run. Search is focused on T" quark which decays
to a SM top quark and the Higgs boson (T' — tH), then Higgs is further decayed to the two
photon(H — ) and top quark decays both hadronically ({ — bqq) and leptonically (¢ —
blv). This analysis presents the asymptotic upper limit of the T” production signal strength
(1t = 0ops/osar) of T mass range of 600 GeV to 1200 GeV. This search is the first T’ search
to exploit the decay of the Higgs boson in the diphoton channel. The excellent diphoton
invariant mass resolution of 1-2% results in an increased sensitivity compared to previous
searches, for narrow T’ states with masses up to 1.1 TeV. The electroweak production of a T’
quark with mass up to 960 GeV is excluded at 95% confidence level, assuming a coupling

strength st = 0.25 and a relative decay width I'/Mp < 5%
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Chapter 1

Introduction

The matter around us is composed of fundamental elementary particles, a concept dating
from the 6th century. Ancient Indian philosophers proposed the existence of elementary
particles between the 9th and 5th century BC. They believed that the universe was made up
of countless invisible particles known as “permanu”. The philosophical doctrine of atomism
and the nature of elementary particles was studied by philosophers in ancient Greece and
India, as well as early modern European physicists like Pierre Gassendi, Robert Boyle, and
Isaac Newton. However, these ideas were purely abstract and philosophical, lacking empir-
ical observation and experimental evidence, and were just one of several lines of thought.
In the 19th century, the chemist, physicist, and meteorologist John Dalton introduced an
atomic theory in the field of chemistry which concluded that each element was composed
of a single element called the “atom”, derived from the Greek word atomos, meaning “in-
divisible” or “uncut”. However, by the end of the 19th century, physicists discovered that
atoms are not the fundamental particles of nature. The first fundamental particle discov-
ered was the electron, by the British physicist J. J. Thomson in 1897. He demonstrated that
cathode rays are composed of negatively charged particles, known as electrons. Through-
out the 20th century, the advancement of science and engineering, along with imaginative
theorists and nuclear/particle physicists, brought us from studying the scattering of light
to studying particle collisions in giant particle accelerators [[16]. During the 1950s, 1960s,
and 1970s, guided by a series of experimental discoveries and the corresponding inferences,
theorists developed a theory of symmetries in nature known as the Standard Model (SM) of

particle physics [[L7, [18]. The SM is a mathematical framework that was developed within
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1 Introduction

the context of Quantum Field Theory (QFT) to explain the fundamental forces, particles,
and their interactions. This model unifies three of the four fundamental forces of nature —
the electromagnetic force, the strong nuclear force, and the weak nuclear force — within a
QFT framework that includes both force carriers (bosons) and matter particles (fermions).
The model is capable of encapsulating numerous experimental observations and predicting
a wide range of phenomena. Various aspects of the SM relevant for this dissertation are
detailed further in Sec. [1.1l.

The discovery of the Higgs boson in 2012 by the ATLAS and CMS experiments [|19, 20]
at the Large Hadron Collider (LHC) marked the completion of the SM. The accuracy of the
SM’s predictions has been extensively tested through a variety of experiments in recent
decades, and it has proven to be highly successful in explaining the results of these experi-
ments, without any apparent inconsistencies. However there are quite a few fundamentals
of our universe that remain unexplained within the SM, such as the dark matter and dark
energy, the matter anti-matter asymmetry, the non-zero masses of neutrinos, etc.

In addition, there are several theoretical and conceptual issues in the SM that suggest
the necessity for new physics beyond the SM. For example, the hierarchy problem, the nat-
uralness problem [21]], and the strong CP problem all point to the existence of new physics
at energy scales beyond those accessible by current experiments. Therefore, experimental
efforts are underway to discover new particles that could provide evidence for such physics
beyond the SM. These efforts include collider experiments such as at the LHC at CERN,
as well as experiments studying neutrinos, cosmic rays, and dark matter. In this disserta-
tion, the studies focus on investigating new physics beyond the SM through high-energy
proton-proton collisions at the LHC.

This dissertation is structured as follows: the remaining part of this chapter presents
a detailed introduction to the SM, the Higgs boson, and the broader context of beyond

standard model (BSM) physics. Chapter 2 provides an overview of the LHC and the CMS

23



1 Introduction

detectors. Chapter 3 discusses the search for the production of a SM Higgs boson associated
with a single top quark (tH), while Chapter 4 focuses on the search for a vector-like quark,

T — tH, with the Higgs boson decaying to two photons (H — 7).

1.1 Standard Model

The Standard Model of particle physics [[17] is currently the most advanced mathematical
formalism to explain nature at its fundamental level and accurately describes experimental
observations regarding three of the four fundamental forces of nature: electromagnetic,
strong, and weak. This theory, which is based on a gauge theory with the special unitary
group SU(N), describes the behavior of elementary particles and their interactions. The
SM is the non-abelian gauge theory with the gauge group SU(3) x SU(2) x U(1), and it
comprises twelve gauge bosons: the photon, three weak bosons, and eight gluons.

The SM particles can be classified into three groups based on their spin-angular mo-
mentum: fermions, gauge bosons, and the Higgs boson. Fermions are particles with a spin
of half-integer, and they are categorized into generations based on their mass. They can also
be further divided into quarks and leptons, based on their interaction under SU(3). The SM
contains a total of 24 fermions, including their antiparticles. The gauge bosons mediate the
fundamental forces of nature: the photon () for electromagnetism, the gluon for the strong
force and the W* and Z bosons for the weak force. The Higgs boson is the particle associ-
ated with the Higgs field and is responsible for giving mass to other particles in the SM. A
list of all the SM fermions and bosons with their experimentally measured properties [[14]
is provided in Tab. and [1.2.

The presence of gauge symmetries in the model implies that the Lagrangian of the the-
ory can be can be expressed as a sum of multiple parts, with internal symmetries mani-

festing themselves in the gauge transformations of multiplicative sections. Therefore the
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Generation . Fe_rm1ons
Name Symbol Spin (h) Charge (e) Mass (MeV)
; Up u Y +2/3 2.1670 50
Down d Y -1/3 4671075
1 Charm c Y +2/3 1.277505 x 103
Strange s Y -1/3 93.41550
- Top t Y +2/3 172697050 x 107
Bottom b Y -1/3 4181993 x 103
I Electron e Va -1 0.511 + (0.15 x 107)
Electron neutrino Ve ) 0 <1.1x10°¢
. Muon 7 A 1 105.66 & (0.23 x 1079)
Muon neutrino vy Ve, 0 < 0.17
I Tau T e -1 1776.86 + 0.12
Tau neutrino v, Y 0 < 18.2

Table 1.1: All the SM particles, quarks and leptons, are listed with their experimentally
measured properties [|14].

Name Symbol | Spin | Charge | Mass (MeV)
Photon y 1 0 0
Gluon g 1 0 0
W boson W= 1 +1 80379 + 12
Z boson Z 1 0 91187 + 21
Higgs boson H 0 0 125250 + 170

Table 1.2: A list of all SM bosons and their experimentally measured properties [[14].
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Lagrangian of the SM can be formulated as,

£SM = ﬁGauge + ‘CFermions + ‘CYukawa + ﬁHiggs (11)

The theory of particle physics encompasses a wide range of phenomena, and various seg-
ments of the theory explain the interactions among these particles. Quantum Electrody-
namics (QED) is a mathematical formulation that explains the interaction between light
and matter, including the exchange of photons in the interaction between charged particles.
Quantum Chromodynamics (QCD), on the other hand, explains the strong interaction be-
tween quarks and gluons. In the following sections, we provide a concise introduction to

the mathematical formalisms used in these two theories.

1.2 Quantum Electrodynamics

Quantum electrodynamics is the relativistic quantum field theory of the electromagnetic
interaction developed from the U(1) gauge group. This was the first quantum field theory
to reach a mature form, describing the interactions of electrons and photons. In classical
mechanics, the dynamics of a physical system can be summarized with a function known
as the Lagrangian (L). For a discrete system, it is written as the system’s kinetic energy
(T) minus the system’s potential energy (V). In field theory, the Lagrangian in generalised
coordinates can be replaced with the Lagrangian density (£) integrate over volume. The
independent variables are replaced by a point in spacetime (X, y, z, t) and the dependent
variables are replaced by the value of a field at that point in spacetime ¢ (X, y, z, t). The

Lagrangian in three-dimensional space can be expressed as,

L= /ﬁd% (1.2)

26



1 Introduction

The Lagrangian of quantum electrodynamics represents the interaction between matter,

photons, and their mutual interactions. It can be formulated as:

»CQED = EDirac + EMaxwell + »Cinteraction (13)

The first term, Lpinc, corresponds to the Dirac Lagrangian, which describes the motion
of a spin-Y particle in the absence of external fields. The second term, Lyaxwel, gOVerns
the propagation of the electromagnetic field. The third term, Liyeraction, @accounts for the
interaction between particles and the electromagnetic field.

An significant property of the Dirac Lagrangian is that it is invariant under a U (1) global

phase transformation of the form
Y(@) = U (2) = eP(a), (1.4)

where, « is a real constant and 1) is the Dirac spinor [22]. On the other hand, it’s important
to note that the Dirac Lagrangian does not possess invariance under the local U(1) phase

transformation of the form

P(z) = P (z) = ey(a) (L.5)

where, a(x) is the space-time field.

The Lagrangian density for free Dirac spinor fields corresponding to spin-’2 particles is

ﬁDirac = lb(wuau - m)wv (16)

where 1 is the Dirac adjoint of the spinor field, y* are the Dirac gamma matrices, and m
is the mass of the particle. After applying the local U(1) phase transformation in Eqn. [1.6,

the Lagrangian becomes,
;)irac - £Dirac - 7757#(8,ua(x))¢ (17)
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Unlike the global gauge transformation, the derivative in kinetic term of Lpj,. is not in-
variant, 0¢(x) # 0¢'(x), under local gauge transformation. This motivates to introduce a
covariant derivative (D,,) with a gauge field in addition of J,, to satisfy the invariance of

the Lagrangian, which is of the form
D, =0, +ieA,(z) (1.8)

Where, e is the charge of the particle and A, is a vector field that transforms under U(1)

transformation as,
, 1
A, A=A+ gauoz(a:). (1.9)

As aresult of incorporating D,,, the Lagrangian becomes invariant under local gauge trans-
formation. The transformation creates a coupling term of the vector field with the Dirac
particle of charge —e. This vector field is known as the photon field of QED. In order to
represent a new real field, a kinetic energy and the mass term must be added in the La-

grangian and the resulting Lagrangian becomes,

- 1 1
L =(iy" D, —m)p — ZFWFW + émiAHA“ (1.10)

Where, F,, = 0,A, — 0,A, is the electromagnetic field tensor and m 4 is the mass of
the associated particle of the photon field. When checking for local gauge invariance, it is
evident that the first and second term of Eqn. exhibit invariance, whereas the third term
does not. In order to ensure that the Lagrangian is invariant under U(1) local transformation,
the condition m 4 = 0 must be met. This explains the observed massless nature of photons.

The final QED Lagrangian is therefore,
_ 1 , _
Loep = Y(iy" 0, — m)y — ZFWF“ + eyt A, (L.11)

The tree level propagator and the interaction terms from the QED Lagrangian are shown in
Fig.
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a_>—5 B A~~~ vV

Figure 1.1: The tree level propagator and the interaction vertices of the QED Lagrangian.

1.3 Quantum Chromodynamics

Quantum chromodynamics is a relativistic quantum field theory that deals with the strong
interaction between quarks and gluons. It is built upon the SU(3) gauge group and is com-
posed of almost the same components as the QED Lagrangian in Equation [L.11. The only
difference is the more complicated SU(3) symmetries in place of U (1), because of the three
color charges in place of single charge of QED. Similarly to Eqn. [I.6, the Lagrangian of

the quark in absence of any field is written as,
»Cfree = %(W”au - m)Qn (112)

Where, ¢,, corresponds to the quark spinor field. The Lagrangian is required to be invariant

under the following transformation in order to preserve the SU(3) symmetries.
a(w) = ¢'(w) = € Teg(x) (1.13)

Where, T}, refers to a set of linearly independent, traceless, 3 x 3 matrices known as Gell-

Mann matrices and «y(z) are the transformation parameters.
To=Xa/2 (1.14)

where, \, are Gell-Mann matrices and 7}, are generator of SU(3). They follow the commu-

tation relation
[TaaTb] = 22.fabcT‘c (115)
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Where, fq5. is the structure constant of the group. Introducing the local SU(3) gauge sym-
metry breaks the Lagrangian’s invariance. Therefore, to preserve the invariance, a covariant

derivative of the following form is introduced:

D, = 0, +igTG", (1.16)
where, Gl’j is the gluon field and g is the coupling strength to the gluon field. Under the
local gauge transformation, G/’j transforms as

G’Z — GZ“ = GZ — Oy, — gfijkaiGi (1.17)

The gauge invariant field strength tensor G%” is analogous to the electromegnetic field
strength tensor, F),,, in Equation 2?. G/ is defined as:

GIY = "G — "Gl — g fi GGy (1.18)

Indices 1, j and k in Eqn. run from 1 to 8. The third term in Equation ensures
the gauge invariance and implies the self-interaction of gluons which is also observed in
experiments. Adding the kinetic terms of the field strength tensor, the Lagrangian is not
invariant under the local gauge transformation. This requires the gluon mass to be zero,
which agrees well with the experimental observation. The gauge invariant QCD Lagrangian

density takes the form:

. 1 ) na
CQCD - Q(ZIY'UJDM - m)q - ZGuuGi (119)
e — W 7 1 7 ny
Loco = ("0, — m)q — g(v" T1q) G, — 1CwGi (1.20)

The tree level propagator and the interaction terms from the QCD Lagrangian is shown in

Fig. [1.2.
1.4 Weak Interaction

The formalism of weak interaction is constructed based on the non-abelian SU(2), gauge

group, where L denotes that the associated vector fields couple only with the left-handed
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Figure 1.2: The tree level propagator and the interaction vertices of the QCD Lagrangian.

chiral fermions and right-handed chiral anti-fermions.
The vector minus axial vector coupling structure of the weak theory is introduced by

the right-handed and left-handed spinors:
1 5 1 5
wR:PR¢:§(1+’Y)¢ IPL:Pszé(l‘i"VW (1.21)

where Py, i are the left and right handed parity operators, respectively, and v° is the product

14243, which anticommutes with v* and means that

of the four Dirac matrices, 7° = 7%y
objects such as 1/°1) are odd under parity. Hence, in the SM, the fermions appear as families
with left-handed doublets of quarks Q% and leptons L’ and right-handed singlets of quarks

u's(d’) and leptons ek (v%):
=), (0),00), m= ()00, (%)
d),"\s), \b/, €/ \F/)p \T/)L
qr = UR,CR; tR, qr = dr, SR, bR; (1.22)

)

7 e v T
s = €R, UR, TR, VR = VR, VR, VR

Following a similar procedure as described in Sec. and [1.3), the local gauge invariant

Lagrangian for the weak interaction can be written as

;1

£weak - &(Z'yuau - m)qu) - gW(J}Tzzﬁ)Wu 4W;VVVZ~“V (123)

where gy is a constant, 7; are 2 X 2 linearly independent, traceless matrices, and W/ is

defined as
WH = P — YW — gez‘jkVV;LWkV (1.24)
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As before, to obtain the local gauge invariance of the Lagrangian, three gauge fields W;}’ Wi
and Wg’ had to be introduced with the covariant derivative. However, the inclusion of
mass terms corresponding to the field again breaks the invariance of the Lagrangian. The
experimental observations of massive bosons associated with weak interaction imply that
the mass of the associated particles cannot be zero in this scenario. The resolution to this
issue is discussed in the following section, which involves spontaneous symmetry breaking,

a mechanism by which massless particles can acquire mass.

1.4.1 Spontaneous Symmetry Breaking and the Higgs Mechanism

The perplexity surrounding the masses of weak bosons can be resolved through a mecha-
nism known as spontaneous symmetry breaking, which enables massless particles to acquire
mass. In the simplest idealized relativistic model, the spontaneously broken symmetry can
be summarized through an illustrative scalar field theory. To demonstrate this, let us con-

sider a real scalar field ¢, with a Lagrangian given by:

L= % GO —V (1.25)
L= % L, GO" ) — %m2¢2 — 2—14A¢4 (1.26)
V(g) = gm + 50 (1.27)

Where, m? and ) are the free parameters. Calculating the minimum of the potential:

at the minimum, V'(¢g) = 0 = ¢ =0 (1.28)

_6m2

A

b0 = + (1.29)

The coupling parameter A must be positive to keep the potential bounded from below. On
the other hand, the m? parameter may have either sign, so it is essential to compare the
theory in the m? > 0 and m? < 0 regimes. Hence if m? > 0, the theory has a unique

ground state at ¢ = 0 and is invariant under the phase symmetry. The shape of the potential
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is shown in the Fig. 1.3. Now, when m? < 0, the minimum of the potential as shown in

Unbroken symmetry Spontaneously broken symmetry

vig)
vig)

4 ¢

Figure 1.3: The potential V' (¢) of the scalar field ¢, as defined in equation [1.23, for the two
cases: m? > 0 (left) and m? < 0 (right).

. . . . . 76m2
Fig.[1.3is no longer at one point. It has two possible vacuum states at v = £/ =5, known
as the “vacuum expectation value” making none of the minima invariant under the phase
symmetry. This phenomenon is known as the spontaneous symmetry breaking. Expanding

the classical theory around any of the minima, choosing ¢ = +v and a shifting by p(x).

6(z) = v+ p(x) (1.30)

The Lagrangian of Equation becomes,

1 1 1
L= 50up0"p = Sm*(v +p)’ = 7 Mv+p)*
1 1 1 1 1 1 1 1
=3 PO p — (§m202 + m?vp + §m2p2 - ﬂ)\v‘l - 6)\'03/) + Z)\'UQpQ - é)wpg -+ 2—4)\p4)
1 1 1
= Eaupﬁ“p +m?p? — EAvp?’ — ﬂ)\p4 + Const.

(1.31)
The second term accounts for the mass of the boson associated with this field and the
third and fourth terms, its self interaction. Thus a massive scalar field has been generated

by the process of spontaneous symmetry breaking.
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Now repeating this procedure with a complex scalar field of the form

1

V2

In the interacting complex scalar field theory, the Lagrangian is written as,

¢ (¢1 +iga). (1.32)

L=0,00"¢—V (1.33)
L= 0,00"5 — m?66 — (06 (134
VK¢$)==W*¢$+—iA(¢&V (1.35)

The fields ¢ and ¢ are complex conjugate. U (1) is still a symmetry of the Lagrangian given
by ¢ = re?? and ¢(x,t) = r(z,t)e?? ™). From the same procedure as above, vacua are
obtained by finding the minima of the potential V(r),

V(r) =m?*r® + 1)\7'4

4 (1.36)
V'(r) = 2m*r + \r®

At the minimum, V'(r) =0=1r =0
o2 (1.37)
A

r==4

If m? > 0, the theory has a unique ground state with a circle of radius r = 0, forming a
paraboloid. In the case of m? < 0, the minima is a radius of circle r, forming a “Mexican
hat shape” with a whole circle of an infinite number of vacua. For both cases, the shape of

the potential is displayed in Fig. [L.4.

To expand the classical theory around any of the minima, choosing ¢ = r = %""‘2,
shift n(x) + i£(x) is introduced below.
1
o(x) = r(z) + —=(n(z) + i&(x))
V2
1 (1.38)
— =+ () +i(a)
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Unbroken symmetry Spontaneously broken symmetry

Figure 1.4: A schematic representation of the potential V' (¢1, @) of the complex scalar
field ¢, as defined in equation [1.35, is depicted for two cases: m? > 0 (left) and m? < 0
(right). The figure is taken from Ref. [|1]

Substituting this into the Lagrangian of Equation yields

1 1 (w+n)? & A (w+n)? &
. w — 1% 2 >y _Z >
L ZNnan+2augag+m( 5 +2) 4( ) +2) (1.39)
1 1
= 500" + 50,£0"¢ — m?n? — Vi (1, €) (1.40)

Where, V;,:(n, &) contains all the interaction terms. This spontaneously broken quantum
theory is a theory of two real scalar fields and two scalar particles associated with these
two fields. From Equation [[.39, the particle corresponding to the field 7 is massive and the
particle associated with the field £ is massless. However, the resulting Lagrangian of the
spontaneously broken quantum theory is not invariant under the local gauge transformation.
As earlier, a covariant derivative, D, is introduced in place of J,, to retain the invariance,

defined as
D, =0, —1ieA,. (1.41)

Where the gauge field A, transforms as Equation [1.9. Introducing the covariant derivative

in Equation [1.39 and inserting the kinetic term corresponding to the field A,,, the Lagrangian
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takes the form

1

1 1 1
L= 5 ,mo'n — )\112772 + 5@58’”5’ — ZF;WFW + QeQUQAuA“ — Vi (n, ) — evA,0"E.

(1.42)

Therefore, by adding a scalar field with spontaneously broken symmetry, the boson corre-
sponding to the gauge field can have mass without breaking the local gauge symmetry. In
doing so, a massive 1 boson and a massless £ boson, known as a Goldstone boson, have been
created. The last term appeared in the above equation describing the interaction between
the gauge field and the Goldstone boson is unphysical and can be removed by making the

gauge transformation of the form,
, 1
A# — A,u, = A# + 58#5 (143)

The final Lagrangian become,

1 1 1

L= 3 L noFn — Av*n® — ZF*“’FW + Qezva#A“ — e®vA, Ay
1 1 (1.44)

+=e? A AR = don® — =

2 4

The above equation is independent of the field £ (), equivalent to taking ¢ = \/% (v+n(x))
in Equation [[.38. Thus, introducing a complex scalar field with the spontaneously broken
symmetry that couples with the locally gauge invariant field A,,, the mass of the gauge boson
is created along with a massive boson for the field, 7(x). The mass of the gauge boson is
ev and that of the scalar boson, 7, is vv/2\. This is known as the Higgs mechanism. The

scalar field, 7, 1s called the Higgs field and the corresponding quantum of the field is called

the Higgs boson.

1.4.2 Electroweak Theory and Symmetry Breaking

The electroweak theory is a very successful formulation to unify the electromagnetic and
weak interactions, constructed based on the product of SU(2) and U (1) gauge groups. Start-

ing from the SU(2) group, three fields, W}, W2, W3, are defined in the covariant derivative
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to make the local gauge invariance of the weak interaction Lagrangian in Equation and
the corresponding charge is known as weak isospin (/). In U(1) symmetry of QED, re-
placing the electric charge () with the weak hypercharge Y defines a corresponding field
B,,, which is analogous to the A, field of QED. The prime insight of electroweak (EW)
unification is that the three bosons that appear from the SU(2) group can be combined with
a U(1) boson to form the four physically observed bosons. The relation between electric
charge, weak hypercharge, and the third component of weak isospin is defined as

1
Q=TIi+3Y (1.45)

In the interacting complex scalar field theory, including the symmetry-breaking potential

V(o) = m2pp + A(¢p)?, the Lagrangian is written as
L= 0,00"p —m’dpp — N¢9)? (1.46)

The ¢ is expanded near the vacuum expectation value, v, with a real scalar field, say H (),
¢ = v+ H(z). Introducing the shift and to attain the U(1)y x SU(2);, symmetry of the

Lagrangian, a covariant derivative is introduced of the form

. .Y
DM = 8# + Zng;W; -+ ZglEBN (147)

Where, T}, are the generators of SU(2), where g, is the coupling strength and Y is the
generator of U (1) with coupling strength g;,. Replacing the D,, in Equation [1.46, the kinetic
term for the Higgs field becomes:
D,6D"d = L0, + L2 HP W4 W22 + S0+ H)|gwW? — .,
u® ¢—§( ) +§9w(v+ )W, +iW ] +§(U+ VlgwW; — 1B,
(1.48)
From the above equation, the mass terms are the mixture of B, and W. Therefore, four

new fields are introduced as combination of the B, and W,ﬁ : two complex and two real

1
Two complex fields are: W* = (W/} F @W/f), such that, W, = (W)* (1.49)

"

Sl

2
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1
Also, two real fields are: 7, = (gw W, — 1 By);

1
Ay = —=—=(q1W,} + gwB,)
YoVE gy '

After expansion of Equation [1.48, the fields Wj and Z,, give rise to the massive bosons,
known as the W and Z bosons, respectively, and the field A, is the massless photon field

of QED. The masses of the particles are,
1

+ —_— -
My, = 2U9W7
1
Mz =50y 91 + Giy, (1.51)
ma =0

The mass of the gauge bosons are known once the v and g, are known. However for the
case of Higgs boson, the mass of the Higgs boson (vv/2)) depends on the free parameter A,
where A represents the Higgs self coupling.

The combination of the W3 and B fields produces the Z and ~ bosons,

Y\ __ [ COS Ow  sinfy B
<ZO> N (— sin Oy, cosew> <W3> (1.52)

Where 60y is the weak mixing angle which also gives the relation between the masses of

the W and Z bosons as

. 91
cosby = —, sin fyy =

mgz V9 + 9t

Therefore, the electroweak spontaneous symmetry breaking (EWSSB) of the SM is de-

(1.53)

scribed by the four fundamental parameters: the Higgs potential parameters m? and )\ and
the coupling strength parameters gy and g;. In summary, the Higgs mechanism applied to
the SU(2,) symmetry generates the masses of the W and Z bosons, as well as agrees with
zero mass photons. This mechanism also generates the existence of a scalar boson, known

as the Higgs boson (H), which was discovered by CMS and ATLAS experiments.
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1.5 Yukawa Coupling and Fermion Masses

The SM treats left-handed and right-handed fermions differently, as shown in Equation
[1.22. Since the SU(2) ;. group acts only on the left components of the fermion fields, this
poses a fundamental problem for the masses of these particles. The mass term for the Dirac

fermions couples to both left-handed and right-handed components and is written as

myp = —m(Yrir + Yrir). (1.54)

This Lagrangian is not invariant under the local phase transformation. Nevertheless, in the
theory with spontaneous symmetry breaking, there is a way of giving mass to fermions via
a Yukawa coupling to a scalar field. The SM uses the Yukawa interaction to describe the
coupling between the Higgs field and massless quark and lepton fields through coupling
constants g.

Considering the case of electron, the coupling between the electron doublet, L; =
(U;) , the Higgs boson doublet ¢, and the right-handed component of the electron field

L

er, the effective Yukawa Lagrangian is:

g/ukawa = —ge(ﬂigoeR + ERQOTLE) (155)

This Lagrangian is invariant under SU(2) ;, symmetry. Now, applying the spontaneous sym-
metry breaking and expanding the field near the ground state in similar way as in Equation

[1.38, the above Lagrangian becomes:

ev — — e — — — —
° =_9 (érer + €rer) — g—(eLeR + éger)H = —me(ee) — ge(e€)H. (1.56)

Yukawa — \/i \/5

The first term in Equation defines the electron mass term (m, = g.v/ v/2), while the

second term describes the interaction between the Higgs field and the electron-positron pair.
The same mechanism is considered for other charged leptons, although the mass term for

neutrinos is currently missing from the SM.
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By following a similar approach, the Higgs mechanism can also generate masses for the
fermions within the SM through a renormalizable Yukawa interaction between the Higgs
field and for all the fermions. A direct consequence of the SSB mechanism is that the

strength of the coupling g of the Higgs field to a massive fermion f is proportional to its

mass g; = v/2my/v.

1.6 SM Higgs boson production and decays

The SM Higgs boson coupling to the all gauge bosons V/, fermions f, as well as its self-
coupling are explained in Sec. and [I.5. In a hadronic collider experiment, such as the
LHC, the production of Higgs bosons involves interactions between quarks or gluons. The

SM Higgs boson can be produced at hadron colliders via five primary mechanisms:

« Gluon-gluon fusion (ggH): The Feynman diagram for this process is shown in Fig.[1.3.
This is the dominant Higgs production process in the LHC. It involves the fusion of
two gluons, each of which carries a fraction of the proton’s momentum, to form a
Higgs boson. Due to the fact that gluons are massless, there is no direct coupling
between the Higgs boson and gluons at the tree-level. As a result, the interaction be-
tween gluons and Higgs bosons occurs through a fermionic loop, with the top quark

loop contributing the most significantly.

* Vector boson fusion (VBF): At the tree level, this process occurs when two incoming
quarks each radiate a Z or W boson and they “fuse” through a t-channel exchange to
produce a Higgs boson (with proper charge conservation). This production mode can
be used to probe the couplings of Higgs bosons to vector bosons. This process has
a relatively low cross section, but can be identified by the presence of two forward

jets in the detector. The Feynman diagram for this production process is shown in
Fig.
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g \RQOQOOY/

Figure 1.5: The Feynman diagram shown here represent Higgs production via gluon-gluon
fusion in a hadron collider.

Figure 1.6: The Feynman diagram shown here represents the vector boson fusion process
for Higgs production in a hadron collider.
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» Associated Higgs production with vector bosons/Higgsstrahlung (VH): In this
production mode, the Higgs boson is generally radiated from a vector boson via its
coupling to the Higgs field. This process can occur through three different Feynman

diagrams, as shown in Fig. [I.7.

g2

Figure 1.7: The associated production of the Higgs boson with vector bosons in a hadron
collider.

* Associated Higgs production with two top quarks (ttH): Higgs bosons are also
produced in association with two top quarks, as shown in Fig. [I.§. This process
allows studying the Yukawa coupling of the top quark with the Higgs boson. This
process has a relatively low cross section but can be identified by the presence of

additional leptons or jets in the detector.

a /b £/

Figure 1.8: Higgs production associated with the two top quarks in hadron collider.

» Associated Higgs production with single top quarks (tHq/tHW): This is the rarest
production mode considered, shown in Fig. [[.9. This process also allows us to mea-

sure the top Yukawa coupling and is also sensitive to the sign of the Yukawa coupling.
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In this thesis, we focus on studying this Higgs production mechanism and measuring

its production cross section.

b

Figure 1.9: The associated production of the Higgs boson with one top quark in a hadron
collider, where the Higgs boson is emitted from the heavier legs of top quark and the W
boson line.

Figure [L.104 and [L.10b display the theoretical cross sections for these Higgs production

processes as a function of the Higgs boson mass (M) at a fixed center-of-mass (CoM)
energy of /s = 13 TeV and as a function of the CoM energy, respectively. As the CoM
energy increases, the cross section for Higgs production processes also increases, as shown
in Fig. [1.10H. The studies carried out in this thesis are based on a p—p collision CoM energy
of 13 TeV. From July 2022, the LHC has increased the CoM energy to 13.6 TeV.

As discussed in Sec. [1.4 and [1.5, all the SM particles gain masses from the spontaneous
breaking of the gauge symmetry, through gauge couplings to the Higgs field in the case of
vector bosons, and Yukawa couplings in the case of fermions. The SM Higgs boson couples
to vector bosons, with an amplitude proportional to the gauge boson mass squared, m? ,
and to fermions with an amplitude proportional to the fermion mass, m. Hence, the Higgs
boson can decay to all massive SM particles at tree level; the coupling is stronger for the
third generation of quarks and leptons than for those in the 2nd generation. Although the
photon is massless, the Higgs boson can decay two photon via a virtual loop of fermions or

charged bosons as shown in Fig. [[.11.
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Figure 1.10: Theoretical prediction of the cross section for different Higgs boson production
modes with respect to the Higgs boson mass (left) and center-of-mass energy of the collision
(right). The plots are taken from the Ref. [2].

Figure 1.11: The Higgs boson decays to two photon via a virtual loop of top quark or W
boson.
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The decay modes of the Higgs boson [23[], which are prominently probed in experiment,
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The Higgs boson, with observed mass of 125.38 4= 0.14GeV [24], is not a stable particle.
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Figure 1.12: Theoretical prediction of the branching fraction for different Higgs boson de-
cay modes with respect to the Higgs boson mass. The plot is taken from Ref. [3].

With a lifetime of 1.6 x 102%s, it decays immediately after it produced. It has a tendency
to decay into the heaviest kinematically accessible particles. The most massive fermions
have the largest couplings with the Higgs boson. The primary decay mode is into bb pairs

with a branching fraction (B) of 57.5 + 1.9% [[14]. However, at the LHC, many energetic
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QCD events can mimic this signature, making it challenging to detect. The H — W/~
mode is the second largest decay, with a B of 21.4%. The H — 77 is the next largest
decay channel into fermions. Due to the presence of neutrinos (from leptonic decays of
the 7-lepton and W bosons) and also constraints in the reconstruction of the particles in the
detector (from hadronic decays), it is challenging experimentally to probe all the decays.
Each decay mode of the Higgs has its advantages and disadvantages experimentally. The B
of the decay of the Higgs boson to two Z bosons is 2.6%; The subsequent decay of the two
Z bosons into four leptons (electrons or muons) has a very clean signal in the detector, but
once the B of the Z boson decay to leptons is considered, this is a very rare decay. Similarly,
the Higgs boson decay to two photons also has very clean signature in the detector, but this
is also a rare decay with a B of 0.227%. The studies presented in this thesis specifically
focus on the Higgs boson decay channel into two photons.

Review in Higgs studies:

The Higgs boson discovery in 2012 combined the experimental signature of the H — ZZ
and H — 7~ decay modes to get an observed (obs.) statistical significance of 5 standard
deviations (std. dev.) with an expected (exp.) significance of 5.8 std. dev. Individually, the
most sensitive channels, H — yyand H — ZZ — 4/{, yielded 4.1 std. dev. obs. (2.8 std.
dev. exp.), and 3.2 std. dev. obs. (3.8 std. dev. exp.) respectively.

Using all data collected during Run 1 of the LHC (2010-2012) by the CMS detector
(discussed in detail in next section), it was possible to observe separately the bosonic decay
channels with significances of 6.5 std. dev. for H — ZZ — 4/, 5.6 std. dev. for H — 7,
4.7 std. dev. for H — WW, and 3.8 std. dev. for the fermionic decay channel H — 77.
With the increase of data over years, the properties of the Higgs boson were also studied.
The mass was measured to be 125.02 GeV with a precession of 0.2% [25]. Using the
angular distributions of the leptons in the bosonic decay channels, the spin (J) and parity

(P, a parity transformation that effectively turns a phenomenon into its mirror image) were
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also found to be compatible with the SM prediction (J© = 0T) with a large number of
alternative spin-parity hypotheses ruled out at >99.9% confidence level (CL). At this point
the individual production modes VBF, VH, and ttH were observed at a level of 3 std. dev,
respectively.

Using data from Run 2 ofthe LHC (2015-2018), it become possible to observe H — 77,
H — bb,and H — pji decays with significance of 5.9, 5.6 and 3 std. dev. Furthermore,
the production mode ttH was observed with a significance of 5.2 std. div. One chapter of
this thesis presents a measurement of the production cross section for the Higgs boson as-
sociated with single top quark using Run 2 data corresponding to an integrated luminosity
of 137 fb~'. In certain instances, the integrated luminosity is reported as 138 fb™'; lumi-
nosity across various data versions is a result of improvements, which can be attributed to

the enhancements in calibration and data processing.

1.7 Probing beyond the Standard Model

The SM of particle physics is a highly successful theory that describes the behavior of
fundamental particles and their interactions. However, there are still open questions that the
SM cannot explain, such as dark matter [26], neutrino oscillations [27], matter-antimatter
asymmetry [28], the Higgs mass hierarchy problem, and the strong CP problem [29]. These
reasons imply that the SM is not complete and that there is physics beyond it. Probing
beyond the SM involves looking for evidence of new particles, interactions, and phenomena
that are not accounted for in the SM.

There are several approaches to probe BSM, including:

* Particle colliders: High-energy particle colliders such as the LHC at CERN can create
particles with energies much higher than those accessible in previous experiments.

By analyzing the collision products and looking for deviations from the SM predic-
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tions, scientists can search for evidence of new physics. Examples of beyond the
SM physics that could be probed at the LHC include supersymmetric particles, extra

dimensions, and dark matter candidates.

Precision measurements: The SM makes very precise predictions for the behaviour
of particles, and any deviations from these predictions could indicate the presence of
new physics. Precision measurements of quantities such as the magnetic moment of
the muon, the electric dipole moment of the electron, and the masses of the W and Z

bosons can provide constraints on the parameter space of BSM theories.

Astrophysical observations: Astrophysical phenomena such as dark matter, neutrino
oscillations, and cosmic rays can provide clues about new physics beyond the SM. For
example, the detection of high-energy neutrinos from distant sources could indicate

the presence of new neutrino interactions or the decay of exotic particles.

Direct detection experiments: Some BSM particles, such as dark matter, may interact
only weakly with ordinary matter and therefore be difficult to detect in colliders or
astrophysical observations. Direct detection experiments aim to detect these particles

by looking for their interactions with matter in specialized detectors.

Overall, probing BSM is a multifaceted effort that involves a combination of theoretical, ex-

perimental, and observational approaches. The detection of physics beyond the SM would

have notable consequences for our comprehension of the universe. This thesis concentrates

on examining BSM scenarios by analyzing data obtained from a particle collider, which

aims to resolve the Higgs mass hierarchy problem.

After the discovery of the Higgs boson, the SM is in principle complete as a low-energy

effective theory describing all known fundamental particles and their interactions. How-

ever, the stability of the Higgs boson mass at the electroweak scale lacks explanation. The
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main challenges in understanding the Higgs boson mass is the fact that it is subject to quan-
tum loop corrections from other SM particles in the theory. In particular, the top quark,
which is the heaviest elementary particle in the SM, has a large impact on the Higgs bo-
son mass. As the energy scale increases, the contribution from the loop corrections to the
Higgs boson self-energy diverges quadratically [30], leading to a large correction pushing
the Higgs mass to the Planck scale, which is much larger than the electroweak scale. How-
ever, the observed mass of the Higgs boson (=~ 125.38 + 0.14GeV) is much lighter than the
Planck mass. Therefore, the question is why the observed Higgs boson mass is so much
lighter than the Planck mass. This is popularly known as the “hierarchy problem”. One
proposed solution to explain the observed Higgs boson mass in the electroweak scale is
called “naturalness,” there should exist some underlying mechanism or symmetry in the
theory that counteracts these large quantum corrections to the Higgs boson mass. Such pro-
posed solution to prevent this divergence from the loop corrections is the introduction of
new physics beyond the standard model that predicts additional particles that can cancel
out these quantum corrections to the Higgs boson mass. One example of such a particle is
a vector-like quark (VLQ), which is a hypothetical particle that is similar to the quarks in
the SM but has different properties. VLQs are predicted in many theories beyond the SM,
including composite Higgs models [31, B2, 33, 34, 35], little Higgs models [36, 37, 38],
and models with a warped extra dimension [39]. VLQs could have a significant impact
on the Higgs boson mass because they interact with the Higgs boson. If VLQs exist, they
could cancel out the quadratic divergence from the top quark, leading to a more stable Higgs
boson mass.

The sections below provide a brief overview of the models and searches considered in

this thesis coupled with SM phenomena.
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1.7.1 Search of Higgs production associated with a single top quark

A remarkable property of the Higgs boson is its large Yukawa coupling to top quark y,. The
measurements of y, are particularly crucial for understanding electroweak symmetry break-
ing and allow for testing theories beyond the standard model. The value of y, is indirectly
tested by measurements sensitive to gluon gluon fusion ggH, the dominant Higgs boson
production process at LHC, which receives a large contribution from loop diagrams involv-
ing the top quarks. In addition, y, is probed in the decay of Higgs bosons to two photons,
H — 77, as the decay width also involves loop diagram with a top quark. However, y, can
be directly measured in the production of top - anti-top quark pairs, tt, associated with a
Higgs boson. Interestingly, the tH production is sensitive to the sign of y,. In the SM the
relative sign of the Higgs boson coupling to bosons and fermions is assumed to be positive.
Therefore it leads to destructive interference between t-channel diagrams (Fig. B.1)), i.e., the
Higgs bosons emitted from the top quark and the W boson lines, resulting in a very small
production cross section of about 71 fb. The existing measurements using data collected at
the LHC so far are not yet sensitive to this production process. However, in the new physics
scenario, an opposite sign in the Yukawa coupling compared to the SM would translate to
a significant enhancement (~ 10x) [40, 41] in the tH production cross section.

We design an analysis to measure the cross section of the various Higgs production
modes in proton-proton (pp) collisions at /s = 13 TeV using the data collected during
Run 2. and to also facilitate a final combination to measure the Higgs boson signal strength
in the H — ~7 channel. As part of this study, I work on measuring the cross section of
tHq production in the channel where the Higgs boson decays into two photons and the top

quark decays leptonically. The detailed analysis is discussed in Chapter
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1.7.2 Search of a Vector-Like Quark, T' — tH

Vector-like quarks are hypothetical spin-% colored particles, labeled T and B’, with electric
charges of +2¢/3 and —1e/3, respectively. Their left-handed and right-handed components
transform in the same way under the SM gauge group. Therefore, unlike the chiral quarks in
the SM, their masses are not generated by a Yukawa coupling to the Higgs boson and have
less impact on the production cross section of the Higgs boson. A simplified extension of
the SM has the SM field content extended by a single species of vector-like quarks T" of
mass Mrp.. After imposing an SU(3). x U(1)y gauge symmetry, the Lagrangian of the
considered simplified model can be written as

L = ESM + ’LT’D T/ + MT/T/T/+ hT’( l‘%LPL + I%RPR)UQ + %T’ Z (I%LPL + /%RPRuq)uq
w

+%T’ W (kpPL+ krPr)d, + h.c.],

(1.57)
where, cy denotes the cosine of the EW mixing, g denotes the weak coupling constant,
and k, &, andr represent the EW coupling of the vector-like quark T. Moreover, u, and d,
denote the SM up-type and down-type quark fields, Z,,, W, and h stand for the weak and
Higgs boson fields, and P, and Py are the usual left-handed and right-handed chirality
projectors. The last three terms in the above Lagrangian open the door to single vector-like
quark production at hadron colliders. In general, the x parameters are taken to be small so
that the vector-like quark stays narrow.

At the CERN LHC, the vector-like top quark T’ can be produced in two production
modes. One is pair production through the strong interaction while the other is single pro-
duction mode through the electroweak interaction. The T’ quark can couple to SM quarks
and charged or neutral bosons, resulting in the decays into bW, tZ, and tH channels. For
the isospin singlet T" VLQ, the T’ branching fractions are assumed to be 50, 25, and 25%,

respectively, for bW, tH, and tZ decays. We studied the electroweak production of vector-
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Figure 1.13: Leading-order Feynman diagram for single T’ production in Wb fusion and
subsequent decay into tH(7y7y).

like top quark partner T’ produced in proton-proton (pp) collisions at 1/s = 13 TeV, pp —
T’ gb, with a decay involving the Higgs boson, T" — tH, in Higgs to two photon channel
(H — 7). A leading-order (LO) Feynman diagram is presented in Fig. #.2. The search
is designed to be sensitive to both leptonic and hadronic decays of the top quark together
with a Higgs boson decaying to two photons. Chapter § provides a detailed analysis of this

search.
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Chapter 2

Large Hadron Collider & CMS detector

The primary goal for building the Large Hadron Collider was to describe the Higgs mech-
anism and confirm its role in electroweak symmetry breaking. The experimental study
of the Higgs mechanism is also crucial in understanding the mathematical consistency of
the SM at energy scales above about 1 TeV. However, numerous other theoretical motiva-
tions propose additional symmetries like supersymmetry or introduce new forces and con-
stituents such as strongly-broken electroweak symmetry, technicolor, and more, which can
also be potentially verified. The selection of beam energy (7 TeV) and design luminosity
(L = 10**e¢m—2s71) for the Large Hadron Collider was motivated by the aim to investi-
gate physics phenomena at the TeV energy scale. Hence, this substantial increase in energy
and luminosity over previous collider experiments opens up opportunities for exploring a
broad spectrum of physics inquiries. The potential physics search in increased energy and

luminosity required a meticulous design of the detectors.

2.1 Large Hadron Collider (LHC)

LHC is the world’s most powerful particle accelerator. It lies in a tunnel 27 km in circum-
ference and as deep as 175 m beneath the France—Switzerland border near Geneva. The
LHC is made up of a 27km-long ring of superconducting magnets with a number of accel-
eration mechanisms to boost the energy of the particles. The accelerator ring consists of
two tubes to accelerate two beams in opposite directions which are kept in ultra vacuum
with the pressure inside the pipe of the order of 1071 to 10~!! mbar. Inside the accelera-

tor, two high-energy proton beams travel nearly at the speed of light before they are made
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to collide. A strong magnetic field maintained by superconducting electromagnets is ap-
plied to guide the accelerating particle inside the accelerator ring. The magnet include 1232
dipole magnets, 15 metres in length, which bend the beams, and 392 quadrupole magnets,
each 5—7m long, which focus the beams. Another kind of magnet is employed to “squeeze”
the particles closer together just before the collision to boost the likelihood of collisions.
The electromagnets in the LHC are constructed using coils made of unique electric cable
capable of operating in a superconducting state. This allows for the efficient conduction
of electricity with minimal resistance or energy loss. Achieving this superconducting state
requires cooling the electric cables to a temperature as low as —271.3°C. A liquid helium
distribution system is used to achieve and maintain this temperature. The cryogenic sys-
tem for the LHC needs 120 tonnes of helium, 40 MW of electricity (10 times more than is
required to operate a locomotive), and 40,000 leak-proof pipe seals to keep the magnets at
—271.3°C. The LHC machine also contains radiofrequency cavities that deliver a “kicks”
to the protons, leading to an incremental energy increase of 0.5 MeV per revolution. The

luminosity is written as:

kpN?
L= ke

e 2.1)

where, v is the Lorentz factor, f is the revolution frequency, kg is the number of bunches
(groups of protons), IV, is the number of protons per bunch, ¢, is the normalized transverse
emittance (spread the protons perpendicular to the direction of the beam) with a design value
of 3.75um, 3* is the betatron function at the interaction point (IP), and F is the reduction
factor resulting from the crossing angle. /3 is a measure of the focusing strength or the rate
at which the beam of particles converges or diverges in the transverse plane. The nominal
energy of each proton beam is 7 TeV. The design luminosity of L = 103*cm 257! leads to
around 1 billion proton-proton interactions per second. The specific configuration of the

beam is determined based on the injection scheme and characteristics of the dump system.
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The formation of the bunches occurs within the Proton Synchrotron (PS) with a spacing
of 25 ns. The important machine parameters relevant for proton-proton collisions at the

LHC are listed in Tab. R.1. The protons are prepared by a series of systems that gradually

Beam parameters

pp Unit
Energy per proton E 7 TeV
Dipole field at 7 TeV B 8.33 T
Design Luminosity L 1034 em 257t
Bunch separation 25 ns
No. of bunches kg 2808

No. of protons per bunch N, 1.15 x 10!
Collisions parameters

[B-value at IP 15} 0.55 m
RMS beam radius at IP o 16.7 wm
Luminosity lifetime TL 15 hr
No. of collisions/crossing 7. ~ 20

Table 2.1: The design values of the important machine parameters relevant for proton-
proton collisions at the LHC

boost their energy before being introduced into the primary accelerator. A schematic view
of the CERN accelerator complex comprised of various components used to generate the
proton beam for the LHC is displayed in Fig. R.Il. The first system is the linear particle
accelerator LINAC4 generating 160 MeV negative hydrogen ions (H™) [42], which feeds
the Proton Synchrotron Booster (PSB). There, both electrons are stripped from the hydrogen
ions leaving only the nucleus containing one proton. Protons are then accelerated to 2 GeV
and injected into the Proton Synchrotron, where they are accelerated to 26 GeV. Afterwards,
the beam undergoes further acceleration to reach an energy level of 450 GeV within the
Super Proton Synchrotron (SPS) before being transferred to the LHC. The LHC beams are
made to collide at the four points in the accelerator ring, which correspond to the locations
of the four particle detectors ATLAS (Point 1), CMS (Point 5), ALICE (Point 3) and LHCb
(Point 8).
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Figure 2.1: The CERN accelerator complex comprises of various components, including
the Large Hadron Collider, Super Proton Synchrotron, Proton Synchrotron, LINear ACcel-
erator (LINAC).

* A Toroidal LHC Apparatus (ATLAS): ATLAS is one of the two general-purpose
detectors at the LHC. It looks into a variety of physics topics, including the study of
the Higgs boson, and the search for new phenomena such as extra dimensions and

particles that might be responsible for dark matter.

* Compact Muon Solenoid (CMS): Another general-purpose detector at the LHC,
engages in a comprehensive physics program as ATLAS. Although it uses distinct
technical approaches and a different magnet-system design from the ATLAS experi-

ment, it shares the same scientific objectives.

* LHC-beauty (LHCb) The “beauty quark,” or “b quark,” is a particular kind of par-
ticle that the LHCb experiment studies to learn more about the minute variations

between matter and antimatter.
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» A Large Ion Collider Experiment: ALICE is a detector at the Large Hadron Col-
lider devoted to heavy-ion physics. It is intended to investigate the physics of strongly
interacting matter at extreme energy densities when a state of matter known as quark-

gluon plasma forms.

The data used in this thesis were obtained from the CMS detector. Section provides a

detailed description of the CMS detector.

The general-purpose detectors would observe an event rate of approximately 10° in-
elastic (maximum momentum transfer) events per second at the designed luminosity. This
presents a variety of complex experimental challenges. For storage and physics analysis,
the online event selection procedure (the “trigger’”’) must reduce the roughly 1 billion inter-
actions per second to no more than about 100 events per second. The design of readout and
trigger systems must consider the short 25 ns interval between bunch crossings. A mean
of around 20 inelastic collisions will be superimposed on the event of interest at the design
luminosity. This means that every 25 ns, around 1000 charged particles will emerge from
the interaction region. It is possible to mistake the results of particular interest of interac-
tion with those from other interactions in the same bunch crossing. This problem clearly
gets worse when the response time of a detector element and its electronic signal is longer
than 25 ns. Therefore, using high-granularity detectors with good time resolution and low
occupancy can reduce the impact of this “pile-up”. This requires a large number of de-
tector channels. The timing of these millions of detector electronic channels needs to be
very accurately synchronized. High radiation levels are caused by the huge flux of particles
leaving the interaction region, demanding the use of radiation-hard detectors and front-end

electronics.
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2.2 CMS detector

The CMS detector is a multi-purpose apparatus operating at the Large Hadron Collider
(LHC) at CERN. One crucial factor that drives the design and arrangement of the detector
is the selection of the magnetic field configuration for the measurement of the momentum
of muons. CMS is 21 m long, 15 m in diameter, and weighs about 14,000 tonnes. Over
4,000 people, representing 206 scientific institutes and 47 countries, form the CMS collab-
oration who built and now operate the detector. Figure illustrates the overall design
of CMS. At the center of CMS is a 13 m long, 6 m inner diameter, 3.8 T superconduct-
ing solenoid that offers a significant amount of bending power (12 Tm) before the muon
system measurement of the muon bending angle. Four muon stations can be integrated to
assure robustness and complete geometric coverage, and the return field is large enough
to completely saturate 1.5 m of iron. The muon station is made up of many layers of re-
sistive plate chambers (RPC), together with cathode strip chambers (CSC) and aluminium
drift tubes (DT) in the endcap and barrel regions, respectively. The bore of the magnet coil
is spacious to accommodate both the inner tracker and the calorimetry components. The
tracking volume is a cylindrical with a length of 5.8 m and a diameter of 2.6 m. CMS uses
ten layers of silicon microstrip detectors to effectively handle the challenges posed by high
track multiplicities. The detectors are designed with the necessary granularity and preci-
sion for accurate measurements. In addition, four layers of silicon pixel detectors are posi-
tioned close to the interaction region to enhance the precision in impact parameter measure-
ments of charged-particle track and the secondary vertex positions. For the electromagnetic
calorimeter (ECAL), lead tungstate (PbWQ,) crystals are used, covering a pseudorapidity
range up to |n| < 3.0. The scintillation light in the crystal is detected by silicon avalanche
photodiodes (APDs) in the barrel region, while in the endcap region, vacuum phototriodes

(VPTs) are employed. Additionally, a preshower system is installed in front of the endcap
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ECAL to reject 7° particles. Surrounding the ECAL is a brass/scintillator sampling hadron
calorimeter, which covers the pseudorapidity range up to |n| < 3.0. The scintillation light
is converted by wavelength-shifting fibers embedded in the scintillator tiles and guided to
photodetectors through clear fibers. This light is detected by photodetectors known as hy-

brid photodiodes (HPDs), which can operate in high axial magnetic fields and provide gain.

Superconducting Solenoid

Silicon Tracker

Very-forward Pixel Detector

Calorimeter

Hadronic
Calorimeter
Electromagnetic

Calorimeter R ?

Compact Muon Solenoid

Muon

Figure 2.2: A schematic view of the CMS detector. The picture is taken from Ref. [4].

2.2.1 LHC coordinate system

CMS adopts the following coordinate system conventions: the x-axis is directed radially
inward toward the center of the LHC, the y-axis points vertically upward, and the origin is

situated at the nominal collision point of the experiment. Consequently, the z-axis aligns
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with the direction of the beam. The azimuthal angle ¢ is measured from the x-axis within
the x-y plane, while the polar angle ¢ is determined relative to the z-axis. In the experiment
it is more useful to have a quantity with better properties under boosts along the beam axis

rather than using the polar angle. Such a quantity is rapidity, and is defined as,

1 E +p.c
=—-—In| ————— 2.2
Yy QH(E—ch) (2.2)

The only issue with the rapidity is that it requires determining both the energy and the
momentum of a particle, which is challenging experimentally. For very energetic particles,
there is a definition for a quantity that is nearly identical to the rapidity but considerably
simpler to measure than y. This introduces the idea of pseudorapidity and is defined as n =
—Intan g In the analysis, the x and y components of momentum are utilized to calculate
the transverse momentum (p7). The transverse plane refers to the plane perpendicular to
the beam direction. The imbalance of energy measured after applying energy conservation

in the transverse plane is denoted by EZs5,

2.2.2 Inner tracking system

The total length of the CMS tracker is approximately 540 cm and its outer radius extends
to nearly 110 cm. The excellent position resolution of the silicon detectors is attained by
splitting a large area of a p-n diode into many small pixels or parallel strips, where each
pixel or strip division acts like an independent electrode. Pixel detectors are placed closer
to the interaction vertex where the particle flux is the highest (=~ 107 /s atr ~ 10 cm). Low
particle flux in the intermediate region (20 < r < 55 cm) enables using silicon microstrip
detectors with a minimum cell size of 10 cm x80 pm, leading to an occupancy of ~ 2—
3%/LHC crossing. The further decrease in particle flux in the outermost region (r > 55 cm)
of the inner tracker permits the use of larger-pitch silicon microstrips with a maximum cell

size of 25 cm x 180 pm giving an occupancy of about 1%.
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When an incident ionizing particle interacts with the detector medium (depleted region),
it produces electron-hole pairs. Due to the electric field in the depletion region, the holes
move in the direction of the p* (negative electrode) and the electrons move in the direction
of the n (positive electrode). An external reverse bias voltage must be applied to create
a deep depletion zone, void of free charge carriers. The collected charges by the electrode
produce a current pulse, allowing for the determination of the position of the ionizing par-

ticle. Figure 2.3 depicts a strip silicon detector. Currently, the vast majority of silicon
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Figure 2.3: A schematic view of the silicon sensor. The picture is taken from Ref. [J].

detectors are implemented as so-called planar structures.
Strip tracker

The total area of the strip detectors is &~ 200 m? providing a coverage up to |n| < 2.4 and
includes 9.6 million silicon strips. The detectors are operated at a temperature of around

—20°C. There are two sections in the tracker barrel region: a TIB (Tracker Inner Barrel) and
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a TOB (Tracker Outer Barrel). The TIB is made of 4 layers of silicon sensors that cover up
to |z| < 65 cm with sensors of thickness 320 pm and the pitch of the strip that ranges from
80 to 120 pum. The TOB consists of six layers, each with a half-length of |z| < 110 cm.
This region experiences lower radiation levels, allowing for the utilization of thicker silicon
sensors (500 pm). The choice of longer strip lengths and wider pitch also retains a favorable
signal-to-noise ratio. The range of the strip pitch is 120 to 180 um.

The endcaps of the CMS tracker are subdivided into two sections: the Tracker End Cap
(TEC) and the Tracker Inner Disks (TID). Each TEC is made up of nine disks that spread
into the region 120cm < |z| < 280 cm, and each TID is made up of three small disks that
fill the gap between the TIB and the TEC. For TID and three innermost rings of the TEC,
the thickness of the sensors is 320 pm, and for the rest of the TEC, the thickness is 500 pm.
The modules of the TEC and TID are organized in concentric rings centered on the beam

line. These modules consist of strips that are oriented towards the beam line.
Pixel tracker

The pixel detector is comprised of three layers in the barrel region, with two endcap disks
on each side. The three barrel layers are positioned at average radii of 4.4 cm, 7.3 cm, and
10.2 cm. Each barrel layer has a length of 53 cm. The two end disks are positioned at
|z| = 34.5 cm and 46.5 cm on either side, with radii ranging from 6 to 15 cm. The pixel

detector has a surface area of around ~ 1 m?

. There are 66 million pixels in the inner
tracker. The size of a pixel is & 100 x 150 pum?, resulting an occupancy of around 10~ per
pixel per LHC crossing. A total of 16000 readout chips are bump-bonded to the detector

modules to read out the signals of particles passing through the detector.
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Figure 2.4: The layout of the CMS tracker detector is labeled with different parts of the
detector. The picture is taken from [(]

2.2.3 Electromagnetic calorimeter

The electromagnetic calorimeter [9] played an important role in studying the physics of
electroweak symmetry breaking, particularly through the discovery of the Higgs boson.
The ECAL is used to measure the energy of the electrons and photons generated during the
collision. The ECAL is a hermetic, homogeneous calorimeter made up of PbWO, crystal
as the active medium. This choice was based on the facts that PbWO, is a rapid scintillator,
has a short radiation length and a small Moliére radius, and is reasonably simple to make
from easily accessible raw materials. Radiation length is average distance over which a
high-energy electron or positron (beta particle) loses approximately 1/e (about 63.2%) of
its energy through bremsstrahlung radiation and e~ - e™ pair production in a given mate-
rial. Moliére radius is lateral or angular spread of high-energy charged particles (typically
e~ /e™) as they traverse a medium due to multiple Coulomb scattering interactions with
atomic nuclei. The ECAL crystals have a radiation length (X() of 0.89 cm and and Moliére
radius of 2.2 cm. The crystal emits 80% of the light within 25 ns and has radiation hardness

up to 10 Mrad. In Fig. 2.5, an image of the crystal is displayed. The ECAL is divided into
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Figure 2.5: Lead tungstate crystal (PbWQ,) for the CMS ECAL with attached a photode-
tector. The figure is taken from [[7]

two parts, barrel (EB) and endcap (EE). The EB area is covered with 61,200 crystals total,
with 7,324 crystals in each EE. The inner radius of the barrel section is 129 cm. The barrel
crystal axes are slanted at 3° with respect to the line from the nominal vertex, in the n and ¢
projections. The crystals are 23 cm in length or 25.8X, with the front face cross section of
22 %22 mm? (0.0174 x 0.0174° in n— ¢ plane) and the rear face cross section of 26 x 26 mm?.
The endcaps are at a distance of 314 cm from the vertex and provide a pseudorapidity cov-
erage of 1.479 < |n| < 3.0. Like barrel crystals, the endcap crystals are organized in an x-y
grid and off-point from the nominal vertex location. They are all similar and have a length
of 22 cm, or 24.7 X,, and a front face cross section of 28.6 x 28.6 mm? (24.7X,). In front of
the crystal calorimeter, most of the endcap pseudorapidity range is covered with a sampling
calorimeter called a preshower device. It is intended to distinguish 7° particle decay to two
photons, aiming to achieve effective discrimination between 7° and ~ from other process.
This discrimination is crucial for minimizing background in the search for the Higgs boson
inthe H — 7 channel. The preshower detector is composed of two planes of 1.9 mm-pitch
silicon strip detectors positioned behind the lead absorber disks of thickness 2X, and 1X,,
respectively. Different parts of the ECAL detector and the arrangement of crystals can be

visualized in Fig. R.6. The detail calibration of the ECAL can be seen in the Ref [43] Two
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Figure 2.6: Different parts of the ECAL detector and the arrangement of crystals in pseu-
dorapidity. The figure is taken from [§]

different kinds of photodetectors are used to read out the signal from the crystal, depending
on the condition of magnetic field and radiation: the EB uses APDs, and the EE uses VPTs.
The crystals and the APDs are very sensitive to temperature and require very stable temper-
ature maintenance with the variation of the order of 0.1°C [44]. A multi-gain preamplifier
amplifies the signal which then is sampled and digitized at 40 MHz in 1 of 3 chosen 12-bit
ADC:s for each channel. The energy resolution, measured by fitting a Gaussian function to

the reconstructed energy distributions, has been parameterized as a function of energy:

B =) (5)

Where, S is the stochastic term, N the noise term and C the constant term. The energy res-
olution of the PbWO, calorimeter is the result of many contributions as shown in Fig. 2.7.
The stochastic component includes variations in shower confinement and incorporates pho-
tostatistics effects, represented as “photon” in the figure. The noise component considers
electronic noise and the influence of pileup energy. The “intrinsic” curve in the figure shows

the combined shower confinement and a constant term of 0.55%.
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Figure 2.7: The ECAL energy resolution, o/ E, as a function of energy as measured from
a test beam. The figure is taken from [9]

2.2.4 Hadron calorimeter

The Hadronic Calorimeter (HCAL) measures the hadrons produced in the collision, such as
protons, neutrons, pions, and kaons. It also enables indirect measurements of the presence
of non-interacting neutral particles such as neutrinos. The choice of magnet parameters
strongly influences the design of the HCAL since most of the CMS calorimetry is located
inside the magnet coil. The HCAL is a sampling calorimeter made of repeating layers of
dense brass absorber plates and tiles of plastic scintillator that maximizes material inside
the magnet to increase the total interaction lengths (\;). The interaction length is the dis-
tance over which a hadron has a 1/e (approximately 37%) probability of passing through
without undergoing a nucleus interaction. The set of scintillators is grouped with alternate
layers of the absorber, referred to as a “tower”. In order to determine a particle’s position,
energy, and arrival time, the HCAL uses fluorescent “scintillator” materials. When a par-

ticle passes through the scintillator, it generates a quick blue-violet light pulse. This light
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is gathered by special optical fibers and sent into readout boxes to photodetectors, which
enhance the signal. The hadron barrel (HB) part of the HCAL has 14 brass layers sur-
rounded by a layer of steel at the front and back yielding an interaction length between 5.8
to 10.6. There are 17 active plastic scintillator tiles interspersed between the stainless steel
and brass absorber plates. The initial active layer is positioned right behind the ECAL and
features a scintillator thickness roughly twice that of the other layers (9 mm as opposed to
3.7 mm). This greater thickness allows it to actively sample low-energy showering parti-
cles originating from the support material situated between the ECAL and HCAL. The final
active layer also has a scintillator thickness of 9 mm. It consists of 32 towers covering the
pseudorapidity region |n| < 1.4, resulting in 2304 towers with a granularity of An x A¢ =
0.087x0.087. The space limitation imposed by the magnet coil prevents the calorimeters
from totally containing hadronic showers. So beyond the solenoid, there is an extra outer
hadron calorimeter (HO). The HO employs the same scintillator technology as the HB and
the solenoid coil as an absorber. The HO detector is made of scintillators that are 10 mm
thick. These scintillators are positioned along the exterior of the outer cryostat wall of the
coil and cover the region with || < 1.26. As for the HB, it consists of 14 brass layers
surrounded by a layer of steel at the front and back. The total thickness of the HB ranges
from 5.8 to 10.6)\;, depending on 1%. For the test beam of 300 GeV pions, energy measured
with tracker, EB, and HB, it is observed that nearly 3% of pion events result in missing
energy equivalent to 100 GeV. When the HO is taken into consideration, the interaction
length becomes 11.8\;, reducing energy loss significantly. Energy resolution for pions as
a function of beam energy measured with EB + HB and with EB + HB + HO can be seen in
the Ref. [45]. Each hadron endcap (HE) of HCAL consists of 14 7 towers with 5° ¢ segmen-
tation, covering the pseudorapidity region 1.3 < |n| < 3.0. Finally, in the extreme front
area, a forward calorimeter is designed to maintain a good performance of the jet recon-

struction in the forward region. The requirement to tolerate a very high radiation exposure
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was the main feature of its design. The Hadron Forward (HF) calorimeter consists of steel

and quartz fibers covering the pseudorapidities between 3.0 and 5.0. The performance of
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Figure 2.8: The layout of a quarter of the CMS HCAL detector is labeled with different
parts (HB, HE, HO and HF) of the detector. The picture is taken from [(]

the HCAL can be checked from the jet energy resolution and the missing transverse energy
resolution. The jet transverse energy resolution as a function of the simulated jet transverse
energy in all three parts of the HCAL, barrel, endcap and forward is shown in the Fig. 2.9.
The normalization in granularity of different parts of the HCAL is considered to compare
the plots in different 7) ranges in the figure. The missing transverse energy (E7**) resolu-

tion is given by o (E***) & 1.254/>_ Er, if energy clustering corrections are not made.

2.2.5 Superconducting magnet

One of the essential aspects of the CMS detector design is the configuration of the magnetic

field to measure the momenta of muons. The magnetic field is solenoidal. It is parallel. For
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Figure 2.9: The jet transverse energy resolution as a function of simulated jet transverse
energy in all three parts of HCAL, barrel, endcap and forward. The figure is taken from
[10]

the following reasons, a solenoidal field is preferred: the field is parallel to the beams, the
muon track bends in the transverse plane, and momentum measurement can begin at r = 0
with a solenoidal field, whereas in the case of a toroidal field, it begins after the absorber
material. The required long superconducting solenoid (L = 13 m) has a 5.9 m inner diam-
eter and a 3.8 T uniform magnetic field. A 3.8 T magnetic field has significant advantages
not only for muon tracking and inner tracking but also benefits electromagnetic calorime-
try. Due to the presence of this intense magnetic field, the low-energy electrons within the
scintillator spiral away from each other and the light yield increases. Two critical features of
the CMS solenoid are the implementation of an indirect cooling system by thermosyphon
cooling system, which cools down to a temperature of 4 Kelvin, and the use of a stabilized
conductor made of high-purity aluminium. In particular, a novel conductor with a bigger
cross section that can withstand an outward pressure (hoop stress) of 64 atmospheres has
been used in a four-layer winding. The conductor has a complex structure and can carry
20 kA of current. Pure aluminum is co-extruded with the Rutherford-type cable [46] to

serve as a thermal stabilizer. The conductor’s entire cross section measures 64 x 22 mm?.
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The conductor is produced in continuous lengths, each measuring 2.65 km. Such twenty
continuous lengths were produced. Each of the five coil modules is constructed using four

of these lengths.

2.2.6 Muon system

Given the total luminosity predicted, muon detection is a potential technique for identi-
fying the fingerprints of intriguing events above the extremely high background rate. For
example, it has been said that the Standard Model Higgs boson decay into ZZ or ZZ*, which
further decay into 4 leptons, is “gold plated” if all the leptons are muons. The momentum of
the generated muons in the collision can be measured in three parts of the CMS detector: in
the inner tracker, after the coil, and in the return flux. The momentum measurement simply
using the muon system is essentially determined based on the muon bending angle at the exit
of the 3.8 T coil with respect to the interaction point. The muon system incorporates three
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Figure 2.10: Layout of one quarter of the CMS detector with muon detectors in colors. The
figure is taken from [[11]

types of gaseous detectors: drift tube chambers, cathode strip chambers, and resistive plate
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chambers. DT chambers are used in the barrel region (|| < 1.2), where the background in-
duced by neutrons is minimal, the muon rate is low, and the residual magnetic field within
the chambers is also low. In the endcap regions, CSC detectors are used where both the
muon rate and the neutron-induced background rate are high, and the magnetic field is also
strong. These CSC detectors cover the region up to || < 2.4. Additionally, RPC detectors
are used in both the barrel and endcap regions. Layout of one quarter of the CMS detector
with muon detectors in colors is shown in the Fig. Various methods are employed to
align the muon system, including photogrammetry measurements, optical alignment, and
alignment based on particle tracks [47]. In DT drift cell, the transverse distance between
the wire and the point at which the muon trajectory crosses the plane containing the wires in
the layer is found by hit reconstruction. The anode collects the electrons produced through
the gas ionized by a muon crossing the cell. The arrival time, Trpc is recorded by a time-
to-digital converter (TDC). In order to reconstruct the position of the DT hit, this time is
then adjusted by a time pedestal, 7,4, and multiplied by the electron drift velocity, v. The
DT drift cell was designed to provide a uniform electric field allowing the drift to be mostly
constant for tracks impinging on the cell perpendicularly to the plane of wires.

In the endcaps, the solenoidal field is first parallel to the z direction but then diverges
radially. Therefore a muon is first deflected in one azimuthal direction and then deflected
in the opposite direction. The deflection is maximum in the first station. The position of
the traversing muon in the CSC layer is determined via hit reconstruction by merging data
from the cathode strips and anode wires. The strips can precisely measure the ¢ angle since
they are radial and individually subtend an angle of around 3 mrad (various chamber types
have varying angular strip widths that range from 2.2 to 4.7 mrad). The measured time for
a CSC reconstructed hit is additionally calibrated so that muon hits produced promptly in
the triggering bunch crossing have a time distribution centered around zero.

A charged particle that enters an RPC causes an electron avalanche in the space between
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two plates. With a few nanoseconds of accuracy, this charge creates a signal on an external
strip reading plane to identify muons from collision events. The alignment of the strips is
along the n direction, with a strip pitch of up to 2 cm. This results in a spatial resolution of
a few centimeters in the ¢ coordinate. In an RPC, adjacent strips are grouped to reconstruct
one hit since more than one strip might share the ionization charge from a muon.
Compared to DTs or CSCs, RPCs offer a quick reaction with strong time resolution
but a cruder position resolution. As a result, RPCs are able to clearly detect the bunch
crossing. The DTs or CSCs and the RPCs operate as two separate and complementary
sources of information inside the first level trigger system. The complete system results in a
reliable, accurate, and adaptable trigger device. Comparison of muon momentum resolution

reconstructed from muon system only, inner tracker only, or both is shown in the Fig. 2.10.
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Figure 2.11: Comparison of muon momentum resolution reconstructed from the muon sys-
tem only, the inner tracker only, or both (“full system”) with respect to different muon
momentum. The left plot is for barrel |n| < 0.2 and the right side plot is for endcap,
1.8 < |n| < 2.0. The figure is taken from [|10]
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2.2.7 Trigger and data acquisition system (DAQ)

At design luminosity, the LHC bunch crossing rate of 40 MHz results in ~ 10° interac-
tions per second. Since archival media can only store data from roughly 102 crossings per
second, the trigger mechanism must reach a rejection of around 107 interactions. The reduc-
tion process involves several components, including the detector electronics, level-1 trigger
processors (specifically for the calorimeter, muon, and combining different subdetector sys-
tems), the readout network, and an online event filter system referred to as the processor

farm. The processor farm executes the software for the high-level triggers (HLT).
Level-1 trigger

The Level-1 trigger system relies heavily on specialized hardware components for its logic
implementation. This includes custom application apecific integrated circuits (ASICs),
semi-custom and gate-array ASICs, field programmable gate arrays (FPGAs), programmable
logic devices (PLDs), as well as discrete logic elements like random access memories
(RAMs) used for memory look-up tables (LUTs). To minimize the transit time between
the signals from the detector front-end electronics to the Level-1 trigger logic and return
back to the front-end electronics, the Level-1 trigger logic farm is kept in the service cavern
of the CMS experiment. A total of 3.2 us is allotted for the transit and for deciding whether
to preserve or delete data from a specific bunch crossing. The detector data must be held
in a buffer during that time while trigger data is gathered from the front-end electronics
and judgments are made to dismiss a large portion of events keeping the small portion of
interactions of interest. The time allocation for Level-1 trigger decision is less than 1 us of
the overall latency.

The Level-1 trigger involves the information from calorimetry and muon systems, along
with inter-system correlated information. The decision-making process is based on the

detection of “trigger primitive” particles, including photons, electrons, muons, and jets,
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which pass a specified threshold for £ and pr. Additionally, global sums of Er and Ef
are taken into account. Trigger objects are formed using reduced-granularity and reduced-
resolution data. During the Level-1 decision-making period, all the high-resolution data
is held in pipelined memories. After the Level-1 trigger pass, further decisions are made

using more sophisticated algorithms that leverage detailed information from all detectors.
High-Level triggers

For the HLT decision, a farm of high-performing computers with approximately 13,000
CPU cores runs software implementing the desired criteria. Upon receipt of a Level-1 trig-
ger, the data from the pipelines are transferred to front-end readout buffers. Each event
has an approximate size of 1.5 MB (pp interactions) and is contained in several hundred
front-end readout buffers. Data for a given event are sent to a processor via the event build-
ing “switch.” Each processor executes the same HLT software code, aiming to reduce the
Level-1 output rate from 100 kHz to 100 Hz for storage purposes. The HLT code is devel-
oped using a variety of ways. When it is feasible, just the objects and detector areas that

are really required are reconstructed, as opposed to all possible objects in an event.

2.3 Particle reconstruction

The reconstruction of particles in the CMS experiment is a complex process that involves a
combination of experimental measurements and theoretical calculations. It requires sophis-
ticated detectors and algorithms, as well as a large team of physicists and engineers working
together to analyze the data.

Particles produced from collisions first meet the all-silicon tracker, which leaves their
footmark as charged particles traverse through the detector, allowing us to measure their
momentum. The tracker is surrounded by the ECAL in which electrons, positrons, and

photons deposit their energy. The HCAL is designed to detect “hadrons”. The tracker,
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ECAL, and HCAL are inside the solenoidal magnetic coil with a magnetic field of 3.8 T. As
the name indicates, CMS is also designed to measure muons precisely. Muons are detected
and measured using the muon chamber. Neutrinos escape from CMS undetected and can
be estimated indirectly from the ’missing transverse energy” in the event. This simplified
view is graphically summarized in Fig. R.12, which displays a sketch of a transverse slice
of the CMS detector. The data used for the studies in the thesis includes information from

all parts of the detector.
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Figure 2.12: A slice of the CMS detector with a cross-sectional view showing different
particles depositing their energies in the different detector parts. The figure is taken from

[12]

2.3.1 Particle flow algorithm

The particle flow (PF) algorithm is a key component of the particle reconstruction process
in the CMS experiment. CMS is well-suited to use the PF approach thanks to a combina-
tion of features including a robust magnetic field, finely-segmented subdetectors, and high
hermeticity across the tracker, calorimeters, and muon system. This allows for effective

identification of distinct types of objects and enables energy measurement to be driven by
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the subdetectors with the most precise resolution. The goal of the PF algorithm is to recon-

struct all the particles produced in a collision event by combining optimally the information

from the different subdetectors in the detector. The PF algorithm requires a number of key

ingredients to be efficient. These include:

High-quality tracking: The tracking detectors must be able to accurately measure the
momentum and trajectory of charged particles. This requires a combination of high

spatial resolution, good track-finding algorithms, and excellent detector alignment.

Robust clustering algorithms: The PF algorithm must be able to group together the
energy deposits in the calorimeters that belong to the same particle. This requires
sophisticated clustering algorithms that can handle a wide range of particle energies

and angles.

Accurate energy calibration: The energy measurements in the calorimeters must be
calibrated to a high precision, in order to accurately reconstruct the energy of the

particles.

Robust particle identification algorithms: The PF algorithm must be able to distin-
guish between different types of particles, based on their energy deposits, track prop-
erties, and other characteristics. This requires sophisticated particle identification

algorithms that can handle a wide range of particle energies and angles.

In simpler terms, the algorithm can be summarized as follows, with a more comprehensive

explanation in Ref. [48]. First, the algorithm extends the tracks into the calorimeters, and

if these tracks intersect with one or more clusters, the clusters are linked to the track. This

combination of a track and its associated cluster(s) represents a charged hadron, and the in-

dividual components are no longer considered within the subsequent steps of the algorithm.

Muons are identified in advance to ensure that their tracks do not contribute to the creation of
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a charged hadron. The electrons are more difficult to deal with. This is primarily due to the
frequent emission of Bremsstrahlung photons. As a result, a specialized track reconstruc-
tion method [49] becomes necessary, along with a dedicated approach to correctly attach
photon clusters to the corresponding electron and prevent any double counting of energy.
After processing all the tracks, any remaining clusters are identified as either photons (in
the case of the ECAL) or neutral hadrons (in the HCAL). Once all the particle’s energy de-
posits are associated, its identity can be determined, and information from the sub-detectors
is combined to optimally calculate its four-momentum. In situations where the calibrated
calorimeter energy of the clusters, which is essentially a linear combination of the ECAL
and HCAL energy deposits associated with a track, exceeds the track momentum by more
than one standard deviation, the excess energy is attributed to an overlapping neutral parti-
cle (either a photon or hadron). This overlapping particle is assigned an energy equivalent
to the difference between the two measurements. The resulting particle list, consisting of
charged hadrons, photons, neutral hadrons, electrons, and muons, serves multiple purposes.
It is used for reconstructing jets, calculating the transverse energy imbalance (EZ. ), iden-
tifying 7 particles based on their decay products, and measuring the isolation levels of the
particles. The following sections provide a detailed explanation of how individual particles

are reconstructed in the subdetectors prior to their input into the PF algorithm.

2.3.2 Muons

Muons and other charged particles traverse the gaseous medium of a detector and ionize the
gas creating an electrical signal in the electrode of the detector. The connected electronics
then read out the electrical signal that along with the position of the signal is referred to as a
“hits,” which will be connected with the hits from other detectors to reconstruct the tracks
of the particles. Different algorithms are used depending on different detector technologies

to measure the precise location of each hit reconstructed from the electronic signals.
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Track reconstruction

In the standard CMS reconstruction [11, 50, 51]] procedure for pp collisions, the tracks are
first separately reconstructed in the inner tracker (tracker track) and in the muon system

(standalone muon track) and are then utilized as input for muon track reconstruction.

* Standalone-muon tracks are created by using data from muon subdetectors to gather
all CSC, DT, and RPC signals along a muon trajectory using a Kalman-filter tech-

nique [52]

* Tracker muon tracks are built by propagating tracker tracks to the muon system with
loose matching criteria to DT or CSC segments. The technique is called the “’inside-

out” approach.

* Global muon tracks are built “outside-in”, i.e by propagating standalone-muon tracks
to tracker tracks. The matching is done by comparing parameters of the two tracks
propagated onto a common surface. A combined fit is performed using information
from both the tracker track and standalone-muon track, using the Kalman filter tech-

nique.

About 99% of muons that are produced within the geometrical acceptance of the muon
system are reconstructed either as a global muon track or as a tracker muon track. These
reconstructed muons are further fed into the PF algorithm [53]. Muon candidates recon-
structed using the standalone, global, or tracker muon tracks algorithms are subjected to a

set of selection criteria by the PF algorithm.
Identification
In order to enable each analysis to fine-tune the ideal balance between efficiency and purity

of signal, a set of variables is analyzed and selection criteria are specified. The selection
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criteria are applied to the variables associated with the muon reconstruction, such as the
number of hits per track (either in the inner tracker or in the muon system, or both), track
fit x? and the degree of matching between tracker tracks and standalone-muon tracks (for
global muons). The method gives the values in the range between 0 and 1, with 1 denoting
the maximum level of compatibility. The primary muon identification types employed in

CMS physics analyses using these characteristics are:

* Loose muon identification (ID): the goal is to identify prompt muons that originate
at the primary vertex, muons from light and heavy flavor decays, and also maintain

a low rate of being mistaken for charged hadrons as muons.

* Medium muon ID: is optimized for muons from heavy flavor decay and also for
prompt muons. A medium muon is a loose muon with a tracker track that uses hits

from more than 80% of the inner tracker layers it traverses.

* Tight muon ID: aims to prevent muons from hadronic shower and from in-flight decay.
A tight muon is a loose muon with a tracker track using hits from at least six layers of
the inner tracker, including at least one pixel hit. The muon must be reconstructed as
both a global muon and a tracker muon. Additionally, it needs to be consistent with
the primary vertex, with a transverse impact parameter |dXY]| less than 0.2 cm and a

longitudinal impact parameter |dz| less than 0.5 cm.

* Soft muon ID: Tuned for B-physics and quarkonia studies with low-pr muons. A
soft muon is a tracker muon that uses hits from at least six levels of the inner tracker,

including at least one pixel hit, and meets the high purity flag of tracker track [51].

* High momentum muon ID: is designed for muons with p; more than 200 GeV. A high

momentum muon must be both a tracker muon and a global muon.
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The standard method employed by CMS to calculate the muon momentum is the Tune-
P algorithm [50]. Specifically, the Tune-P algorithm makes individual decisions for each
muon, selecting among three fitting methods: the tracker-only fit, the Tracker-Plus-First-
Muon-Station (TPFMS) fit, and Picky fits [50], which initiate from the hit list of the global-
muon track. Initially, the algorithm uses the Picky fit and subsequently switches to the
tracker-only fit if it provides a significantly better fit quality. Next, it compares the fit
quality of the chosen track with that of TPFMS, and TPFMS is favored if it yields superior
results. In the case of high-pT muons, Tune-P predominantly opts for the TPFMS and Picky
algorithms, with roughly equal usage rates, while the tracker-only fit is employed in only
a small percentage of events. This algorithm is validated using muons from pp collisions,
cosmic ray muons, and Monte Carlo simulations generated using various misalignment
scenarios. The comparison plots with different algorithms can be seen in the Ref. [50].
Furthermore, to discriminate between prompt muons and those from weak decays within

jets, the isolation of a muon is determined relative to its pr by adding the energy in the

geometric cone, AR = /(A¢)? + (An)?2, around the muon.

2.3.3 Jets

In collider experiments, a quark or gluon hadronizes into a narrow cone of hadrons and
other particles known as a “jet”. Due to quantum chromodynamics (QCD) confinement,
which only permits colorless states, particles with a color charge, such as quarks, cannot
exist in free form. Each fragment that breaks off from a color-charged item takes part of the
color charge with it. These fragments create further colored objects around them to form
colorless objects. Since all of the particles have a tendency to go in the same direction,
producing a narrow jet of particles, the group of these objects is known as a jet. Jets are
observed and studied in particle detectors to determine the characteristics of the original

quarks. The tracker accurately measures the energy of charged hadrons, which account
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for around 60% of the average jet energy, while the ECAL properly measures the energy
of photons, which account for another 30%. The HCAL measures the remaining 10% of
neutral hadron energy. In the HCAL, readout cells are placed in a tower pattern in 7, ¢
space, projective to the nominal interaction point. The segmentation of the cells in the
barrel region is An x A¢ = 0.087 x 0.087 and they get gradually bigger in the endcap
and forward regions. Since the ECAL granularity is much better than the HCAL, ECAL
plus HCAL towers are formed by addition of ECAL signals in 7, ¢ bins corresponding to
individual HCAL cells. Calorimeter noise contributions can have a considerable influence
on the reconstruction of low- E'r jets; careful selection of these inputs is necessary to provide
the best performance of higher-level objects reconstructed from calorimeter towers. Many
studies has been performed on strategies for reducing noise and pile-up contributions to jet
energy; more details can be found in reference [54]. Jets in CMS are identified using the
anti-kT clustering technique [55] with a distance value of R = 0.4. The algorithm groups
these potential clusters of energy deposits starting with the two closest objects and defines a
distance metric based on the pr and angular parameters of the candidate clusters of energy
deposits. The process ends when one object is closest to the beampipe, at which point the
group of objects is known as a jet. The calibration of jet energy aims to establish a consistent
relationship between the energy measurement obtained for a detector jet and the energy of
the corresponding true particle jet. This true particle jet is formed by clustering, using the
same algorithm employed for detector jets, all stable particles originating from the parton
fragmentation process, as well as particles from the underlying event activity. A correction
in the form of a multiplicative factor is applied to each component of the initial detector jet

four-momentum vector [56].
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2.3.4 Missing transverse energy

Neutrinos and other neutral weakly interacting particles typically escape from collider de-
tectors without leaving any direct signature in the detector components. An imbalance in
total momentum must be used to infer the existence of such particles. Missing transverse
momentum, here referred as ET‘E“SS, is the vector momentum imbalance in the plane per-
pendicular to the direction of the beam that is particularly useful in hadron colliders. It
is crucial observable in hadron collider experiments because it helps to account for unde-
tected particles, search for new physics beyond the Standard Model, study neutrinos, cali-
brate detectors, and make precise measurements of known processes. E?iss is typically the
negative of the vector sum of all final state particles’ transverse momenta that have been
reconstructed in the detector. Three distinct algorithms have been developed by CMS to
reconstruct E?i“: (a) PF Ess, which uses a complete particle-flow method [48]; (b) Calo
Emiss which relies on calorimeter energies and the geometry of the calorimeter towers and
does not include contributions from muons; and (c) TC EXsS, which corrects Calo B by
adding tracks that were reconstructed in the inner tracker after adjusting for the expected
energy depositions of the tracks in the calorimeter. From the reconstructed PF particles, PF
Emiss ig determined. Different instrumental sources and techniques for determining Ef'ss
occasionally can cause abnormal £ readings. Sometimes, anomalous signals related to
particles striking the transducers are captured by the CMS ECAL and HCAL. Rare random
discharges of the readout detectors can also result in anomalous signals in the HCAL. Some

of these impacts have previously been noted when collecting cosmic and test beam data.

2.3.5 Electron and Photon

Nearly all of the energy that electrons and photons carry are deposited in the ECAL, and

the shower spreads over several crystals. Around 94% and 97% of the incoming energy
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of a single electron or photon is contained in a matrix of 3 x 3 and 5 x 5 crystals, respec-
tively. The electrons also produce hits in the tracker layer as it traverses through. The
signal pulse in the ECAL crystals is fitted with multiple template functions to subtract the
contribution from out-of-time pileup. Throughout the entire LHC Run 2 data collection
period, this method was employed for both the HLT and oftline event reconstruction. The
tracker detector material in front of the ECAL may interact with the incoming electron or
photon as it travels through it, causing an electron to release bremsstrahlung photons or a
photon to change into an electron-positron pair. This means that by the time the electron or
photon reaches the ECAL, it could not just be one particle, but rather a shower of several
electrons and photons. In order to obtain the energy of the primary electron or photon, a
specialized algorithm is used to merge the clusters from individual particles into a single
entity. In addition, the electron loses momentum as it emits bremsstrahlung radiation, al-
tering its trajectory in the magnetic field. To estimate the track parameters for electrons, a
specialized tracking technique built on the Gaussian sum filter (GSF) is used [49]. Electron
and photon reconstruction in CMS is fully integrated into the PF framework. The phases

of reconstruction are briefly outlined below.

* The first step of the energy reconstruction procedure is the formation of ECAL clus-

ters by assembling crystals with energies over a certain threshold.

* To include photon conversions and bremsstrahlung losses, superclusters (SC) are
formed by combining ECAL clusters within a predetermined geometric region (the
“window”) surrounding the seed cluster. “Superclustering” is the term used to de-

scribe this process.

» The GSF, is used for electrons to estimate the track parameters. The GSF tracking
step is seeded using trajectory seeds in the pixel detector that are consistent with the

SC location and the trajectory of an electron.
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A special algorithm [57] is used to find the generic tracks that are most likely to result

from photons changing into e*e™ pairs.

The PF algorithm that connects the components together into blocks of particles im-
ports information connected to ECAL clusters, SCs, GSF tracks, and generic tracks

connected to electrons, as well as conversion tracks and related clusters.

Starting from either a GSF track or a SC, these blocks are resolved into electron and
photon (e and ) objects, respectively. There is no distinction between electron and

photon candidates at this time.

Based on loose selection criteria [58], electron or photon objects are constructed from
refined SCs. If an accompanying GSF track exists, the objects that passes the selec-

tion is designated as electron; if not, they are designated as photons.

Finally, in the PF framework, a stricter selection is made to these e/ objects to de-

termine if they should be regarded as electrons or isolated photons.

2.3.6 Vertex

Vertex is the specific spatial point where the two proton initially collide (primary vertex)

or where they interact or decay after the collision (secondary vertex). Vertex finding and

vertex fitting are often the first two steps in vertex reconstruction. Tracks are grouped into

vertex candidates during vertex finding. The choice of vertex finding algorithm can vary

significantly depending on the specific physics scenario: identifying primary or secondary

vertices, reconstructing exclusive decays, and more. Vertex fitting plays a crucial role in

determining the most accurate estimation of vertex parameters such as vertex position, co-

variance matrix, and track parameters for a given set of tracks. Additionally, indicators of

the fit quality, such as total x2, the number of degrees of freedom, or track weights, are taken
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into consideration. The well-known Kalman filter [52] is the vertex fitting method that is
most frequently utilized. It is theoretically equal to a global least-squares minimization,
which is the best estimator when the measurements are Gaussian and the fitted parameters
depend linearly on those measurements. The vertex and the generated track-to-track co-
variance matrices can both be used as constraints in the filter in order to obtain an improved
estimate of the track momenta. To get a better approximation of the track momenta, the
filter might be constrained by the vertex and the derived track-to-track covariance matrices.
The trimmed Kalman fitter is a standard, reliable version of the Kalman vertex fitter that
starts with the least compatible track and removes each track from the vertex one at a time

until the vertex is fit [59].
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Chapter 3

Search for a Higgs production associated
with a single top quark

The large Yukawa coupling of the Higgs boson in the standard model to the top quark y;
is an important property. In order to understand electroweak symmetry breaking and to
evaluate hypotheses that go beyond the standard model (BSM), measurements of y, is par-
ticularly crucial. The value of y, are indirectly tested by measurements sensitive to ggH, the
dominant Higgs boson production process at LHC, in which the production process heav-
ily relies on loop diagrams involving top quarks. Additionally, the y, can also be probed
through the decay of Higgs bosons to two photons, H— ~, as the decay width also involves
loop diagram with a top quark. However, y, can be directly measured in the production of
top - anti-top quark pairs, tt, in associated with a Higgs boson. The production of a Higgs
boson in association with a single top quark is also sensitive to y,. Within the SM, it is
assumed that the relative sign of the Higgs coupling to bosons and fermions is positive.
As a result, a destructive interference occurs between the t-channel diagram, where Higgs
bosons are emitted from the top quark, and the W boson lines. The Feynman diagram of the
production process is displayed in the Fig B.1]. The single top quark plus Higgs production
cross section would significantly increase if the Higgs boson were to be negatively coupled
to fermions as opposed to bosons. The final state of this production process consists of a
quark, a top quark and a Higgs boson. The top quark decays to a bottom quark and W boson
with the W boson further decaying to either hadrons or leptons. In this analysis we focus
on the final state where Higgs boson decay to a pair of photons and the W bosons decay

to a lepton and a neutrino. This study analyzes the data collected by the CMS experiment
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Figure 3.1: Dominant Feynman diagrams for the production of a Higgs boson associated
with a single top quark, where the Higgs boson is emitted from the heavier legs of top quark
and the W boson lines.

between the years 2016 and 2018. Within the SM framework, the decay process H —
decay exhibits a relatively low branching fraction of approximately 0.23% when the Higgs
boson mass (my) is around 125 GeV. However, its unique final-state topology involving
two accurately reconstructed photons allows for a narrow invariant mass (m.,) peak, pro-
viding effective differentiation from background processes. Therefore, the H — ~y is the
one of the key channels for precise measurements of Higgs boson properties. Moreover, it is
among the few decay channels that possess sensitivity to all major Higgs boson production
modes. The analysis is structured to facilitate measurements within the simplified template
cross section (STXS) framework [60]. This is a consistent approach to conducting precise
measurements of the Higgs boson by combining all the decay channels of Higgs bosons.
The primary goals of this framework are to reduce the direct effects of standard model pre-
dictions on the results, minimize the theory dependence of Higgs boson measurements, and
enable access to kinematic regions likely to be affected by BSM physics. Additionally, this
approach enables the employment of sophisticated analytic methods to maximize sensitiv-
ity. The SM simulation that was used to simulate the experimental acceptance of the signal
processes is still a factor in the results in the STXS framework, and BSM scenarios might
change it. It is preferable to reduce theory dependence since it makes measurements easier

to reinterpret and less affected by changes in theoretical predictions, extending their useful-
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ness. This makes it possible to measure the production of the Higgs boson in all of its major
production modes: ggH, VBF, VH, ttH, and tH. However, this thesis focuses only on the
production of a Higgs boson associated with a single top quark where the final state consists
of electrons/muons, quarks, photons, and neutrinos, referred to as the “leptonic tHq” final
state. They all (except for the neutrino) leave their signature in different parts of the CMS
detector. The reconstruction of all the particles in the CMS detector is briefly discussed in

the previous chapter.

3.1 Analysis strategy

This study focuses on searching for the production of a Higgs boson in association with a
single top quark, where the Higgs boson subsequently decays into two photons. The ac-
curacy of photon reconstruction and their energy determination plays a crucial role in this
analysis. The analysis started with the selection of photon (Sec. B.3) using a diphoton event
trigger (Sec. B.4). A photon identification MVA (Sec. B.9) is specifically trained to distin-
guish genuine (“prompt”) photons from jets that mimic a photon signature. Additionally,
the precise determination of the primary vertex, from which the two photons originate, is
crucial to the analysis. The central discriminating factor in this analysis is the Higgs invari-

ant mass (or diphoton invariant mass, m..). Two mass regions are defined accordingly:

* Signal window: m,, € [115, 135] GeV

* Sideband region: m.., € [100, 115] U [135, 180] GeV,

where the signal window is blinded throughout the development of the analysis. The anal-
ysis preselection focuses on the leptonic decays of the top quark and the following steps are

performed:

1. Train binary multivariate (MVA) classification algorithms using simulated tHq sam-

ples as the signal and simulation of related standard model processes as the back-
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ground. and a more comprehensive explanation can be found in Sec. The train-

ing specifications are as follows:

» A single MVA is trained, including only ttH as the background.

* One MVA is trained to suppress SM non-resonant backgrounds (NRB).

2. Define a signal region by applying rectangular cuts on the MVA scores. These cuts

are determined to maximize the significance, as discussed in Sec.

3. Parametric signal and background models are constructed by fitting the m.., distri-

bution in each category.

» The tHq signal processes and the SM Higgs background processes are modeled

with a sum of Gaussian functions.

* The non-resonant background is modeled using data from the m.,, sideband,
using various functional forms. The choice of the functional form is treated as

a discrete nuisance parameter, following the discrete profiling method [61].

Specifically, the fitting procedure is carried out separately for each year and channel to
account for the year dependent m.,, resolution. The signal strength modifier for the Higgs
boson production associated with the single top quark mode is measured from simultaneous
fit with all other Higgs production modes. Finally, the best fit cross sections along with their

corresponding 68% confidence intervals are presented.

3.2 Data samples and simulated events

The analysis is performed using the data from proton-proton collisions at a center-of-mass
energy of /s = 13 TeV, recorded during the periods of 2016, 2017, and 2018. The inte-

grated luminosities corresponding to these years are 35.9, 41.5, and 59.4 fb~', respectively.
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During the online selection of events from 2016 (2017 and 2018), a diphoton high-level
trigger is used, which applies asymmetric thresholds on the transverse momenta (p7) of the
photons: 30 (30) and 18 (22) GeV with the addition of calorimetric selection factors such
as the electromagnetic shower-shape, the isolation of the photon candidate, and the distri-
bution of its hadronic and electromagnetic energy deposits. Tab. ?? contains a list of the
data samples collected between the year 2016 and 2018.

The simulated samples of each Higgs boson production mechanism are generated at
next-to-leading order accuracy [62] in perturbative QCD using the MG5 aMC@NLO (ver-
sion 2.4.2) Monte Carlo generator. These events are generated with Higgs boson masses
(mpy) setat 120, 125, and 130 GeV. The total cross sections and branching fractions, as rec-
ommended by the LHC Higgs boson cross section working group [23]], have been adopted
for the SM Hiigs boson production processes. For parton showering and hadronization,
all parton-level samples are interfaced with Pythia version 8.226 (8.230) [63], with the
CUETP8M [64] (CP5 [65]) tune being used for the simulation of the 2016 (2017 and 2018)
data. The functions that describes the probability distribution of finding a particular type of
parton (quark or gluon) within a hadron (Parton distribution functions) are taken from the
NNPDF 3.0 [66] (3.1 [67]) set, when simulating 2016 (2017 and 2018) data. The Sherpa
(version 2.2.4) [68] generator is used to generate the diphoton backgrounds. The y+jets and
jettjet backgrounds are simulated at leading order with Pythia 8.205 [63]], after applying a
filter at generator level to enrich the production of jets with a high electromagnetic activity.
The background processes, t + X, tt + X, W+, and Z~, are simulated with MG5 aMC@NLO
, whereas diboson events are produced at the leading order with Pythia. The nonresonant
diphoton samples are simulated with Sherpa 2.2.4 [68] which includes tree-level processes
with up to three additional partons, as well as box diagrams. The GEANT4 package [69] is
used to simulate the response of the CMS detector. The multiple proton-proton interactions

occurring during each bunch crossing is also included in the simulation. These interactions
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can happen either during the actual bunch crossing (in-time pileup) or with neighbouring
bunches before or after (out-of-time pileup), which is also taken into account during the
simulation. Only out-of-time pileup within a range of [—12, +3] bunch crossings around
the nominal bunch crossing is simulated, in which the effects on the observables recon-
structed in the detector are most relevant. The number of interaction vertices observed in
the actual data is replicated in the simulated events by applying weights. The 2016 dataset
had an average of 23 interactions per bunch crossing, while the 2017 and 2018 datasets had

an average of 32 interactions.

3.3 Photon preselection

The sensitivity of this analysis depends greatly on how efficiently photons can be recon-
structed with a precise energies determination. In this section, the procedures used for
reconstructing photon energy and the photon preselection criteria are elaborated in detail.
The photon reconstruction in the CMS detector is briefly covered in the section 2.3.3. Here
is a brief overview of standard photon reconstruction variables used for selecting pho-
tons/electrons and also used as input features in the photon identification training within

the analysis:

Shower-shape variables:

* FEsy2/FE5x5: The energy ratio is determined by comparing the energy in a 2 x2 crystal
matrix, which includes the first and second most energetic crystals, to the energy
in a 5x5 crystal matrix centered around the seed crystal of the supercluster. Here,
the supercluster is defined as a group of adjacent crystals that have detected energy

deposits from a single particle.

* cov;pie: The covariance of the 7 and ¢ of the individual crystal is expressed in terms
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of crystal cells within the 5 x 5 crystals centered on the supercluster seed crystal.

* 0y,;: The measurement of the lateral spread of the electromagnetic shower in terms

of crystal cells.

* Ry: F3y3/FEsc, where E3y3 is the energy sum of the 3 by 3 crystals surrounding the

supercluster seed crystal and Fs¢ is the energy sum of the supercluster.

* 0,: The logarithmic energy weighted standard deviation of single crystal n within the

supercluster.

* 04: The logarithmic energy weighted standard deviation of single crystal ¢ within

the supercluster.

* Preshower org: The standard deviation of the spread of the electromagnetic shower

in the x and y planes of the preshower, which is only defined in the endcap region.
Isolation variables:

* PF Photoniso (I,;): defined as the transverse energy sum associated with all particles
identified as photons by the PF algorithm, around the photon candidate, falling inside

a cone size R=0.3.

* PF Charged iso: defined as the transverse energy sum associated with all particles
identified as charged hadrons by the particle-flow algorithm falling inside a cone size
R=0.3 around the photon candidate direction. The measurement is performed with

respect to the selected vertex.

* Charge hadron iso: the energy in HCAL from charged particles inside a cone (R =

0.3) around the photon candidate.
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» H/E: the energy collected by the HCAL towers within a cone of R=0.15 centered on

the supercluster position, divided by the supercluster energy.

» Trackerisolation in a hollow cone (I;;): The variable represents the sum of transverse
momenta from all tracks falling within a cone of radius R=0.3 around the direction of
the photon candidate. Tracks falling in an inner cone of size R=0.04 are not included

in the py sum.

The energy of a photon is calculated by adding the energy depositions in all the crystals in
the supercluster, calibrated, and compensated for response-time differences [58]. The pho-
ton energy is corrected for the imperfect containment of the electromagnetic shower and
the energy losses from converted photons. The correction is computed with a multivari-
ate regression technique trained on simulated photons, which simultaneously estimates the
energy of the photon and its uncertainty.

After applying the correction derived from simulation, there is still some disagreement
between the data and the simulation. To address this, a series of additional corrections are
implemented to enhance the agreement between the data and simulation. This is achieved
using Z — ee events where the electrons are reconstructed as photons ignoring the tracks.
The first correction involves compensating for any residual drift in the energy scale over
time in bins corresponding approximately to the duration of one LHC fill. The second step
focuses on adjusting the energy scale in the data and the energy resolution in the simulation.
Correction factors are determined to align the mean of the dielectron mass spectrum in
the data with the expected value from the simulation. Additionally, the resolution in the
simulation is smeared to match the observed resolution in the data. These corrections are
simultaneously derived in bins of |n| and Ry. For more detailed information regarding this
procedure, please refer to Ref. [24].

Figure B.2 presents the comparisons between data and simulation once all the necessary
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corrections have been applied. It includes two scenarios: one where both electrons are
reconstructed in the ECAL barrel and another where they are reconstructed in the ECAL
endcaps. In both cases, the dielectron invariant mass spectra for the data and simulation

are found to be compatible within the uncertainties. After the photon energy correction is
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Figure 3.2: The dielectron invariant mass spectra for Z — ee events, where electrons are
reconstructed as photons, are compared between data (black points) and simulation (blue
histogram) after applying energy scale corrections to data and energy smearing to the simu-
lation. The pink band illustrates the statistical and systematic uncertainty on the simulation.
The comparison is presented separately for events where both electrons are reconstructed in
the ECAL barrel (left) and in the ECAL endcaps (right). The lower panels display the ratio
of the data to the MC simulation in black points, with the uncertainty on the ratio demon-
strated by the pink band.

applied, the photon candidates have to pass a preselection criterion before being used to
form diphoton candidates. This preselection criterion involves imposing requirements on
the photon kinematic, shower-shape, and isolation variables. These requirements are set
to be at least as stringent as those applied in the trigger. The selection criteria on standard

photon reconstruction variables are tabulated in Tab. B.1]:
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Table 3.1: Selection criterion on standard photon reconstruction variables.

Ry HE | o0, | Ln (GeV) | Iy (GeV)

Barre] | [0-50, 0.85] [ <0.08 | <0.015 | <4.0 <6.0
>0.85 | <0.08 | — — —

Endeap | 1030 0-90] | <0.08 | <0.035 | <40 <6.0
>0.90 | <0.08 | — — —

3.4 Diphoton triggers

Every LHC proton-proton bunch crossing with a potential to produce high-energy collisions
in the CMS experiment is evaluated by the trigger system. The events entering an analy-
sis must first pass a hardware level trigger followed by a software level trigger decision.
Events are selected using a diphoton high-level trigger with asymmetric photon p; thresh-
olds of 30 (30) and 18 (22) GeV in 2016 (2017 and 2018) data. A calorimetric selection is
applied at trigger level, based on the shape of the electromagnetic shower, the isolation of
the photon candidate, and H/E of the shower. The HLT path used in this analysis is seeded
by at least one hardware level 1 (L1) electromagnetic candidate. Given an L1 seed, the
ECAL clustering algorithm is performed by the HLT from the detector readout units over-
lapping a rectangle centered on the L1 candidate and the HLT processing time is kept short
by clustering only around the L1 seed in a first step. The requirements of the HLT diphoton
path are then applied. Since any photon candidate in the event can produce an L1 seed, the
overall efficiency for a diphoton path seeded by a single L1 seed is higher than requiring
two L1 seeds. Due to bandwidth limitations at the L1, the lowest transverse energies of
unprescaled single electromagnetic L1 candidates is 40 GeV; however if the EM L1 candi-
date is found to be isolated the crossponding threshold is 30-32GeV depending on the data
taking period. This creates an inefficiency at the lowest transverse energy of the analysis

selection. It is possible that events which would otherwise pass the analysis preselection
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will fail the diphoton trigger decision. In order to estimate this effect, the trigger efficiency
is computed and defined as the fraction of events passing the analysis preselection that also
pass the trigger decision. To study the efficiency of the trigger selection, the tag-and-probe
technique is applied on a sample of Z — ee events, where one electron passing a tight iden-
tification (tag) and one passing a loose identification (probe). The efficiency is computed
separately for the pixel detector seeded and unseeded electrons. These two efficiencies are
then multiplied to obtain a per-event (diphoton) correction, which is applied to the simula-
tion. This trigger efficiency is measured using data collected at the LHC by CMS and it is
applied to simulation samples.

The HLT selection is the same in all three years (apart from the £ cut on the unseeded
leg, at 18 GeV in 2016 and 22 GeV in 2017 and 2018) and can be split into general, isolation
plus calorimeter identification (Calold+Iso), and high Rg requirements. The general criteria
are applied to all objects, while either the Calold+Iso or the high Ry selection is required.

The variables used are:
* General variables: H/E, Ry, m.,-, and £ of diphoton.

* Variables used in Calold + Iso filters: ;,,,, p-corrected ECAL particle flow cluster

isolation (1), tracker isolation in a hollow cone ().

Every L1-seeded leg of the HLT is required to have £ > 30 GeV. The cluster must be within
the region |n| < 2.5 and have an Ry > 0.5 (0.8) in EB (EE). Additionally, a requirement
of H/E <0.12 (0.1) EB (EE) is applied. The clusters are then required to have Ry > 0.85
(0.9) in the EB (EE). Those passing the Ry selection continue to the unseeded step and
are not required to pass the Calold + Iso filters. Those failing the Ry selection must pass
the Calold + Iso requirements in order to continue to the unseeded step. These consist of
Tinin < 0.015(0.035) EB(EE) and ECAL isolation IﬁlLT < 6.0 + 0.012FE7. Finally, the

mass of the diphoton object is required to be above 90 GeV, in order to reduce the trigger
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rate and respect the limited bandwidth.

3.5 Photon identification

After applying the preselection criteria, a BDT is used to make the final photon selection
This photon identification BDT (ID BDT) is specifically trained to distinguish genuine
(“prompt”) photons from jets that mimic a photon signature. The BDT is trained using
the simulated sample of v + jets events, where prompt photons are treated as the signal
and jets are considered as the background. Various input variables, including shower-shape
variables, isolation variables, photon energy and 7, as well as global event variables sen-
sitive to pileup effects such as the median energy density per unit area p [70], are used
in the ID BDT. The inputs of BDT, specifically shower-shape and isolation variables, are
adjusted to match the data by exploring a chained quantile regression (CQR) method [71]].
This method is used to enhance the agreement in the output of the ID BDT between data
and simulation, thereby reducing the associated systematic uncertainty. The corrections are
determined by using an unbiased sample of electrons obtained by applying a tag-and-probe
technique in Z — ee events. The CQR method consists of a series of BDTs that estimate the
cumulative distribution function (CDF) for a specific input variable. These predictions are
based on three electron kinematic variables (pr, 77, ¢) and p. By extracting CDFs from both
data and simulated events using the CQR, correction factors can be derived and applied to
individual simulated electrons. These correction factors adjust the simulated shower-shape
and isolation variable’s CDF to align with the observed distribution in data. A systematic
uncertainty is incorporates in the analysis related to this corrections. To estimate this un-
certainty, the corrections are recalculated using equally sized subsets of the Z — ee events
that are used for training. The magnitude of the uncertainty is determined by the standard

deviation of the differences in the corrected ID BDT output scores obtained from the two
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training subsets on an event-by-event basis.

Figure B.3 (left) displays the photon ID BDT distribution for the least scoring photon
in signal events and various background components. Additionally, a comparison between
data and simulation is presented using Z — ee events, where electrons are reconstructed
as photons. The Z — ee events serve as a suitable validation tool due to the similarity in
detector signatures and reconstruction procedures for electrons and photons. In this context,
electrons being reconstructed as photons implies that track information is disregarded, and
the energy determination follows the algorithm and corrections specific to photons rather
than electrons. Additionally, the distribution of the photon ID BDT is validated using pho-
tons in Z — puy events as shown in Fig B.3 (right), where data and simulation are found

to agree within uncertainties.

3.6 Vertex Identification

The accurate determination of the primary vertex, from which the two photons originate,
plays a crucial role in achieving a high-resolution m.,, measurement. When the position
along the beam axis (z) of the interaction producing the diphoton is known with a precision
of approximately 1 cm, the m., resolution is primarily determined by the photon energy
resolution. In the data collected from 2016 to 2018, the root mean square (RMS) of the
distribution in z for the reconstructed vertices ranges from 3.4 to 3.6 cm. To ensure con-
sistency between simulation and data, the distribution of the primary vertex in each year’s
simulation is adjusted through reweighting to match the distribution observed in the data.
The assignment of the diphoton vertex is accomplished using a vertex identification BDT.
This BDT takes into account various track-related observables associated with the recoiling
tracks against the diphoton system [[70]. It is trained specifically on simulated ggH events

and is capable of identifying a single vertex in each event. The performance of the vertex
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Figure 3.3: The distribution of the photon identification BDT score of the lowest scoring
photon is shown for diphoton pairs with 100 < m.,, < 180 GeV (left). The black points
represent data events that pass the preselection criteria, while the red band illustrates the
simulated background events. Additionally, histograms for various components of the sim-
ulated background are displayed. The blue histogram corresponds to simulated Higgs boson
signal events. On the right plot, the same distribution is presented for Z — ee events in both
data and simulation, where the electrons are reconstructed as photons. The statistical and
systematic uncertainty in simulation is demonstrated by the pink band. The gray shaded
area represents the range of identification BDT scores from —1 to —0.9, and photons with
scores below —0.9 are eliminated from the analysis right at the initial stages.

identification BDT is assessed by validating it with Z — p*pu~ events. In this validation
process, to simulate a diphoton system, the vertices are refitted while excluding the muon
tracks. The efficiency of correctly assigning the vertex is evaluated as a function of the
dimuon p; and is displayed in Fig. B.4 (left plot). The efficiency of correctly assigning
the diphoton vertex within a 1 cm range of the true vertex in simulated H — ~y events is
approximately 79%.

A secondary multivariate discriminant, known as the vertex probability BDT, is used to
estimate the likelihood of the vertex chosen by the vertex identification BDT being within a

1 cm range of the originating diphoton vertex. The vertex probability BDT is trained on sim-
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ulated H — ~~ events using various input variables associated with the event vertices, their
corresponding vertex identification BDT scores, the number of photons with associated con-
version tracks, and the p; of the diphoton system. Figure B.4 (right plot) demonstrates the

agreement between the average vertex probability and the vertex efficiency observed in the

simulation.
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Figure 3.4: The left plot illustrates the validation process of the H — 7 vertex identi-
fication algorithm on Z — up~ events. In this validation process, the muon tracks are
excluded while performing the event reconstruction. This enables a comparison between
the fraction of events with accurately assigned vertices estimated using simulation and the
data, as a function of the transverse momentum of the dimuon system, serving as a valida-
tion of the vertex identification BDT. The simulated events are appropriately weighted to
match the pileup and vertex distribution along the beam axis observed in data. The right
plot demonstrates that the true vertex efficiency in simulated events agrees with the average
vertex probability to be within 1 cm of the true vertex.

3.7 Preselection for leptonic tHq

The event selection for this analysis requires that the two leading preselected photon can-
didates to have pr (leading photon)> m.,,/3 and pr (subleading photon)> m.,., /4, respec-

tively, with an invariant mass in the range 100 < m,, < 180 GeV. Both photons are
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required to have a photon identification BDT score of at least —0.7. Other criteria applied
to the associated objects (electron, muon, jets) in the events are mentioned below. This
analysis requires the presence of at least one electron or muon satisfying with the following
criteria. Tau leptons are not considered in this analysis.

Muons: The identification of muon follows the standard CMS recommendations as briefly
discussed in Sec. 2.3.2. Muons are required to pass the tight selection, to have a p; of at
least 5 GeV, and || < 2.4. Moreover, the isolation of each muon is required to be no
greater than 0.25 (loose working point for isolation). For each muon, the angular distances
(AR) between it and any photon or jet must be greater than 0.4.

Electrons: The identification of electron is based on the standard CMS recommendations
as briefly discussed in Sec. R.3.3. Electrons are required to pass the loose selections [58],
including isolation to have pr of at least 5 GeV, and |n| < 2.4. Candidates in the gap be-
tween the ECAL barrel and endcap, 1.4442 < |n| < 1.566, are removed. In addition, for
each electron, the angular distance (A R) between it and any photon or jet must be greater
than 0.4. The electrons are also required to not have an invariant mass with either photon
that would be within 5 GeV of Z boson mass (|m., — mz| > 5 GeV).

Jets: We follow the standard recommendations for jets, following the reconstruction pro-
cedure mentioned briefly in Sec. 2.3.3. The reconstruction of jets is based on the anti-kT
clustering algorithm [55] with a distance parameter of 0.4 (AK4). The jets originate from
PF candidates; however the charged hadrons that originate from non-primary vertices are
subtracted from the jet. The jet energy corrections and energy smearing are applied accord-
ing to the recipes provided by the Ref. [[72]. In addition, tight pileup jet identification [72]
is used for 2017 and 2018, while loose identification is used for 2016, in order to maintain
a consistent efficiency for reconstructed jets for all years. Each jet in the analysis satisfies

the following criteria:
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* n| <4.5

* pr > 25 GeV

AR(jet, leading photon) > 0.4

A R(jet, subleading photon) > 0.4

AR(jet, lepton) > 0.4

At least one jet in an event

Among the jets in the event, the one with the highest || value is designated as the forward
jet.

b-jets: The b-jets selection starts from the set of jets selected with the mentioned jet se-
lection. Jets originating from the hadronization of b-quarks are tagged using the DeepCSV
algorithm [73]]. The loose working point [[74] of the DeepCSV algorithm is used to identify
b-jets. Additionally, the b-jets are required to be in the region (|| < 2.5). To eliminate any
potential overlap between the b-jet originating from the top quark decay and the forward
jet within the event, the highest eta jet satisfying the b-jet criterion is removed from the

collection of b-jets. Ultimately, the event is required to fulfill the below b-jet criterion.

+ At least one such tagged jet is required

Missing Fp: The missing transverse momentum vector prmiss jg computed as the negative

vector sum of the pr of all the PF candidates in the event. The magnitude of ﬁwmi“ 1S
denoted as MET. The p_>TmiSS is modified to account for corrections to the p; scale of the
reconstructed objects in the event.
The event and the object selections mentioned aboove are summarized in the table B.g
Given that the Higgs boson is radiated from one of the heavier legs in the t-channel

process, it is anticipated that the light quark will have high rapidity. This characteristic
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Objects Object selection Event selection
pbr (71)> mv’y/B and pbr (72)> mv’y/4
Diphoton 71 and v, ID MVA > —0.7 >0

100 GeV < m.,, < 180 GeV

|M (ee/pp) — M(Z)ppg|> 5 GeV,
Loose(Tight) cut based e(x) ID [58]([[L1])
pr > 10 GeV
Leptons (e/ ) AR(e/pand 1 /2) > 0.4 >0
e In| < 2.4 excluding of [1.4442, 1.566]
In| <24
Relative muon PF isolation < 0.25

pr > 25GeV and |n| < 4.5

AR(Jet and v,/vs/leptons) > 0.4
Jets

b-jet | loose working point of b-jet identification training [74]
In| < 2.5

Table 3.2: Summary of associated objets and event selection.

is evident in the distribution of the forward jet 7, as shown in Fig B.3. Hence, specific
observables such as the forward jet 7, lepton charge asymmetry (due to the pp collision),
and angular separation between the forward jet and different final state objects are analyzed

to capture these distinctive features.

3.7.1 Background rejection

After the preselection stage, significant backgrounds remain in the signal region.. There-
fore, a classifier is used to differentiate between the background and the signal. For this
purpose, we employed a multivariate analysis technique [75]. A deep neural network (top-
DNN) is trained to distinguish tHq from the ttH backgrounds and outputs a score for each
event between 0 to 1. Events with scores closer to 1 are more likely to be ttH events,
while those with scores closer to 0 are more likely to be tHq events. A boosted deci-

sion tree, BDT-bkg, is trained to distinguish tHq events from non-Higgs backgrounds (
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Figure 3.5: The eta distribution of the jet with the largest |n| (left) and the charge distribution

of the lepton with the largest pr (right). The events are selected from the m.,, sidebands,

fulfilling m.,, € [100, 120]U[130, 180] GeV. All simulated processes, tHq and backgrounds,

are normalized according to the cross section and luminosity. Nevertheless, the tHq process

is magnified 200 times for a shape comparison.
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¥,y +jet, tt+ vy, tt + v +jet, t + v+ jet). BDT-bkg assigns a score to each event between
—0.5t0 0.5, with events having scores closer to 0.5 being more likely to be tHq events. The
kinematic variables of all the final state particles are used as inputs for both top-DNN and
BDT-bkg training. We use the same top-DNN that was trained to differentiate tHq from the
ttH category. In order to prevent a possible correlation between m.,, and the training output
scores, the ratios pr(y1)/mMy, pr(y2)/m~y, and pr(y7y)/m., are provided as input to the
BDT training, rather than using m., directly. The linear correlation between the BDT score
and m.,, 1s found to be less than 5% in all samples. The inputs for the DNN are similar to
those used in the ttH background discriminant described in Ref. [76]. The following is a

list of variables used for the BDT:

* leading (subleading) photon pr/m.,.,

* leading (subleading) photon photon ID BDT

* leading (subleading) pixel detector seed

* leading lepton charge, pr, 7.

* Jet, b-jet and central jet(|n| < 1) multiplicity

* pr,|n|, and b-tag score for leading three jets

* pr, |n|, and b-tag score for leading three b-jets
* pr,|n|, and b-tag score of the forward jet

» Angular separation (A R) between each photon, the leading lepton, the leading b-jet,

and the forward jet

The data and simulation comparison of each input distribution of the BDT training are
checked. Figure B.7,3.8, B.9 demonstrate the good agreement observed between the data

and simulation
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The distributions of each variable used as input for the BDT training are compared
between data and simulation in Figs. B.7, B.§ and B.9 in the m.~ sideband region, defined
by m,, < 115 orm,, > 135 GeV. Good agreement is seen. The samples from 2016, 2017,
and 2018 are trained separately. Finally, the data and simulation comparison for each of the
BDT-bkg and top-DNN output distributions of the leptonic categories are checked in the
m.~ sideband region as shown in Fig. B.6. All comparison plots shows an overall statistical
agreement between data and simulation with a x? p-value of 5%. The fluctuations observed

in some of the distributions are associated with a limited simulated sample size.
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Figure 3.6: The distributions of the BDT-bkg (left) and top-DNN (right) data(black dot),
training scores for the tHq (black), ttH (red), and data (black dots), as well as background
events without Higgs bosons. The rejected events are represented by the shaded region
in the figure. All simulated processes, including tHq and backgrounds, are scaled to the
appropriate cross section and luminosity. Additionally, the tHq and ttH processes are scaled
200 and 10 times, respectively, for shape comparison.
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Figure 3.7: Comparison between data and MC for the distributions of photon kinematic
variables used as input for BDT-bkg. All simulated processes, tHq and backgrounds, are
normalized according to the cross section and luminosity.
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Figure 3.8: The data and MC comparison of the lepton kinematic variables and AR of
different objects as input features in the tHq Vs. Non-Higgs BDT training. All simulated
processes, tHq and backgrounds, are normalized appropriately according to the cross section
and luminosity.
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Figure 3.9: The data and MC comparison of the kinematic variables of jets as input features
in the tHq Vs. Non-Higgs BDT training. All simulated processes, tHq and backgrounds,
are normalized according to the cross section and luminosity.
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3.8 BDT and DNN training configuration

The BDTs are trained using the TMVA framework [75]. For classification, the binomial

log-likelihood loss is used.
L(Fy)=In(1+ e_QF(x)y)

The function F(x) represents a weighted sum of parametrized base functions, where y rep-
resents the true values. Each BDT is trained with a maximum depth of 2—4 layers. The
learning rate, or shrinkage parameter, is fixed at 0.10. To improve stability and prevent
overfitting, a bagging-like resampling procedure is used, where only 50% of random sub-
samples from the training events are used in each iteration for growing trees. This procedure
helps maintain the robustness of the machine learning algorithms. When constructing a de-
cision tree, each node is optimized by iteratively exploring 20 cut values within the variable
range. Once a certain minimum number of events is reached, the node stops splitting. The
training and testing samples are created by splitting the input events using an alternate split
mode, allowing for independent evaluation of the trained BDTs using the test samples.
The DNN training is implemented using KERAS [[77] with a TENSORFLOW [78]
backend. For optimization, the DNN uses the Adam optimizer [79] with a learning rate set
to 1073 and uses a binary cross-entropy loss function. During training, an early-stopping
procedure is applied, where the batch size is progressively increased [80]. Initially, it be-
gins with a batch size of 1024 and continues training until the improvement in 1-AUC, as
computed on the validation set, after each epoch falls below 1%. At this point, the batch
size is quadrupled. This iterative process is repeated until the batch size reaches 50,000,
after which it is capped. Training concludes when the validation AUC no longer exhibits
improvements. In addition, dropout [81] is applied between the fully-connected layers in
order to reduce overfitting and improve performance. The hyperparameters used for BDT

and DNN training are summarized in Tab B.3 and B.4, respectively.
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Hyper parameter Value(s)
BoostType Grad
NTrees 900-1000
MinNodeSize 1.0%
Shrinkage 0.10
Bagged sample fraction 0.50
nCuts 20
MaxDepth 2-4

Table 3.3: Hyperparameters used for the BDT training, specifically NTrees and MaxDepths
parameters can vary with in the mention range for different cases.

Hyper parameter Value(s)
Number of nodes (fully connected layers) 300, 200, 200, 200, 200
Number of nodes (LSTM layers) 150, 150, 150
L2-normalization constraint (“maxnorm” 3

Dropout rate 0.1

Learning rate 1073

Batch momentum 0.99
Activation function (LSTM) hyperbolic tangent

Activation function (fully-connected layers) exponential linear unit

Activation function (output layer) sigmoid

Table 3.4: Hyperparameters used for the DNN training.
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3.8.1 MVA threshold optimization

S

The signal significance 7ot is used to optimize the thresholds on the training output scores.

Here, s represents the number of tHq events that pass the threshold, and b represents the
total number of background events that pass the threshold, ttH for the case of top-DNN and
the total number of non-Higgs for the case of BDT-bkg. The efficiency for tHq, ttH and,
non-Higgs boson events with respect to different MVA scores for the 2016, 2017 and 2018
samples, separately, are shown in the Fig. and .13, The efficiency profile of the BDT-
bkg is checked on the events that pass the preselection criteria mentioned in Sec. B.7. The

shaded regions in the figures correspond to the regions rejected for the leptonic category.
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Figure 3.10: The efficiency of tHq (blue), ttH (red) and non-Higgs (green) events w.r.t. the
BDT scores trained for 2016 (left), 2017 (middle), and 2018 (right) samples. The efficiency
profile is checked on the events that pass the preselection criteria, mentioned in Sec. B.7.
The shaded area in the plot represents the rejected region of BDT score for the leptonic tHq
category. The threshold is chosen based on the calculated significance and the efficiency of
tHq events.
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Figure 3.11: The efficiency profiles of tHq (blue) and ttH (red) events with respect to DNN
scores for 2016 (left), 2017 (middle), and 2018 (right) samples. The DNN is trained specif-
ically to distinguish between ttH and tHq events. The efficiency is evaluated on events that
satisfy the preselection criteria mentioned in Sec. B.7 and the BDT selection criterion de-
scribed above. The shaded area in the plot corresponds to the rejected region of DNN score
in the leptonic tHq category, which is selected based on the calculated significance and the

efficiency of tHq events.
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Figure 3.12: The significance that was calculated in order to determine the appropriate
threshold for the DNN training in 2016 (left), 2017 (middle), and 2018 (right) samples. The
threshold is chosen to be slightly below the point of maximum significance, as choosing that
point corresponded to a sharp decrease in the efficiency of tHq events. The chosen threshold

value is indicated by the black dotted line.

Table 3.5: Thresholds for the two MVAs in leptonic tHq tagger

Year | top-DNN threshold | BDT-bkg threshold
2016 0.2 0.04
2017 0.2 0.04
2018 0.2 0.04
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Table 3.6: Yield of tHq and ttH events after both MVA selections, combined over all years.

Process No. of events No. of events No. of events
after preselection | after BDT-bkg cut | DNN-top cut

tHq 1.065 0.411(38.5%) 0.311(29.2%)
ttH 17.516 2.977(17%) 0.436(2.5%)

3.8.2 Validation of MVAs in tZq (Z — ee) and ttZ (Z — ee) control
regions
The effectiveness of the MVAs, which are designed to distinguish tHq from non-Higgs and
ttH backgrounds, is validated by analyzing ttZ and tZq events in control regions. The kine-
matics of tZq and ttZ events with the Z boson decaying to two electrons are highly similar
to those of tHq and ttH, respectively, providing an excellent means of testing the agreement
between the data and MC in the MVA distributions. A Z— ee control region is defined
by reversing the electron veto selection of the H — ~~ analysis. Electron veto excludes
the photon candidate if its supercluster in the ECAL is close to the projected trajectory of
a track that matches an electron. Tracks associated with a reconstructed photon conversion
vertex are exempt from this rejection process. Additionally, other supplementary selections

implemented are,
* |mz — mee| < 10 GeV
* At least one jet with pr > 25 GeV and |n| < 4.5.
+ Atleast one b-jet with loose working point of b-jet identification training (PFdeepCSV)

Figure. illustrates the agreement between the data and MC in the tZq and ttZ control
regions. In Fig. B.13}, tZq events are found to accumulate towards the lower top-DNN score
side, while ttZ events tend to accumulate towards the higher score side. Similarly, tZq

events tend to cluster towards the higher BDT score side.
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Figure 3.13: The distribution of the BDT-bkg (left) and top-DNN (right) MVA outputs for
data compared to simulation in the tZq(Z — ee), ttZ(Z — ee) control region. The tZq
events are accumulate towards the higher BDT score side, while we observe that the tZq
events tend to cluster towards the lower DNN score side and ttZ events tend to cluster
towards the higher DNN score side.
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3.9 Statistical interpretation

The statistical methodology employed in this analysis follows the procedure outlined in
Ref. [25], which was developed collaboratively by the ATLAS and CMS Collaborations.
Binned maximum likelihood fits are performed simultaneously on the m., distributions
within the range of 100 <m,., <180 GeV. For the analysis category, a likelihood function
is defined, from analytical models to characterize the m.,,, distributions of both signal and
background events. Nuisance parameters are introduced to account for the uncertainties
arising from experimental and theoretical systematic effects.

The analytic signal model used in this analysis is extracted from simulation, with a dis-
tinct model constructed for each particle. Both the shape and normalization of the model
are parameterized as functions of the Higgs boson mass (my). On the other hand, the back-
ground model is directly determined from the observed m.,., distribution in the collected
data. The background model can adopt various functional forms, all of which exhibit a

smoothly decreasing spectrum.

3.9.1 Signal model

The shape of the signal in the m.,, distribution within the analysis category, assuming a
nominal value for my, is generated using simulation data. In order to achieve precise mea-
surements, signal models are created separately for each data-taking year to account for
variations in detector performance. This approach helps to ensure that the signal model
accurately reflects the detector performance for each year and allows for year-specific sys-
tematic uncertainties in the signal estimate to be incorporated into the final fit.

For building the signal model, the correct vertex (Az < 1 cm) and wrong vertex
(Az > 1 cm) scenarios are taken into account separately since the distribution of m.,

depends on whether the vertex associated with the candidate diphoton was properly recog-
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nized within 1 cm. A separate function is constructed for each vertex scenario by fitting the
m.~ distribution using a sum of at most five Gaussian functions. The number of Gaussian
function combinations is determined by the form of the m.,, distribution and is chosen to
minimize the y? per degrees of freedom, where the number of degrees of freedom is equal
to the number of m,, bins (each having at least one event) minus the number of shape
parameters in the fitted function. Figure displays fits using varying numbers of Gaus-

sians for simulated tHq events. Figure shows the signal models. The diphoton mass
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Figure 3.14: The optimal number of Gaussian functions required to fit the signal peak is
determined in the leptonic tHq category for the 2016 simulated tHq events with the Higgs
boson mass my; = 125.0 GeV. The events in the correct vertex scenarios are considered here.
It is concluded from the y?/ndof value that the most suitable choice for this scenario is three
Gaussian functions.

resolution is quantified using the o.¢, which is defined as half of the smallest interval con-
taining 68.3% of the invariant mass distribution. In the plot, the models for the individual
year are shown together with the combined three years, and the corresponding s values

are displayed.
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Figure 3.15: The shape of the parametric signal model for each year of simulated tHq events
as well as for all three years combined. The dotted lines represent the contribution of the
signal model from each individual year of simulation.
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3.9.2 Background model

After the final selection, a considerable number of events enter the analysis category that
does not originate from Higgs boson production and form a smoothly falling m.,., distribu-
tion. Therefore the signal peak is expected to reside on top of the falling 1., distribution.
The model used to describe these nonresonant backgrounds is extracted from fitting data
with different analytic falling functions. A large set of candidate function families is con-
sidered, including exponential functions, Bernstein polynomials, Laurent series, and power

law functions [82]. The considered functions can be expressed as follows:

1. Exponential:

N
fn(z) = Zai exp (—b;z), (3.1)
i=0
2. Power Law:
N
fruz) =) am™, (3.2)
=0

3. Bernstein polynomial:
2 (N
fn(z) = Z ai( ‘ )xl(l — )N (3.3)

4. Laurent series:

N
fn(z) = aix—4+22:o(—1)7j’ (3.4)

i=0
The systematic uncertainties associated with selecting a certain analytic functions to fit the
background m.,., distribution is estimated using the discrete profiling method [83, 82]. This
technique uses the considered functions as a discrete nuisance parameter in the likelihood
fit to the data. The maximum order of parameters to be used for each family of functions is
decided using an F-test, and the minimum order is established by imposing a requirement
on the goodness-of-fit to the data with a loose requirement on the goodness-of-fit. Finally,

in the fit of extracting the parameter of interest, the discrete parameters that characterize the
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selection of background functions, as well as the parameters associated with the functions,
are both considered and treating as nuisance parameters. Figures displays the different
functions fitted to the data distributions. The fitted background shapes are normalized with
the total number of events in the range of m,., € 100-180 GeV. The associated normaliza-
tion uncertainty is also propagated in the final fit and is found to be one of the dominant

uncertainties in the analysis.
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Figure 3.16: Model for nonresonant background which passes the final analysis selections.
The residuals after the background component subtraction are shown in the bottom panel.

The data points are fitted with Eqn. B.1], B.2, B.3, and B.4 indicated with exo1, pawl, bern1,
and laul, respectively, all with the order of parameters of 1 (determined by the F-test).
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3.10 Systematic uncertainties

The potential systematic uncertainties taken into account in the analysis are listed in this
section. As mentioned before, the systematic uncertainties associated with the data-driven
background estimation are accounted for by fitting the data m.,, distribution with different
functions and treat each functions as a discrete nuisance parameter. The uncertainties that
affect m,, distribution can alter both the mean and width of the Gaussian distributions so
they are taken as nuisance parameters in the signal model. Again there exist some uncertain-
ties that do not affect the shape of the m., distribution but do affect the signal normalization.
These uncertainties are handled by representing them as a log-normal variation in the event
yield. The details of the sources of the theoretical and experimental uncertainties [84] are

listed bellow.

3.10.1 Theoretical uncertainties

The theoretical uncertainty that have been taken into account in this analysis are as follows:

* OCD scale uncertainty: In this analysis, the computation of the expected cross section
and event kinematics of the simulated events involved accounting for uncertainty
resulting from changes in the normalization and factorization scales, which reflect the
absence of higher order terms in perturbative calculations. These adjustments were
made in accordance with the recommendations outlined in Ref. [2]. To estimate the
overall normalization uncertainty, the renormalization and factorization scales were
varied by two and changed simultaneously in the same direction. The magnitude
of this uncertainty varies depending on the extent to which QCD is involved in a
production process, ranging from approximately 0.05% for VH production (which is
primarily driven by electroweak interaction) to 16% for tHq production. However,

the effect of these uncertainties on the analysis is negligible, with an impact of less
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than 1%.

» PDF (parton density functions) uncertainties: This uncertainty arises from the limited
understanding of the composition of the proton and its impact on the selection of the
most probable partons for initiating high-energy events. The determination of overall
normalization uncertainties follows the prescription provided by PDF4LHC [83, 3],
whereas the uncertainties in event kinematics are calculated using the MC2hessian
method [86] with the NNPDF3.0 PDF set [66]. The overall normalization uncertain-

ties for all processes range from 1.5% to 4%.

* Uncertainty in the H.,, branching fraction: The calculation of the SM expected cross
section depends on the branching fraction of Higgs decaying to two photons. How-
ever, the branching fraction is currently known with an estimated 2% uncertainty
according to the latest findings [2]. This uncertainty has an effect on the overall nor-
malization of the signal processes, which, in turn, affects the measurement of signal

strength. The impact of this uncertainty on the signal strength measurement is 1.5%.

3.10.2 Experimental uncertainties

The uncertainties which affect the shape of the signal m.,, distribution are listed below.

* Photon energy scale and resolution: To determine the uncertainties associated with
the correction applied to the resolution in simulation and the photon energy scale in
the data, simulated Z — ee events are utilized. The calculation involves varying the
electron selection criteria, the distribution of Ry, and the regression training scheme.
The estimated uncertainty for most photons is between 0.05% to 0.015% in terms
of energy scale. However, for high pr photons, the resulting effect may be between

0.5% to 3%.
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» Shower-shape corrections: An uncertainty in the shower-shape correction is taken
into consideration in this analysis, resulting from the imperfect modeling of the cor-
rection in the simulation. The uncertainty is determined by comparing the energy
scale before and after applying the correction to the shower-shape variables, as very
briefly mentioned in Sec. B.3. The degree of uncertainty in the energy scale is de-
pendent on the photon’s |n| and Ry values, with a magnitude ranging from 0.01% to

0.15%.

* Modelling of material in front of the ECAL: As the objects generated by the collision
pass through a certain amount of material before reaching the ECAL, the behavior of
the electromagnetic shower is significantly affected by this material. Due to imper-
fect modeling of this in the simulation, an uncertainty in the photon energy scale is
estimated by examining dedicated samples and varying the upstream material. The
resulting uncertainty ranges from 0.02% to 0.05% for the most central and forward

photons.
The uncertainties which only modify the event yield include:

o Integrated luminosity: the CMS luminosity monitoring has determined uncertainties
of 1.2%, 2.3%, and 2.5% for the 2016, 2017, and 2018 data sets, respectively. These
are partially correlated across the different data sets to account for common sources

of uncertainty in the luminosity measurement schemes.

 Photon identification BDT score: The uncertainty arising from the photon identi-
fication BDT is evaluated by changing the set of events used to train the quantile
regression corrections. This uncertainty is then carried through the complete event
selection process to estimate the associated uncertainty in the signal yield. The im-
pact of this uncertainty on the signal strength measurement in the analysis categories

is found to be less than 1%.
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* Jet energy scale and smearing corrections: The uncertainty from the jet energy scale
is several percent and is dependent on pr and 7. This scale is evaluated using the
pr balance of jets with Z bosons and photons in Z — ee, Z — pp and ~y+jets
events, in addition to the pr balance between jets in dijet and multijet events [87].
To determine the effect of jet energy scale uncertainties on the signal yield, the jet
energy corrections are varied within their respective uncertainties, and the variation
is propagated to the result. The analysis is found to have an impact of around 1% due

to the scale uncertainties, while the resolution affected by less than 1%.

* Per-photon energy resolution estimate: The uncertainty in the per-photon resolution
is modelled by a £5% rescaling from its nominal value. This uncertainty is intended
to account for any discrepancies between the data and simulation in the distribution,
which is obtained from the energy regression. The resulting variation in the yield in

the analysis category is typically up to 5%.

 Trigger efficiency: The trigger selection efficiency is evaluated through the tag-and-
probe method using Z — ee events. The corresponding uncertainty is estimated to

be less than 1%.

» Photon preselection: The uncertainty in the preselection efficiency from cuts on R9,
H/E, pr, 0riy and isolations (details of cuts are mentioned in Tab. B.1)) is determined
by computing the ratio of the efficiency measured in data to that in simulation. The

magnitude of this uncertainty is less than 1%.

* Missing transverse momentum: The computation of this uncertainty involves shift-
ing the reconstructed transverse momentum of the particles that enter the missing
transverse momentum calculation. The amount of shift applied to each reconstructed

object is determined based on its corresponding momentum scale uncertainty, as ex-
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plained in Ref. [87].

Lepton isolation and identification: The uncertainty associated with the selection of
leptons in the analysis is estimated by varying the ratio of efficiencies obtained from
measurements in both data and simulation using the tag and probe method in Z — ¢/
events. The resulting effect on the selection of leptons in the category is less than

0.2%.

Jet b-tagging: To calculate the uncertainties in the b tagging efficiency, the b tag
discriminator in both data and simulations is compared. These uncertainties also
account for the statistical component of the estimate of the fraction of heavy and

light flavor jets in both data and simulation.

Effect of HEM 15/16 failure: The HEM15/16 issue refers to two HCAL modules
whose power supply died in the middle of the data taking. To mitigate the impact
of the issue, data recorded during the affected period were carefully analyzed, and
appropriate corrections were applied. The effect is expected to be marginal in the
analysis as in the similar study of the all hadronic analysis [88] the effect for given
jets was below 1%. In a conservative scenario, we quotes a 1% systematic uncertainty

for this issue.

Prefiring of L1 trigger: During the years 2016 and 2017, the ECAL in the CMS detec-
tor experienced a gradual timing shift. This timing shift was not correctly accounted
for in the propagation of level-1 trigger primitives (TP). The level-1 TP are the ini-
tial set of criteria used at the first level of the CMS trigger system to quickly decide
whether an event should be kept for further analysis or discarded. Consequently, a
notable portion of high n TP was incorrectly associated to the previous bunch cross-

ing. The influence on signal and SM Higgs boson production modes due to the L1
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prefiring is evaluated and the event weight accounting for the issue is calculated as
the product over non-prefiring probabilities of all jets and photons in the event. The
corresponding systematic uncertainty in the efficiency is taken as either 20% or sum-

mation of per-object uncertainties in quadrature (whichever is larger).

3.10.3 Profile Likelihood method

In high energy physics, the maximum likelihood method is a widely used statistical tech-
nique for parameter estimation and hypothesis testing. It plays a crucial role in data analysis
and model fitting. The maximum likelithood method aims to find the values of the model
parameters that maximize the likelihood function given the observed data. The likelihood
function represents the probability of obtaining the observed data as a function of the model
parameters. By maximizing the likelihood function, we can determine the most probable
values for the parameters.

In addition to parameter estimation, the maximum likelihood method is also used for
hypothesis testing in high-energy physics. The likelihood ratio test is commonly used to as-
sess the consistency of theoretical hypotheses or models by comparing their goodness-of-fit.
The likelihood ratio is the ratio of the maximum likelihood values obtained under different
hypotheses. By comparing the likelihood ratios with appropriate statistical distributions,
we can determine the statistical significance of a particular hypothesis or the compatibility
of different models with the data.

The probability of observing a tHq event in a single pp collision out of the total number

of collisions can be expressed as:

Lo(pp — tHq) A€y

p(tHq event) = (3.5
( ) Lo(pp)
The probability to observe "?33 tHq events out of N p-p collisions:
N' obs obs
P(niyg) = — oy e (1 — p) (3.6)
H ntlgq‘<N - ntlgq)!
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For N — >

obs

e_)‘ )\nth

obs |
nth !

P(nyy) = Poiss(niy, A) = (3.7)

where, \ is the average number of events per unit of time or space. Considering that the
events are independent of each other and that the probability of a single collision producing

a tHq event is constant throughout the data taking period, A can be written as

Lo(pp — tHq)Aesy _ o

A= Np= Lo(pp). = (3.8)
( ) La(pp) tHq
For a counting experiment ngy = us(tHq) + b, where s(tHq) = LoswAesy and
Loy, (tH oo(tH
_ Loas(tHg) _ ouns(tHg) (3.9)

M Tos(tHq)  osw(tHq)

The method of maximum likelihood is a technique for estimating the values of the pa-
rameters given a finite sample of data. If we consider a random variable z distributed
according to a probability distribution function f(z;6), where 6 is the unknown parameter,
the probability to observe x in the interval [x1, 21 + dz4] is py = f(x1;0)dz,. Therefore
the probability that x; is in [x;, z; + dx;] for all i is TI?_, P;. In the usual likelihood method
we determine the parameters relevant to the shapes of distribution. In the extended maxi-
mum likelihood [89] we take the absolute normalization of the Passion probability of the
observed number of events.

In that case the probability to observe x; in the interval [z, x1 + dx1] is

e MU\ (p) "
nobs!

p1 = f(xq;0)dxy X
The likelihood is defined as,

L(p,0) = I pi (3.10)
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The best fit values and confidence intervals for the parameters of interest are estimated

using a profile likelihood test statistic [90],

~
~

q(p) = —21n (%) (3.11)

The likelihood functions in the numerator and denominator of Eqn. are constructed
by taking the product over the likelihood functions defined for each analysis category. The
quantities f and 0 represent the unconditional maximum likelihood estimates for the pa-
rameters of interest and the nuisance parameters, respectively. Furthermore, é corresponds
to the conditional maximum likelihood estimate obtained for fixed values of the parame-
ters of interest, .. In this analysis, the parameters of interest can vary and may include
signal strengths, cross sections, or coupling modifiers, depending on the specific fit being
performed. In all fitting procedures, the value of my is kept fixed at its most accurately
measured value of 125.38 GeV [24]. This choice ensures that all measurementsare reported

consistently.

3.11 Results

The signal strength modifier, denoted as i, is a commonly used parameter in high energy
physics experiment that compares the observed cross section to the expected value pre-
dicted by some model. Specifically, here, ;1 is defined as the ratio of the Higgs boson
cross section and diphoton branching fraction to the expected value predicted by the SM.
During fitting the model, the Higgs boson mass, my, is typically held at a fixed value of
125.38 GeV, which is the most precisely measured value. However, if m; is profiled with-
out any constraint, the impact on the best fit signal strength values is found to be relatively
small, resulting in changes of 0.7—-1.8%. The signal strength modifier for the Higgs boson

production associated with the single top quark mode measured from simultaneous fit with
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all other Higgs production modes is found to be
par = 6.247753(Syst) 7353 (Stat) (3.12)

The profiled likelihood scan of the expected signal strength of tHq with fixed ttH, ggH,
VBF and WH signal strength to 1 is displayed in Fig. B.18. Signal strength modifiers and
the best fit cross sections along with their corresponding 68% confidence intervals for all
Higgs boson production categories are shown in Fig. B.19. The VH hadronic and VH lep-
tonic processes are categorized as pyy scale, whereas the VBF production mode falls un-
der pygr. Similarly, 1, equally scales the ttH, tHq, and tHW production modes, while
Hger Scales both ggH and bbH production modes. The Fig. presents the values of sig-
nal strength modifiers of individual production modes and their uncertainties. The overall
signal strength modifier in the H — ~ channel is determined to be u = 1.121059 =
1.1275:55 (theo) T0-93 (syst) T0-07 (stat) by combining all the production modes. The best-fit
signal-plus-background model with data points, keeping signal strength modifiers of all
production modes in their best-fit value, is shown in Fig. B.17. Figure shows an event
display for one data event passing the selection for Higgs boson production in association
with a single top quark, with a diphoton invariant mass of 125.52 GeV. Over the past ten
years since the discovery of the Higgs boson, the CMS experiment has observed it in var-
ious fermionic and bosonic decay channels, established its spin-parity quantum numbers,
determined its mass, and measured its production cross sections in various modes. An ef-
fort has been made for a combined measurement of all Higgs boson production modes and
Higgs boson decay channels, as shown in Fig. B.22. Combining the measurement of the
H — v~ decay channel with other decay channels, the signal strength modifier for Higgs

boson production associated with a single top quark is observed to be

pur = 6.0577 53 (Syst) g5 (Stat) (3.13)
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Even though in Figs B.19, B.20, and .22, i result is presented with the all other Higgs

boson production mode measurements, this thesis only contributed to the measurements of

the Higgs boson production mode associated with the single top quark (tH).
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Figure 3.17: The best-fit signal-plus-background model with data points (in black) in the
leptonic tHq category is presented while maintaining the signal strength modifiers of all
production modes at their best-fit value. The uncertainties in the background model are
demonstrated by the green (1 std. dev.) and yellow (2 std. dev.) bands. The total signal-
plus-background contribution is presented by the solid red line, while the background com-
ponent alone is represented by the dashed red line. The residuals after the background
component subtraction are shown in the bottom panel.
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Figure 3.18: The profiled likelihood scan of the expected signal strength of tHq with fixed
ttH, ggH, VBF and WH signal strength to 1.
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Figure 3.19: Observed results in the stage 0 STXS bins, displaying the best fit cross sections
along with their corresponding 68% confidence intervals. The colored boxes illustrate the
systematic components of the uncertainty in each parameter, while the hatched grey boxes
depict the theoretical uncertainties in the SM predictions. The bottom panel displays the
ratio of the fitted values to the SM predictions. The p-value for the compatibility of this fit
with the SM prediction is approximately 66%.
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Figure 3.20: The fit results for the signal strength modifiers of the four main production
modes. The individual contributions of theoretical systematic, experimental systematic,
and statistical components to the total uncertainty in each parameter are displayed. The
compatibility of this fit with the SM prediction is evaluated using a p-value, which is ap-
proximately 50%. Additionally, the fit results for the inclusive signal strength modifier are
presented in black, and the corresponding p-value is 17%.
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CMS Experiment at the LHC, CERN
Data recorded: 2018-Aug-04 19:53:53.824320 GMT
Run/ Event/ LS: 320840 / 142108814 / 87

CMS Experiment at the LHC, CERN

Data recorded: 2018-Aug-04-19:53:53.824320 GMT

Figure 3.21: Visualisations of a candidate single top-associated production event in data.
The event is selected in the leptonic tHq analysis category and is characterised by two pho-
ton candidates with a diphoton invariant mass of 125.52 GeV, shown by the green rectan-
gles. The top quark decays into a W boson and a b quark. The long red line depicts the
muon from the decay of the W boson and the red cone depicts the b-tagged jet originating
from the b quark. The jet produced from the additional quark is shown as the orange cone.
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Figure 3.22: The signal strength parameters for different production modes y; obtained as-
suming B = (B)gy. The 1 (2) std. dev. confidence intervals are represented by thick(thin)
black lines. The systematic and statistical components of the 1 std. dev. interval are shown
by the red and blue bands respectively. The value of y; in the SM is represented by the
vertical dashed line at unity. The p-value indicating the probability of deviation from the
SM prediction (i.e., the likelihood of the observed result deviating as much or more from
the SM prediction) is 3.1%.

3.12 Summary

The study presents measurements of the cross section of Higgs boson production associated

with a single top quark (tH), with the Higgs boson decaying into a pair of photons. This
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rare Higgs boson production mode is explored for the first time in the H — ~~ channel
and included in the legacy measurements of Higgs production cross section. The analysis
involves the selection of events with two photons from proton-proton collisions at a center-
of-mass energy of /s = 13 TeV recorded with the CMS detector at the LHC from 2016 to
2018, corresponding to an integrated luminosity of 137 fb'. This study focues only on tH
production, where the top quark decays only leptonically. The novel multivariate analysis
techniques are used to separate likely signal events from background processes, including
the standard model Higgs boson production associated with the top and anti-top quark.
The measurement of the signal strength modifiers for Higgs boson production in as-
sociation with the single top quark mode was obtained through a simultaneous fit with all
other Higgs production modes and is observed to be juy = 6.247053 (Syst) 397 (Stat). Ad-
ditionally, by combining the measurement from the H — ~~ decay channel with other

decay channels, the signal strength modifier for this production mode is observed to be

p = 6057155 (Syst) 795(Stat)
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Chapter 4

Search for a Vector-Like Quark, T" — tH
(H = v7)

Vector-like quarks (VLQs) are hypothetical spin-1/2 colored particles. In contrast to the
SM chiral quarks, their left-handed and right-handed components transform in the same
way under the standard model electroweak gauge group SU(2);, x U(1)y. Therefore, un-
like the chiral quarks in the SM, their masses are not generated by a Yukawa coupling to
the Higgs boson and have less impact on the production cross section of the Higgs boson.
A variety of new physics models introduce vector-like quarks. Such models include Com-
posite Higgs model [31, B2, 33, B4, 35], Little Higgs models [36, 37, 38], and models with
extra dimensions [39], etc. In theory, the existence of such VLQs might explain the exper-
imentally measured mass of the Higgs boson by canceling out the leading quantum loop
corrections coming from top quarks [[13, 91]. In minimal models, VLQs may only exist as
electroweak singlets and doublets, carrying respective electric charges of +2/3e and —1/3e,
denoted as T’ and B/, respectively. Additionally, doublets and triplets further incorporate
two additional particles X and Y with exotic charges of +5/3 and —4/3, respectively.

As discussed earlier, a vector-like top quark partner T has two production modes. One is
pair production through the strong interaction while the other is the single production mode
through the electroweak interaction. For pair production through the strong interaction, the
available parton level center-of-mass energy is shared between the two heavy particles. In
contrast, in the EW production of a single T’, a larger kinematic phase space is accessible
and heavier masses can be probed [[13]. The maximum single heavy quark production cross

section at the LHC with center-of-mass energy of 13 TeV, for selected quark multiplets is
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shown in Fig. #. 1] and the crossection is compared with the pair production of VLQ through
strong interaction. The T’ quark could couple to bW, tZ, or tH, resulting in the corresponding
T’ quark decays. For EW production of an isospin singlet T’ VLQ, considered in this search,
the T’ branching fractions are assumed to be 50, 25, and 25%, respectively, for bW, tZ, and

tH decays [|13].
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Figure 4.1: The single heavy quark production cross section at the LHC with centre-of-mass
energy of 13 TeV, for selected quark multiplets. The dotted part of the lines indicates the
range of masses already excluded by direct searches. The figure is taken from Ref. [[13].
The “T” and “B” in the figure corresponds to the “T” ”” and “B’” mentioned in this thesis.
Furthermore, the symbol “Q” in the figure represents a broader category of heavy quark T°,
B’, X, and Y.

The total cross section for EW production of T’ and subsequent decay of a T’ quark of

mass mp» can be written as follows [92]:
o (Cy, Cyymy, ') = CF C3 Gpw (my, Ty (4.1)

where C; and C5 are couplings corresponding to production of a T’ quark and its subsequent

decay, respectively, and I'ty = I'(C;, mr, Mdecays) is the total width of the T' quark. When
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considering narrow width approximation (NWA), in which the I'y /mx ratio approaches
zero, the production and decay can be factorised out and the cross section can be expressed

as

o (01, Cy, m, FT’) =0p (Ch mT’) BRT’—)decay channel = 012 (3'NWA(mT’) BRT’—>decay channel

4.2)
where (] is the coupling corresponding to the production of the T’ quark and C5 and ' are
absorbed in the branching ratio, B Rt/ qecay channel. 10 be more specific, the equation can be
written as

o1 (C1, Coympr, Tp) = CF 6ywa(mr) BRy m (4.3)

In a simple extension of the SM with just one VLQ representation, the coupling of a T’ quark
produced via the electroweak interaction involving a t-channel W boson and a b quark can

be parametrized as
e

KT
V2,

where s,, is the sine of the Weinberg angle 6,,,, k1 is a coupling strength, and e is the unit

C, = (4.4)

of electric charge. Combining Eqn. and Eqn. #.4, the resulting formulas are shown as

follows:
o1 = (0.458486 X k1/)? Gnwa(mr) BRrm (4.5)
ki = 2.18109 x \/ v (4.6)
' 6NWA(mT/) BRy _m '

This study focuses on the single electroweak production of a vector-like top quark part-
ner T’ in proton-proton (pp) collisions at /s = 13 TeV, pp — T’ gb, with a decay involving
the Higgs boson, T" — tH,and the Higgs boson decaying to two photons (H — ~7). A
leading-order (LO) Feynman diagram along with the H — ~~ decay is displayed in fig-

ure #.2. The EW production cross section explicitly depends on the couplings of the VLQ
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to third-generation quarks [[13, 93]. Here, the coupling st can significantly change based
on the choice of the VLQ mass and width. In this study, the VLQ production and decay
are parametrized using the narrow width approximation (NWA) [94], where the T’ nat-
ural width (I") is approximately 1% relative to its mass (M1/). The NWA is valid up to
['/Mp =~ 10-15%, beyond which the large width of T’ and its interference with the SM
background become important [93, 95]. The leptonic and hadronic decay modes of the top
quark are treated separately to achieve the best possible search sensitivity while being the

first T" search by the LHC experiments in H — ~ channel.

Figure 4.2: Leading-order Feynman diagram for single T’ production in Wb fusion and
subsequent decay into tH(v7).

Previous searches at the LHC for vector-like quarks have been performed by both the

ATLAS and CMS collaborations. Some of the recent publications at /s = 13 TeV are
« ATLAS 13 TeV, 36.1 fb~', pair production, T — Zt/Wb/Ht, B’ — Zb/Wt/Hb [96]
« ATLAS 13 TeV, 139 fb~', single production, T' — tH(bb) [97]
« CMS 13 TeV, 35.9 fb~ !, pair production, fully hadronic final states [98]
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« CMS 13 TeV, 35.9 fb~ !, electroweak production, fully hadronic final states [99]

These previous searches used the reconstructed T” invariant mass or transverse mass as the
main observable. The present analysis exploits the excellent resolution of 1-2% for the
reconstructed H mass in the diphoton decay channel to search for a signal characterized
by a peak at the H mass above the falling diphoton mass (1m..) continuum. The statistical
methodologies and the non-Higgs background determination techniques are identical to the
ones used in the SM H — ~~ measurements.

The chapter is structured as follows: This portion begins with the motivation behind
searches for vector-like quarks and highlights the latest publications on the subject. In
Sec. .1, the overall strategy for the analysis is outlined. Section ?? and §.3 provides details
on the samples and objects used in the study, as well as analysis specifics for both the
leptonic and hadronic channels. Techniques used to reject backgrounds and optimize signal
regions are discussed in Sec. 3.8 and §.4, respectively. In Sec. §.5, the analysis delves into
the modeling of signal and background. Section §.4 study to evaluate any potential bias in
the model for the parameter of interest. Section #.7 explores various sources of systematic
uncertainties and their impact on the limits. Section §.§ provides a means to assess the
degree of compatibility between the observed data and the probability density function of

the model. Subsequently, Sec. §.9 presents the physics results, which are then summarized

in Sec. §.10.
4.1 Analysis strategy

This analysis is a search for the production of a vector-like quark, T’, which subsequently
decays into a top quark and a Higgs boson that further decays into two photons. Similarly
to the previous studies, the analysis greatly depends on how well photons can be efficiently

reconstructed with precise energy determination. The primary discriminant in this analysis
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is the Higgs invariant mass (or diphoton invariant mass, m..), which serves as the main
observable for identifying T’ events. The reconstruction of photons and diphoton candidates
employs the same methodologies as used in the H — ~v measurements discussed in the

previous chapter. Two mass regions are defined accordingly:

* Signal window: m.,., € [115, 135] GeV

* Sideband region: m,. € [100, 115] U [135, 180] GeV,

where the signal window is blinded throughout the development of the analysis. Two loose
preselection criteria are implemented to maintain a high level of efficiency in identifying
signal events. One preselection focuses on the leptonic decays of the top quark, while
the other is designed for the hadronic decays. In each channel, the following steps are

performed:

1. Train binary MVA classification algorithms using simulated T’ samples as the signal
and simulation of related standard model processes as the background. The training

specifications are as follows:

* In the leptonic channel, a single MVA is trained, including only standard model

Higgs production modes as the background.

* In the hadronic channel, two MVAs are trained due to the large background:
One MVA is trained to suppress SM Higgs boson (SMH) processes and another

MVA is trained to reject SM non-resonant backgrounds (NRB).

2. Define a signal region by applying rectangular cuts on the MVA scores and recon-
structed T" mass (My). These cuts are determined to maximize the significance, as

discussed in Sec. f.4

3. Parametric signal and background models are constructed by fitting the m.,., distri-

bution in each category.
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» The T’ signal processes and the SM Higgs background processes are modeled

with a sum of Gaussian functions.

* The non-resonant background is modeled using data from the m.,, sideband,
using various functional forms. The choice of the functional form is treated as

a discrete nuisance parameter, following the discrete profiling method [61].

Specifically, the fitting procedure is carried out separately for each year and channel to
account for the year-dependent m., resolution. Subsequently, a simultaneous fit of the
m.~ spectra is conducted for both the leptonic and hadronic channels, aiming to derive a
cross section limit for each mass point. The analysis workflow, illustrating these steps, is

depicted in Fig. K.3. In order to investigate the possibility of a potential low T’ event

Photon * Vertex Selection » Photon and diphoton Event Statistical
Reconstruction Identification Categorization Analysis

Common tools for H—yy analysis

Figure 4.3: Diagram of analysis workflow.

excess, it has been observed that using a single training approach for the entire mass range
of 600 to 1200 GeV is not optimal. To address this, a strategy for the analysis is developed
by defining three distinct T’ mass categories. These considerations include the similarity
of kinematics among signal processes when T’ masses are not significantly different and
also to avoid the excessive complexity in training a multiple sets of MVAs. As a result, the
following three mass ranges are defined to ensure proper grouping of signal samples for

training:
* My € [600,700] GeV
* My € [800, 1000] GeV

« My € [1100, 1200] GeV.
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The analysis procedure described above is followed for each mass category, yielding the
final results. Additionally, it is confirmed that the search for T’ masses falling between the
defined mass categories, specifically in the ranges of [ 700, 800] GeV and [1000, 1100] GeV,

can also be effectively described using this strategy.

4.2 Collision data and simulated events

The analysis is conducted using proton-proton collision data at a center-of-mass energy
of /s = 13 TeV, collected by the CMS experiment during the 2016, 2017, and 2018
data-taking periods. These data correspond to integrated luminosities of 35.9, 41.5, and
59.4 fb~!, respectively. The event selection in the data is performed using a diphoton high-
level trigger with different photon transverse momentum thresholds: 30 GeV for the leading
photon and 18 GeV (22 GeV) for the subleading photon in the 2016 (2017 and 2018) dataset.
Additionally, at the trigger level, a calorimetric selection is applied based on criteria such as
the electromagnetic shower-shape, photon candidate isolation, and the ratio of its hadronic
and electromagnetic energy deposits. The data samples used in the analysis are the same as
the previous study in Chap. Bf; details of the data samples can be found in Tab. ??.

The signal process, pp =T’ (— tH) bq, is generated at leading order using the Monte
Carlo (MC) event generator MadGraph5 aMC@NLO 2.3.3 [[100, [101]]. Ten different mass
points of T’ ranging from 600 to 1200 GeV are considered in the generation process. The
decay of the Higgs boson (H — 77) is simulated using Pythia 8.2 [102]. The mass of the
Higgs boson is set to 125.0 GeV, and the mass of the top quark is set to 172.5 GeV. The
NNPDF3.0 parton distribution function is employed [66]. The signal samples are generated
assuming left-handed chirality of the T’ quark. The details of the T’ samples, along with their
corresponding cross sections, can be found in Tab. §.1. For all MC samples generated with

MadGraph5 aMC@NLO, the parton showering and hadronization have been implemented
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via Pythia, with the underlying event tune CUETP8MI [|103] and CP5 [104] respectively

for the 2016 and the 2017-2018 datasets.

T' Mass (GeV) | NLO orrvg X Br/—m (fb)
600 176.40
625 148.85
650 121.30
675 104.95
700 88.60
800 45.90
900 25.10
1000 14.50
1100 8.67
1200 5.36

Table 4.1: List of Monte Carlo signal samples used in the analysis and their corresponding
NLO cross section [[15]

The SM background processes contributing to the m.,., spectrum (€ [100, 180] GeV)
can be classified into two categories: SM Higgs boson background (SMH) and SM non-
resonant background (NRB). The SM Higgs boson production processes, including gluon
fusion [[105], vector-boson fusion [106], production in association with top quarks [107],
or with a vector boson [[108], are simulated using the MG5_aMC@NLO generator at next-
to-leading order in QCD. The total cross sections and branching fractions have been ad-
justed according to the recommendations of the LHC Higgs boson cross section working
group [23].

The nonresonent background processes t+X, tt+X, W+, and Z~ are simulated using the
MGS5 _aMC@NLO generator. Diboson events are generated at leading order using Pythia
8.205 [102]. The nonresonant diphoton samples are simulated with Sherpa 2.2.4 [68], which
includes tree-level processes with up to three additional jets, as well as box diagrams. In
all Monte Carlo (MC) samples, parton showering and hadronization are implemented us-

ing Pythia, using the underlying event tune CUETP8MI1 [[103] for the 2016 dataset and
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CPS5 [[104] for the 2017-2018 datasets. The SM Higgs processes and the nonresonent sim-
ulated samples used in the analysis are the same as the previously mentioned in Sec. B.2.
After generation, events are propagated through the simulation of the CMS detector
using the Geant4 detector simulator [[109]. The effects of multiple proton-proton interac-
tions are also modeled in the package by adding simulated minimum-bias interactions to
the simulated samples. The number of pileup interactions agrees with the one observed in

data after reweighting the simulated pileup distribution.

4.3 Event reconstruction

The final state of the EW T’ production process consists of a Higgs boson, a top quark and
another quark. The top quark decays to a bottom quark and W boson, with the W boson then
decaying in either hadronic or leptonic modes. As mentioned before, in order to maximize
the search sensitivity, the leptonic and hadronic decay modes of the top quark are handled
as independent channels. Therefore, similarly as in Chapter. [§, the final state of the process
may contain leptons (electrons, muons, taus), quarks, photons and neutrinos. All of them
(apart from the neutrino) leave their mark on various subdetectors within the CMS detector.
A simplified selection criteria for each individual channel is outlined here. More detailed
information on object reconstruction, particularly for photons, utilized from the H — v~
measurements can be found in Sec. B.3, and B.4 of Chap. fl. The HLT triggers used
in this analysis are the same as the trigger used for the H — 7 analysis. Details of the

triggers, along with their performance and validation, are discussed in Sec. B.4

4.3.1 Leptonic channel

The channel is designed to tag the T" — tH (H — ~7) events with the top quark decaying
leptonically. The event selection in this analysis category primarily requires the two photon

candidates and at least one electron or muon present in the event. The additional criteria
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applied to the associated objects in the events are mentioned in Tab. B.g
Reconstruction of top quark

In the leptonic decay of the top quark, the presence of a neutrino introduces a missing
component in the event reconstruction. Since there is only one neutrino in the final state
of the T’ signal, the missing transverse momentum of the event is assumed to be equal to
the transverse momentum of the neutrino. To determine the longitudinal momentum of the

neutrino, an analytical solution is used, which can be derived as follows:
1. Applying energy momentum conservation at W — v vertex,

PV =0 +p

2 vV
PV =0 +p)?

2 2 v v v v v
w2 =l m? ol — aplpl — 2t 4 2B\ (0 + pr) — e

2. By neglecting the masses of the lepton and neutrino in comparison to their energies,

we can express the following equation:

2 12 vV 14
m"" = 2B\ [ph? + pr? — 2plp — 2,y — 20"
mW2
E'NPp? + 1% = —5— + Popl + pyply + Pt

= A +plp!

where

mW2 w2

v v m 7 N
A= ——+ohpi +plpy = —5— +PhPr

3. By solving the quadratic equation mentioned above, we can obtain two solutions for

D=
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v Aplz 1 2
p= i FV A% — 2 (EPp? — A2) “.7)
T T

The resolution of this equation can yield three potential outcomes depending on the terms

inside the square root:

* Case 1: In this case, the equation produces real values for p,. This occurs when the
term inside the square root is positive, indicating that there are two distinct real roots.
For example, for M- = 600 GeV case, there are around 73% of events corresponding

to this case.

* Case 2: When the term inside the square root is negative, resulting in a complex
value, the longitudinal momentum component p. is also complex. This occurs under
the assumption of the pole mass of the W boson (80.44 GeV). To address this, we
employ a random generation process for the W boson mass, using the full Breit-
Wigner function as the probability distribution. We then attempt to find a real solution
for p, by conducting trials. Remarkably, we succeed in finding a real solution for p,

in approximately 27% of the events after less than 1,000 trials.

» Case 3: If, even after 1,000 trials, the longitudinal momentum component p, remains

complex, it is assumed to be equal to the real part of the equation mentioned earlier,

resulting in p¥ = AL Here, the mass of the W boson is fixed at 80.44 GeV. Events

Pl
falling into this category constitute approximately 0.13% of the total.
A majority of events (case 1 and case 2) have two solutions for p; from the quadratic
equation. The solution with lower absolute value is taken as an estimate of the longitudinal
momentum of the neutrino. Combining the Lorentz vectors of neutrino, bottom quark, and
the lepton we can calculate the invariant mass of the top quark. The T’ invariant mass can be
reconstructed by combining the Lorentz vector of the top quark and the diphoton. Figure 4.4

illustrates the comparison between the p, component of the neutrino in the reconstructed
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level and the p, component of the neutrinos at the generated level. The reconstructed top
mass and the reconstructed mass of T', m1- using this derived solution for p, is shown in the
figure 4.3, and .6. The distributions of every reconstructed T’ mass point and their mean

and resolution are also summarized in Fig. #.7 and Tab. B.2], respectively.

—— Gen. matched(all)
Solved
—— Gen. matched(prompt)

0.1

0.08

0.06

0.02 ﬁf

- 11 L1
—%00 -200 -100 0 100 200 3\90
p

z

Figure 4.4: Comparison between the reconstructed p, component of the neutrino, the p,
component of the neutrino from top quark decay at generator level, and the p, sum over all
final-state neutrinos at generator level.
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Figure 4.5: Reconstructed top quark mass using calculated neutrino p, in simulated T’ quark
samples with M = 600 (left), 700 (center) and 800 GeV (right).
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Figure 4.6: Reconstructed T mass in simulated T’ quark samples with My = 600 (left), 700
(center) and 800 GeV (right).
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Figure 4.7: Reconstructed T’ mass of all simulated T’ mass points in the range [600,
1200] GeV. All the histograms are normalised to unity.
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Reconstructed
Mean (GeV) Width (GeV)
600 600.9 +0.40 39.9+0.38
625 614.54+0.40 40.8 £0.38
650 646.7 = 0.38  41.4 £ 0.36
675 675.9+0.38  42.3+£0.36
700 700.9+£0.40 42.6 +0.38
800 806.3 £0.44 45.9+0.44
900 89794+ 0.46 46.2+0.45
1000 984.7+0.53  47.4+0.53
1100 1091.3+£0.65 48.6 +0.65
1200 1181.1+£0.60  49.2 +0.60

MT/ (GCV)

Table 4.2: Mean and resolution of reconstructed T’ mass. The mean and sigma are param-
eters from a Gaussian fit to My distributions. “Reconstructed” represents T’ mass recon-
structed from the mentioned analytical solution.

Background Rejection

After preselection, a significant amount of background is still present in the search region
(115 < m,,, < 135 GeV). Hence a classifier is required to distinguish the signal from the
backgrounds. Table §.3 is a list of all the main standard model backgrounds and their re-
spective yields. One dedicated boosted decision tree is trained to separate T’ from the SM
Higgs process; it is also found to reject a sufficient amount of non-resonant background
events (see figure and figure {.13). In training, the simulated T’ are treated as signals
while the simulated Higgs boson production events from the standard model are treated as
background. The configuration of the BDT training are explained in Sec. B.§. To ensure
an even training distribution across various T’ mass points in the relevant mass category,
signal events are assigned a single flat weight, while background events are scaled by their
respective cross sections. The event weights are subsequently renormalized to ensure that

the total signal weights and the total background weights have the same value. The hyperpa-
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rameters of the BDT training procedure are tuned for best performance and are summarized
in Tab.B.3.

The input features for the training include the kinematic variables of all the final state
particles. Since the kinematic features largely depend on T’ mass, using one training for
the whole mass range has been found sub-optimal in order to check a potential low T’ mass
excess. Therefore training is performed for three different sets of T’ mass points [600,
625, 650, 675, 700], [800, 900, 1000], and [1100, 1200]. The list of variables used as the
input features in the training and corresponding ranking of their importance is provided
in Tab. #.4. For each data-MC comparison plot below in Fig. §.8, .9, §.10, events in
data and non-resonant background MC are blinded in the region m.., € [115, 135] GeV.
The non-resonant background MC distribution are normalized to the number of observed
data events. All comparison plots shows an overall statistical agreement between data and
simulation with a x? p-value of 5%. The fluctuations observed in some of the distributions

are associated with a limited simulated sample size.
Performance of BDTs

The discriminating power of the trained BDTs can be characterized by using the receiver
operating characteristic (ROC) and area under the curve (AUC) as figures of merit. They
are displayed in figure #.11. The signal efficiencies at set background efficiency (1%, 10%,
30%) for the BDTs trained in each T" mass category are shown in Tab. §.9 to further quantify
the performance. Figure presents the BDT responses for various T, SMH, and nonres-
onant background events. They show a good agreement between data and simulation. The
efficiency of T, Higgs boson, and non-resonant background events in various MVA score
of three sets of training are shown in figure #.13. The efficiency is calculated based on the
number of events passed the preselection. The training is also effective in separating the

background processes that are not Higgs-related (v, v +jet, tt +~, tt + v +jet, t +v+jet),
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Process Yield | Frac. of total bkg.(%)

vy +Jets || 232.47 15.43
v+lJets || 136.14 9.04

tt + vy 28.30 1.88

tt 4+~ +Jets || 307.40 20.40
tt+Jets | 419.93 27.87
V+v | 358.73 23.81

All non-resonant bkg. || 1482.97 98.42
ttH 19.04 1.26

ggH 0.71 0.05

VBF 0.16 0.01

VH 2.52 0.17

tHq 1.34 0.09

All SM Higgs bkg. 23.77 1.58
T’ (600) 3.91 -

T’ (625) 3.36 -

T’ (650) 2.80 —

T' (675) 247 -

T’ (700) 2.11 -

T’ (800) 1.15 -

T’ (900) 0.65 -

T’ (1000) 0.38 -

T’ (1100) 0.23 —

T’ (1200) 0.14 -

Table 4.3: The expected yield of signal and background, as well as the corresponding frac-
tion of total background by process for the leptonic channel preselections using MC only as
background. The yields of non-resonant background, VLQ signal and SM Higgs processes
are integrated in the region m.,, € [100, 180] GeV. The yields are corresponding to the
integrated luminosity of 138 fb~!
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Rank BDT-SMH [600,700] BDT-SMH [800,1000] BDT-SMH [1100,1200]

Variable Importance Variable Importance Variable Importance

1 pr (Y1) /My 7.024e-02 o1 (V1)/ My~ 6.879¢-02 lead lepton ) 6.146¢-02
2 Scalar T/ pp/All pp 5.007e-02 n(v1) 5.484e-02 dipho_leadEta 5.758e-02
3 pr (v2)/ M~y 4.631e-02 lead lepton 1 5.204e-02 P (V1)/ My 5.546¢-02
4 jet2 pp 4.421e-02 P (V2) /My 5.012¢-02 AR (lepton, b-jet) 4.968e-02
5 A R(b-jet, forward jet) 4.201e-02 jetl pp 4.610e-02 jetl pp 4.515e-02
6 n(v1) 4.168e-02 Scalar T/ pp/All pp 4.210e-02 pr(v2) /M~y 4.217e-02
7 b-jet] b-tagging score 4.023e-02 jet2 pp 3.920e-02 b-jetl n 4.065¢-02
8 jet2m 3.836e-02 A R(b-jet, forward jet) 3.915¢-02 AR (lepton, forward jet) 3.794¢-02
9 no. of central jets (|n| < 1) 3.739¢-02 no. of central jets (|n| < 1) 3.663e-02 jet2 pp 3.766¢-02
10 AR (1, forward jet) 3.713e-02 lead lepton p 3.621e-02 jetl n 3.601e-02
11 lead lepton n 3.663e-02 b-jetl n 3.513e-02 missing pp 3.513e-02
12 jetl n 3.657e-02 AR (lepton, forward jet) 3.479¢-02 n(v1) 3.504e-02
13 AR (lepton, forward jet) 3.627¢-02 AR (71, forward jet) 3.448¢-02 A R(b-jet, forward jet) 3.464¢-02
14 jetl pp 3.405e-02 n(v1) 3.398e-02 lead lepton pp 3.283¢-02
15 lead lepton charge 3.333e-02 b-jet] b-tagging score 3.233¢-02 AR (v1, forward jet) 3.248¢-02
16 forward jet pp 3.187e-02 forward jet pp 3.187e-02 forward jet pp 3.116e-02
17 AR (lepton, b-jet) 3.118¢-02 jet2n 3.159¢-02 b-jetl b-tagging score 2.996e-02
18 IDMVA (y2) 3.074e-02 AR (lepton, b-jet) 2.943e-02 Scalar T/ pp/All pp 2.945¢-02
19 no. of jets 3.060e-02 lead lepton charge 2.876e-02 AR (vy2, forward jet) 2.731e-02
20 IDMVA(~v1) 2.958e-02 jetl n 2.832e-02 IDMVA(~vy2) 2.687e-02
21 AR (72, forward jet) 2.931e-02 AR (72, forward jet) 2.801e-02 jet2n 2.674¢-02
22 b-jetl n 2.842e-02 missing pp 2.718e-02 b-jetl pp 2.617e-02
23 missing pp 2.819¢-02 no. of jets 2.699¢-02 no. of jets 2.587¢-02
24 lead lepton pp 2.788e-02 IDMVA(~1) 2.603e-02 IDMVA(~1) 2.556e-02
25 n(v1) 2.763e-02 IDMVA(~v2) 2.474¢-02 no. of central jets (|n| < 1) 2.481e-02
26 forward jet b-tagging score 2.426e-02 b-jetl pp 2.179¢-02 AR (tH, forward jet) 2.340e-02
27 no. of b-jets 2.006e-02 no. of b-jets 2.119¢-02 forward jet b-tagging score 2.242¢-02
28 b-jetl pp 1.921e-02 forward jet b-tagging score 2.031e-02 lead lepton charge 1.868e-02
29 AR (tH, forward jet) 1.659¢-02 AR (tH, forward jet) 1.788e-02 no. of b-jets 1.840e-02
30 haspixelseed(y1) 0.000e+00 haspixelseed(~y1) 0.000e+00 haspixelseed(y1) 6.229¢-03
31 haspixelseed(y2) 0.000e+00 haspixelseed(y2) 0.000e+00 haspixelseed(v2) 3.100e-03

Table 4.4: Leptonic Channel: Rank of feature importance for the trained BDT-SMH in each
of the three mass categories. The value of importance is proportional to the frequency at
which the variables are used to split decision tree nodes.
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Figure 4.8: Comparison of data and simulation of input features to the BDTs in the VLQ
leptonic channel. All simulated processes, T’ and backgrounds, are normalized according
to the cross section and luminosity.

155



4 Search for a Vector-Like Quark, T' — tH (H — ~~)

CMS Preliminary 138 b (13 Tev) CMS Preliminary 138 fb* (13 TeV) CMS Preliminary 138 fb™ (13 Tev)
T T T T T @ F T T T T T E T T T T T
¢ Data Mty tty + jets ty+jets g ¢ Data [ty 1ty + jets ty+jets ¢ Data Mty tty + jets ty+iets
M oviets Gt  yy+ijets Hwc IJ>J M oviets clet vy +jets Ewe B oviets Gt Myy+ijets Ewc
26 tt+jets — TprimeM700 Stat. Unc. G tt+jets — TprimeM700 Stat. Unc 26 tt+jets — TprimeM700 Stat. Unc.

o0 g e e,

(8] ] (8]
S S 15 i ) % S i 1
g 1 % I t L B RS e 4 ! t g Lt t + |
[a g o ¢ LA Qogl.o2*ts t34 ]% |
L)
ST 05 0 0.5 1 15 B2 -1 0 T % 50100 IS0 | 200 250, 300
Lead lepton charge (e) Lead lep. n Lead lep. p_[Ge
CMS Preliminary 138 b (13 Tev) 138 fb™ (13 Tev) CMS Preliminary 138 b (13 Tev)
9 prrTTTTTTTITrTTITTTTreeer e @ ETTTITTTTITTTOTTTITIe ey
5 rF ¢ Data [ty tty + jets tysjets ¢ Data Mty tty + jets ty+ets 5 r @ pata [ty tty + jets tytets
Lﬁ B oviets clet Wy +iets Hwe 3 B oviets clet My +jets Hwe Lﬁ B oviets clet Wy +iets Hwe =
2G tt+jets  — TprimeM700 Stat. Un57 G tt+jets = TprimeM700 Stat. Un G tt+jets — TprimeM700 Stat. Unc.
oS 7 soelmie sy ,

Q o o 2
s . | s 1.1 s 1 11
1. | 1. 1. I
3 FLFL PP PN T I 3 . i 01 - O o4 4l
T 1 48 SN LA S 1 T ety + 1 T L by 1
8,..t PO 3, ¢ a, ot
. 5 .
% 1 5 - % 1 6 % 1 -
A R(Lead pho. & forward jet) AR(Lep. & b-jet) A R(Lep. & forward jet)
CMS Preliminary 138 b (13 TeV) CMS Preliminary 138 fb* (13 TeV) CMS Preliminary 138 b (13 TeV)
L A =
é ¢Daa My ty +jets tysjets C dpaa  Muyy ty +jets tysjets dDaa My ty +jets ty+jets
i Bovies Mokt Hyy+jess Bwe Hovies Howet  Hyy+iess Hvwe Hovies Mokt Hyy+jess Hwe
26 Wjets  — TprimeM700 Stat. Une, 26 Utjets  — TprimeM700 Stat. Une. 26 t+jets  — TprimeM700 Stat. Une.

PR S Y

. o
LR

PRI
v STl

-

g

15l

g 1t i 14t
g I

a

. DRI L |
. &+ T E}
% 50 100 150 zoojetlzﬁf[Geé?o

4. 5 ) 4
A R(b-jet and forward jet) jetln

Figure 4.9: Comparison of data and simulation of input features to the BDTs in the VLQ
leptonic channel. All simulated processes, T’ and backgrounds, are normalized according
to the cross section and luminosity.
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Figure 4.10: Comparison of data and simulation of input features to the BDTs in the VLQ
leptonic channel. All simulated processes, T’ and backgrounds, are normalized according
to the cross section and luminosity.

157



4 Search for a Vector-Like Quark, T — tH (H — )

as seen in Fig. and [4.13. Finally, the category is optimised based on the BDT score

and the T’ mass window to maximize the signal significance; the procedure is explained in
Sec. 4.4.

Performance Metrics

Metric (%)
My (GeV) MVAs AUC Signal efficiency at fixed background efficiency
€sig (€okg = 1%)  €4ig (€bkg = 10%)  €4ig (pkg = 30%)
[600,700] | BDT-SMH | 0.923 0.299 0.757 0.945
[800,1000] | BDT-SMH | 0.969 0.470 0.926 0.994
[1100,1200] | BDT-SMH | 0.989 0.715 0.990 1.000

Table 4.5: Leptonic Channel: Signal efficiencies at various background efficiencies for
BDT-SMH

4.3.2 Hadronic channel

Hadronic category considers signal events T — tH (H — ~y) with the top quark decaying
hadronically, t — bW(jj). It is defined to be orthogonal to the leptonic channel through a
lepton veto, which means that events are required to have no lepton. The main backgrounds
in this channel are QCD, ~ + jets, and vy + jets. In addition, the SM Higgs boson produc-
tion modes, ttH, tH, ggH, VBF, and VH, have non-negligible contributions because they
could have a similar final-state topology as the VLQ signal. Therefore, suppression of non-
resonant background and differentiation of the VLQ signal from the SM Higgs processes

are major tasks in this channel.
Pre-selection for the hadronic category

Object selection in this channel is same as for the leptonic channel mentioned in Tab B.4.

However, the event selection consists of the following criteria:
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Background rejection vs Signal selection
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Figure 4.11: Leptonic Channel: Background efficiency vs. signal efficiency (ROC curves)
for each of the BDTs used in signal region definition
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Figure 4.13: Leptonic Channel: The efficiency of T’, Higgs and non-Higgs events w.r.t
different MVA score of three sets of training is calculated based on the number of events
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sponds to the training of [ 1100, 1200] mass points. It can be observed that the non-resonant
background has a higher rejection rate than the SM-Higgs background because a wide range
of variables help discriminate between VLQ signal and non-resonant backgrounds as well.

* Number of jets >= 3

* Number of leptons = 0
Background description and data-driven method

In this analysis, the non-resonant SM background is estimated through the data events in
the range m., € [100, 180] GeV. Given that the non-resonant background is obtained from
data in the final fit, a thorough understanding of the background processes and their com-
position is not important. Nevertheless, Monte Carlo (MC) samples provide the following

advantages:

1. knowledge of the dominant background processes and their kinematics
2. training and optimizing classification algorithms

3. optimizing signal region boundaries

Therefore, in order to accurately model the backgrounds, a combination of simulation and

data-driven techniques is employed. While some backgrounds are simulated, others such
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as 7y + jets and multi-jets, which are poorly described by the simulation, are estimated us-
ing data-driven methods. It is important to note that these v + jets, vy + jets and multi-jets
account for approximately 95% of the total background. Specifically, the v + jets and multi-
jets backgrounds are estimated by inverting the selection on the photon ID MVA, allowing
for the inclusion of events with misidentified photons contributing from  + jets events.
Since the simulation of the ~+y + jets process is reliable only at the leading order, additional
normalization factors are determined through a simultaneous template fit to the photon ID
MVAs [76]. These normalization factors are then applied to both the data-driven samples
(y+ets and multi-jets) and the simulated v+ + jets samples. Table §.6 and Tab. §.7 shows
the list of all the main standard model backgrounds and their respective yields in the side-
band region, m,, € [100, 115] U [135, 180] GeV, before and after applying the data-driven
description of v + jets and multi-jet QCD processes, respectively. Also, the yields in the

signal region, m., € [115, 135], after applying the data-driven description are shown in

Tab. 4.8

Process Yield | Frac. of total bkg. (%)

vy + jets 34077 4+ 412 48.35

QCD || 21768 £ 13943 30.89

v+ jets 10579 £ 489 15.01

tt + vy 503 £ 27 0.71

tt + v + jets 1388 + 59 1.97

tt + jets 1006 4+ 71 1.43

V+ 1152 4+ 28 1.64

All non-resonant bkg. || 70476 + 13958 99.99
Data || 115728 &+ 340 164.20

Table 4.6: Hadronic Channel: Yields and fraction of total background by process using
MC only as background. Events in data and non-resonant background are evaluated in the
sideband region, m.., € [100, 115] U [135, 180] GeV. A large disagreement is observed
between data and MC.
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Process Yield | Frac. of total bkg. (%)

vy +Jets || 34077 £ 412 29.42

() + Jets (Data Sideband) 77697 4+ 326 67.08
tt+ vy 503 4 27 0.43

tt + ~y + Jets 1388 + 59 1.20

tt + Jets 1006 £ 71 0.87

V+a 1152 £+ 28 1.00

All non-resonant bkg. || 115825 £ 535 100.00
Data || 115728 + 340 N/A

Table 4.7: Hadronic Channel: Yields and fraction of total background by process after
application of the data-driven description of v + jets and multi-jet QCD processes, which
are denoted as () + jets. Events in data and non-resonant background are evaluated in the
sideband region, m., € [100, 115] U [135, 180] GeV. The uncertainties reflect only the
statistical uncertainty.

Reconstruction of the top and T’ quarks

After the preselection in the hadronic channel, the QCD+X backgrounds (QCD, v + jets,
and 7y + jets) are the dominant processes. The VLQ signal will differ kinematically from
these backgrounds due to the presence of a top quark. To leverage this difference, the top
quark is reconstructed using a minimum y method, enabling the selection of the appropriate
combination of jets. The method aims at picking up the jets that are more likely coming
from top hadronic decay, t — bW(jj), with the on-shell mass constraints of W boson and
top quark, as well as the covariance between each mass term being taken into account.
The three jets coming from top decays are determined by minimum y? sorting using a >

formula defined by:

T -1
= mj; — My Vit Vig mj; — mw
Mpj; — Myop Vor Vo Myj; — Miop

where V is a 2 X 2 covariance matrix obtained from the simulated signal samples with

MC-truth-matched particles. Each covariant term is estimated by the formula:
XN
Vag = cov(ma, mg) = + > (miy = B(ma)) (m — E(my))
i=1
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Process Yield | Frac. of total bkg. (%)

vy + Jets 14990 £ 270 29.43

(7) + Jets (Data Sideband) 33944 + 216 66.64
tt + vy 164 4 18 0.32

tt + v + Jets 600 + 37 1.18

tt + Jets 425 + 45 0.84

V+y 477 + 18 0.94

All non-resonant bkg. 50603 £ 352 99.35
ttH || 48.72+0.31 0.10

geH || 214.82 +1.98 0.42

VBF || 25.154+0.33 0.05

VH | 37.49+0.33 0.07

tHq 6.21 £0.01 0.01

All SM Higgs bkg. || 332.38 & 2.06 0.65
T’ (600) 18.04 £ 0.03 N/A

T (625) 15.51 £ 0.03 N/A

T’ (650) 12.95 £ 0.02 N/A

T (675) 11.40 £ 0.02 N/A

T’ (700) 9.79 £0.02 N/A

T’ (800) 5.38 £0.01 N/A

T’ (900) 3.07 £ 0.00 N/A

T’ (1000) 1.84 +0.00 N/A

T (1100) 1.12 4+ 0.00 N/A

T’ (1200) 0.71 £ 0.00 N/A

Table 4.8: Hadronic Channel: Yields and fraction of total background by process with data-
driven description of -y + jets and multi-jet QCD processes, which are denoted as () + jets.
The yields of VLQ signal, SM Higgs and non-resonant background processes are integrated
in the signal window, m.,, € [115, 135] GeV. The uncertainties reflect only the statistical
uncertainty. Data events are blinded in the signal window.

where the notations of above formula are described as following:

« «,0€{l,2}

* Nis the number of signal events passing hadronic preselection with MC-truth-matching

criteria applied.

» m; denotes m;; with jets being MC-truth-matched particles
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* my denotes myj; with jets being MC-truth-matched particles
* E(m;) denotes the mean value of m;;
* E(my) denotes the mean value of my;

With the x? formula defined above, for each selected event, all the possible jet triplet
combinations, one b-jet and two jets out of the rest reconstructed jets, are considered. The
combination with the minimum x? value is selected. After selecting the b-jet and w-jets
that result in the minimum y? value, a top quark can be reconstructed by summing up the
four-momenta of the jets subsequently. Furthermore, with the derived kinematics of the
top quark, we are able to reconstruct the vector-like quark (77 — tH (7)) by summing
the four momenta of the top quark and the diphoton candidate. A set of kinematic vari-
ables can be derived from the reconstruction, including normalized transverse momentum
(pr(T")/ Myjj~~), pseudo-rapidity (1), and helicity angle of the vector-like quark.

The used covariant matrix and the resulting minimum x? values are shown in fig-
ure ft.14. The data and MC comparison for the reconstructed top and T’ masses are shown
in figure #.13. The distribution of each reconstructed T’ mass and corresponding width
are presented in figure and Table 4.9. All comparison plots shows an overall statistical
agreement between data and simulation with a x? p-value of 5%. The fluctuations observed
in some of the distributions are associated with a limited simulated sample size. The mean

and width of every reconstructed T' mass points are summarized in Tab. §.9.
Background rejection

After preselection and reconstruction of the top and T” quarks, a MVA is used to distinguish
VLQ signal from background events. Discussions about input features, signal regions de-
fined by BDT output scores, and performance are presented in the following sections se-

quentially.
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Figure 4.14: The covariance matrix used in the y? formula and the minimum ? distribution
for events from data and simulation entering the hadronic channel preselections. Events in
data and non-resonant background samples are blinded in the region m.,, € [115, 135] GeV.
~vy+jets and () + jets are applied with additional scale factors from the data-driven study;
while the other MC samples are normalized to an integrated luminosity of 138 fb~!.
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Figure 4.15: Comparison of data and simulation for the reconstructed mass of top quark
and T’ quark in the VLQ Hadronic channel. Events in data and non-resonant background
samples are blinded in the region m.,, € [115, 135] GeV. y+jets and (7y) + jets are applied
with additional scale factors from the data-driven study; while the other MC samples are
normalized to an integrated luminosity of 138 fb~.
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Figure 4.16: Reconstructed T’ mass in the VLQ hadronic channel. The scale of yields
reflects magnitude of cross section with respect to T’ mass. The granularity of the distribu-
tions shows that the signal samples well cover the T’ mass range of [600, 1200] GeV.
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My (GeV) Reconstruc'ted
Mean (GeV) Width (GeV)
600 594.5+0.2 425403
625 6194 +0.2 43.1+0.3
650 644.4 + 0.2 43.0+£0.3
675 670.1 £0.2 433+03
700 694.6 £ 0.2 440+0.3
800 7943 £0.2 48.1 +£0.3
900 894.8 +£0.2 50.0 £ 0.3
1000 9954 £0.2 5334+04
1100 10949+ 02 61.5+0.3
1200 11963 +03 65.0+04

Table 4.9: Mean and resolution of T" mass. “Reconstructed” represents T’ mass recon-
structed from the y? method; The mean and width are parameters from a Gaussian fit to
M distributions.

Input features A set of physics variables summarizing the kinematics of each event is
used as input to the BDTs trained on the hadronic channel (shown in Fig. #.17). These
variables are expected to show some difference between VLQ signal and backgrounds. In
addition, to prevent the BDTs from being sensitive to the diphoton invariant mass (77,)
and reconstructed T’ mass (1), the transverse momenta of the leading two photons and
reconstructed T’ quark are normalized by the corresponding mass terms. In the hadronic
channel, multiple binary classification BDTs are trained to differentiate the VLQ signal
from some subsets of the background processes. Then, the output scores of the BDTs are
used to define a single signal region for the statistical analysis. In practice, this will be
done by optimizing a threshold on BDT scores. The details of the training and the weight
treatment of the training samples are explained in Sec. 3.8 To ensure an even training distri-
bution across various T’ mass, the scaling of the cross sections follow the same prescription
mentioned for the leptonic channel.

Like the leptonic channel, three sets of T mass ranges are defined: [600, 700] GeV, [800,
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Objects Variables # Variables
8 leading photon pT/myy pixel seed veto eta 3
.
g subleading photon pT/myy pixel seed veto eta 3
w —
; photon relevant max IDMVA min IDMVA dR(photon, photon) 3
§ |
'5 pT/myy cos ¢ | cos (helicity angle) | 3
T di-photon
o Rapidity 1
n_jets n_bjets 2
jet relevant
max b-tag score min b-tag score HT 3
leading jet 1 pT / Mbijj eta b-tag score 3
leading jet 2 pT / Mbjj eta b-tag score 3
A leading jet 3 pT / Mbijj eta b-tag score &
w
E leading jet 4 pT / Mbjj eta b-tag score 3
E b-jet pT / Mbijj eta b-tag score 3
»
E w-jet 1 pT / Mjj eta b-tag score 3
w-jet 2 pT / Mjj eta b-tag score 3
pT / Mijj eta Mijj 3
W boson
dR(W boson, b-jet) dR(w-jet1, w-jet2) Minimum x2 value 3
top quark pT / Mbjj eta Mbjj 3
» pT / Mbijjyy eta (pT(bjj) + pTlyy)) / HT 3
o T’ quark
"}:{_:" | cos (helicity angle) | 1
© MET MET 1
53

Figure 4.17: The input features used for training BDTs in the hadronic channel. Here,
helicity angle is the orientation of a spin of T relative to its momentum direction and HT is
the sum of the pp of all the jets in the event
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1000] GeV, and [1100, 1200] GeV. Given that the non-resonant background is the largest
background component after preselection and that SM Higgs processes have non-negligible
contributions in the m., signal window [115, 135] GeV, we train two BDTs to suppress the
two different types of background in each T’ mass category. Therefore, there are 6 BDTs
in total in the study of the hadronic channel. The two types of BDTs are summarized as the

following:

» Non-resonant background BDT: BDT-NRB

— Signal: single vector-like quark production

— Background: () + jets, 7y + jets, tt+X, and V' +
« SM Higgs BDT: BDT-SMH

— Signal: single vector-like quark production

— Background: ttH, tH, ggH, VBF, and VH

The BDT responses, BDT-NRB and BDT-SMH, are presented in Figs. and §.19. They
show a good agreement between data and simulation. The optimization of the signal region
is performed based on the BDT-NRB and BDT-SMH variables. Further details regarding

the optimization of the signal region can be found in Sec. §.4.

4.4 Signal region optimization

The selection criteria on the BDT discriminants for the three different M ranges have been
optimized to maximize signal sensitivity with respect to the background. The optimization
is carried out independently for the leptonic and hadronic categories, with each category

being optimized by minimizing a x2-like estimator.

= _5 + Pen (4.8)

VB
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Figure 4.18: Hadronic Channel: BDT-NRB distributions for events from data and simu-
lation entering the hadronic channel preselection. The BDTs are trained with T’ samples
in the mass category of [600, 700] (left), [800, 1000] (middle), and [1100, 1200] (right).
Events in the data and non-resonant background samples are blinded in the region m., €
[115, 135] GeV. Additional scale factors from the data-driven study are applied to the v~
+ jets and v + jets samples, while the other MC samples are normalized to an integrated
luminosity of 138 fb1.
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Figure 4.19: Hadronic Channel: BDT-SMH distributions for events from data and simu-
lation entering the hadronic channel preselection. The BDTs are trained with T’ samples
in the mass category of [600, 700] (left), [800, 1000] (middle), and [1100, 1200] (right).
Events in the data and non-resonant background samples are blinded in the region m., €
[115, 135] GeV. Additional scale factors from the data-driven study are applied to the v
+ jets and v + jets samples, while the other MC samples are normalized to an integrated
luminosity of 138 fb~L.
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The signal, denoted as S, is obtained by integrating the signal MC sample over the range
of 100 < m,, < 180 GeV, and is weighted according to the cross section and luminosity.
The background, denoted as B, is considered either in the side-band region (100 < m,, <
115 GeV or 135 < m,, < 180 GeV) when data are used, or in the full range of 100 <
m, < 180 GeV when MC background is considered. To ensure the statistical reliability
of modeling the NRB from data, having a minimum number of events (B,,;,) in the signal
sideband regions of m,., is necessary. In our study, we maintained a minimum of eight
events in these regions to minimize the risk of fit failure. Therefore, a penalty term, denoted
as “Pen”, is introduced. The Pen term is proportional to the ratio S/+/B, multiplied by a

stability factor (0.1) chosen for minimization stability.

Pen = 0.1 x min(0, B — Buin) X (B — Buin) (4.9)

N
VB
It is essential to determine the optimal combination of cuts in two or three dimensions.
The optimization process takes into account a minimal cut on BDT scores and a loose M
window for both categories. To simplify the structure, the optimization is performed in
specific M range BDTs, namely BDT I, II, and III. The optimized selection criteria for
the analyses are presented in Tab. , while the signal efficiency in each category can
be found in Fig. }.20. The expected yields of the VLQ, nonresonant background, and SM
Higgs boson background processes within the signal region (SR), m., € [115,135], are
provided in Tab. along with the corresponding signal windows. The yields for different
background contributions in individual channels and each T’ masses with m., € [115, 135]
are presented in Tab. and Tab. }.13.
An event with a signature consistent with a vector-like quark (T") produced and decaying
to a top quark and a Higgs boson as displayed in Fig. #.21. The top quark decays to a b
quark and a W boson, producing three jets, one from the b and the other two from the decay

of the W boson. The Higgs boson decays to two photons.
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BDT I II I
[1000,
Myt (GeV) [600, 700] [700, 1000] 1200]
Hadronic analysis
BDT-NRB score > 0.94 >0.96 >0.95
BDT-SMH score >0.80 >0.80 >0.80

myy window [480, 800] [550, 1150] [650, 1600]
Leptonic analysis

BDT score >0.60 >0.40 >0.40

my window [480, 800] [550, 1150] [650, 1600]

Table 4.10: Signal selection criteria for the three BDTs and m 1 windows.

Leptonic yield Hadronic yield
BDT My (GeV) T Nonres. SM H Obs. T Nonres. SM H Obs.
bkgd. bkgd. bkgd. bkgd.
600 1.7 3.2
625 1.7 3.5
I 650 1.6 11.0£90 13+£01 1 36 1609 1.8+0.1 4
675 1.6 3.7
700 1.5 3.6
800 1.6 29
I 900 1.2 190+£144 23+0.1 16 30 73£40 20x01 6
1000 0.8 2.5
111 1100 07 144+£13.7 14+0.1 10 23 90+53 24£02 7
1200 0.5 1.8

Table 4.11: The expected yields of different processes in each signal window for events
with a T with mass in the range My € [600, 1200] GeV, and the observed number of events
in the signal region m,, € [115, 135]. Here, the yields for the T" are for xr fixed at 0.2.
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Figure 4.20: Signal efficiency in the optimized signal regions for the leptonic channel (left)
and hadronic channel (right). The efficiency is defined as yields in the optimized region
divided by expected yields, £ x o x B(H — v7).

4.5 Signal & background models
4.5.1 Signal and Resonant background models

Models of signal and the SM Higgs background processes are created by fitting the 1.,
distribution from MC samples with a sum of at most five Gaussian functions. To capture
any year-dependent dependencies of the m., resolution, a separate fit of each process is
performed for each of the three years during Run-II period. The resulting three models for
each process are summed together (with proper scale factors accounting for luminosity) to
create the final model of the process. As a validation of the procedure, an extensive search
for the Higgs boson is done in a control region. The complete study is explained in Sec. }.8.
Signal processes are modelled separately for the leptonic and hadronic event categories.
The analysis is performed for the 10 different T mass hypotheses. Therefore each mass
hypothesis has a separate signal model. The diphoton invariant mass (1m.,,) distributions
from 100-180 GeV are fitted using a sum of at most five Gaussian functions. The y? per

degrees of freedom is evaluated in each signal model to find the best order of the Gaussian
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CMS Experiment at the LHC, CERN
Data recorded: 2018-Aug-31 13:28:32.983615 GMT
Run / Event / LS: 321990 / 58642530 / 31

=

Figure 4.21: An event with a signature consistent with a vector-like quark (T’) produced
and decaying to a top quark and a Higgs boson. The top quark decays to a b quark and
a W boson, producing three jets, one from the b and the other two from the decay of the
W boson. The Higgs boson decays to two photons. The three jets are represented by the
cones where the orange cone represents the b jet and the yellow cones the jets from the W
boson decay. The photons are represented by the dashed lines; their energy deposit in the
electromagnetic calorimeter is shown by the green boxes.
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fit to simulated signal events.

Systematic uncertainties which modify the m.,, distribution, associated with the smear-
ing and scale of the individual photon energies, are incorporated into the signal model as
nuisance parameters. The signal models for each T' mass point in [600, 1200] GeV in both
leptonic and hadronic channels are displayed in Fig. #.22-%#.23. The model of the ttH and

tHq production processes are displayed in Fig and .29, respectively

4.5.2 Non-resonant background model

The non-resonant background processes are modelled using the m.,, spectrum from data,
m+, € [100,180] GeV. Since the exact shape of the m., distribution is not known and
choosing any particular function would lead to a potential bias, a set of functions is em-
ployed to fit the m., sideband region. The functions used to fit the distribution are men-
tioned in Sec. B.9.3. The choice of the background function is then treated as a discrete
nuisance parameter in the final fit with the associated systematic uncertainty estimated by
the discrete profiling method [61].

In most situations, higher-order functions would give a better fit. To prevent over-fitting,
an F-test [110] is performed for each family of functions when modelling non-resonant

background processes. Figures u.26, .27, and .28 present the resulting fitting curves for

both leptonic and hadronic channels in different training ranges of M = [600-700], [800—
1000] and [1100-1200], respectively.

Figure presents the overlaid signal (1 = 1) and background model for the
leptonic and hadronic channel of different mass points. The red line in the plot is the best-
fitted background model and the blue line is the best-fitted signal model. The peak in the
background component shows the considered irreducible SM Higgs boson (ggH, VBF, VH,

ttH and tH) contribution.
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Figure 4.23: Signal model for the event passing the hadronic category selection for the ten
My mass points from 600 to 1200 GeV. The legend “THQHadronicTag” in the figure refers
to the hadronic channel.
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Figure 4.24: Model for the ttH SM Higgs background which passing the leptonic (left) and
the hadronic (right) signal regions defined by BDT(s) trained in T’ mass range of [600-
700] GeV.
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Figure 4.25: Model for the tHq SM Higgs background which passing the leptonic (left)
and the hadronic (right) signal regions defined by BDT(s) trained in T’ mass range of [600-
700] GeV.
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Figure 4.27: Model for non-resonant background which passes the leptonic (left) and
the hadronic (right) signal regions defined by BDT(s) trained in T’ mass range of [800-
1000] GeV. The solid colored lines represent the distinct functions fitted to the dataset. The
differences between the observed data and the background component (best-fit probability
density function) after subtraction are shown in lower panel.
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Figure 4.28: Model for non-resonant background which passes the leptonic (left) and
the hadronic (right) signal regions defined by BDT(s) trained in T’ mass range of [1100-
1200] GeV. The solid colored lines represent the distinct functions fitted to the dataset. The
differences between the observed data and the background component (best-fit probability
density function) after subtraction are shown in lower panel.

4.6 Bias studies

The likelihood function is created using the combined Poissonian probability and the signal
plus background probability distribution function as a function of our parameter of interest
(signal strength, 1) as defined in Eqn. B.10. The bias test attempts to evaluate any potential
bias in the model for a certain value of ;. Here, the test is performed for leptonic and
hadronic modes combined; however, this test can also be done separately for each channel.

In bias studies, a toy dataset is generated (“thrown’) using a selected background func-
tion, and then fitted using a different background function. These toy datasets are generated
with a predetermined signal strength value (e.g., u=1), referred to as zuum. The fitted value
of the signal strength is denoted as i, with some associated uncertainty og;. To assess the

agreement between the fitted and true signal strength, a pull value (P) is computed for each
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toy dataset using the following formula:

(,U/truth_,uﬁt)
Ofit

P=
The following steps outline the process:

 The study is conducted using various injected values of the signal strength, denoted

as i, ranging from 1 to 10.
* For each p value, 1000 pseudoexperiments (toys) are generated.

* The generated pseudoexperiments are then fitted using the signal plus background

hypothesis.
* The bias is calculated using the above formula, P.

Pull distributions of . are fitted with the Gaussian function to extract the mean. The pull
distributions, (g — fiuum), are analyzed by fitting them with a Gaussian function to deter-
mine the mean. Figure illustrates the pull distributions (pi; — f4wun) for different cases
where (i takes values of 1, 5, and 10. The similar plots of the pull distributions for all
other py, points are created, but only a subset of three points is shown in the figure here.
The bias is evaluated for each T’ mass point model. The outcomes of the bias test, covering
mass points ranging from 600 to 1200 GeV, are presented in Fig. and {.31]. It is worth

noting that no biases exceeding 20% of oy (the fitted uncertainty) are observed in the study.

4.7 Systematic uncertainties

The systematic uncertainty associated with the data-driven background estimation are ac-
counted for by fitting the sideband data with different functions treating the choice of func-

tion as a discrete nuisance parameter [61]]. The uncertainties which influence the shape of
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Figure 4.29: The pull distributions for different values of 4. The left column corresponds
to Lt = 1, the middle column represents figum = S, and the right column shows pigm = 10.
The upper row of plots displays the pulls for the Mt = 600 GeV model, while the lower
two plots exhibit the pulls for the M = 1200 GeV model.
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Figure 4.30: Bias test for M1 = 600, 625, 650 GeV (top row) and M1 = 700, 800, 900 GeV
(bottom row) models with ji,q € [1, 10]. No bias larger than 14% of o, is observed.
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1
ted Signal()

Figure 4.31: Bias test for M1 = 900, 1000 GeV (top row) and Mt = 1100, 1200 GeV
(bottom row) models with ji, € [1, 10]. No bias larger than 20% of o is observed.

the m., distribution are considered as nuisance parameters in the signal model and can af-
fect the mean and width of the Gaussian distributions. The few uncertainties which won’t
affect the shape of m., are treated as the log-normal variation in the event yield.

The details of the sources of the theoretical and experimental uncertainties are explained

in Sec. #.7. All uncertainties are correlated among the leptonic and hadronic categories.

4.7.1 Impacts

The effect of systematic uncertainties on the signal and background expectations is mod-
eled through nuisance parameters (NPs), collectively denoted as #. These parameters are
restricted by Gaussian or log-normal probability density functions. Log-normal distribu-
tions are employed specifically for normalization uncertainties to avoid negative normal-
ization factors during the fitting process. The expected numbers of signal and background
events in each bin are functions of . The parameterization of each NP is carefully selected
to ensure that the projected signal and background yields in each bin follow a log-normal
distribution when the ¢ is normally distributed. The prior knowledge of the nuisance pa-

rameters is incorporated as a penalty term in the likelihood function (in Eqn. B.10) which
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Figure 4.32: Overlaid signal and background model for the leptonic channel of mass points:
600 GeV (top left), 625 GeV (top right), 650 GeV (middle left), 675 GeV (middle right),
700 GeV (bottom left) and 800 GeV (bottom right). The red line in the plot is the best fitted

background model and the blue line is the best fitted signal model.
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Figure 4.33: Overlaid signal and background model for the leptonic channel of mass points:
900 GeV (top left), 1000 GeV (top right), 1100 GeV (bottom left) and 1200 GeV (bottom
right). The red line in the plot is the best fitted background model and the blue line is the
best fitted signal model.
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Figure 4.34: Overlaid signal and background model for the hadronic channel of mass points:
600 GeV (top left), 625 GeV (top right), 650 GeV (middle left), 675 GeV (middle right),
700 GeV (bottom left) and 800 GeV (bottom right). The red line in the plot is the best fitted
background model and the blue line is the best fitted signal model.
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Figure 4.35: Overlaid signal and background model for the hadronic channel of mass points:
900 GeV (top left), 1000 GeV (top right), 1100 GeV (bottom left) and 1200 GeV (bottom
right). The red line in the plot is the best fitted background model and the blue line is the

best fitted signal model.
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reduces the likelihood when 6 deviates from its nominal value [[111]].

Gaining insight into the systematic uncertainties that exert the most significant impact
on the parameter of interest (POI) warrants careful consideration. To achieve this, a ranking
of the NPs is established. Each systematic uncertainty undergoes an iterative fit process,
wherein the fit is performed while keeping the corresponding NP fixed at its fitted value,
0. The NP is then systematically shifted 1o up and down by its fitted uncertainty, while
allowing all other parameters to vary. This approach properly accounts for the correlations
among different systematic uncertainties. By observing the induced shift (Ap) in the fit,
the relative impact of each systematic uncertainty can be assessed and ranked accordingly.
This metric serves as an indication of the correlation between the NP and the POI, and
proves valuable in identifying NPs that contribute significantly to the uncertainty of the POI.
To increase the computational efficiency and facilitate more comprehensive fit analyses,
certain NPs that have a minimal impact on the expected uncertainty of the fitted parameter
() are disregarded or excluded.

Figure #.3¢-#.37 show the impact of the systematic uncertainties on the observed mea-
surement of the signal strength for the VLQ signal with My of 800 GeV and 1100 GeV,
respectively. In the left panel of the figure, the quantity (6—6)/A6 is presented, where
0 represents the post-fit value of the nuisance parameter, ¢, represents the pre-fit (initial
estimation from global fit) value, and Af denotes the pre-fit uncertainty. The error bars
displayed in an asymmetric manner illustrate the post-fit uncertainty divided by the pre-
fit uncertainty. This indicates that parameters exhibiting error bars narrower than 41 are

constrained by the fit.
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Figure 4.36: Impact of systematic uncertainties on the observed measurement of the signal
strength for the VLQ with M1 = 800 GeV. Here, “r” in the figure corresponds to the signal
strength, 11, mentioned in this thesis.
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Figure 4.37: Impact of systematic uncertainties on the observed measurement of the signal
strength for the VLQ with M1 = 1100 GeV. Here, “r” in the figure corresponds to the signal
strength, 1, mentioned in this thesi
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4.8 Goodness-of-fit test in control region

The goodness-of-fit (GoF) method provides a means to assess the degree of compatibility
between the observed data and the probability density function (PDF) of the model. The
purpose of this study is to validate the reliability of the fit in a control region prior to fitting
the signal region. To conduct this test, control regions are defined, taking into account the

following considerations:
* The signal, vector-like quark, is negligible in comparison to the background.

» A small number of SM Higgs events (approximately 10) are retained to ensure accu-

rate modeling of the signal.

* A limited number of data events in the m.,, sideband are preserved for effective mod-

eling of the background.

To separate the control regions from the primary analysis region, a mass cut is applied:
M < 480 GeV. Next, we look for possible regions within the phase space defined by the
BDT discriminants, which are trained for the mass category of [600, 700] GeV. By adjusting

the cuts on the BDT discriminants, two viable control regions are identified:
* Hadronic channel: My < 480GeV & BDT-SMH < 0.80 & BDT-NRB € [0.58,0.78]
* Leptonic channel: M7 < 480GeV & BDT-SMH € [0.20, 0.60]

A schematic representation of the control regions is presented in Fig. .38, providing a
visual overview. Furthermore, Tab. provides a summary of the event yields for the
different samples within the control regions. The table highlights the notable occurrence of
a few number of SM Higgs events, predominantly contributed by ttH events. Within these

control regions, the presence of the T’ signal remains minimal.
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Figure 4.38: A schematic view of the BDT phase space for both the hadronic channel (left)
and the leptonic channel (right) is shown. The schematic displays the 2-dimensional BDT
phase space, with BDT-NRB and BDT-SMH axes in the hadronic channel, as well as the
I-dimensional BDT phase space with BDT-SMH axis in the leptonic channel. The control
regions, marked in green, and the signal regions, marked in red, are clearly indicated within
the respective BDT phase spaces.

Sample Hadronic channel Leptonic channel

Data in m.,, Sideband 458 557

SMH 11.36 7.71
VLQ My =600 GeV 0.35 0.22
VLQ My =625 GeV 0.23 0.14
VLQ M1 =650 GeV 0.15 0.10
VLQ My =675 GeV 0.11 0.07
VLQ My =700 GeV 0.09 0.05

Table 4.12: Table displaying the event yields within the control regions, emphasizing the
presence of a higher number of SM Higgs events. In these control regions, the T signal
remains minimal, while a small number of SM Higgs events are available for modeling the
Higgs peak in the m., spectrum. Furthermore, the data events within the m., sideband are
used for modeling the distributions of non-resonant background components.
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In the defined control regions, the signal and background are modeled from the 1.,
spectrum. Models of signal are created by fitting the m.,, distribution for ggH, VBF, VH, ttH
and tHq MC samples with a sum of at most five Gaussian functions. Fig. and Fig.
display the signal models for the hadronic channel and leptonic channel, respectively.

The non-resonant background is modeled using the data m., spectrum, m.,, € [100, 180] GeV
and used similar procedure mentioned in Sec. 3.9.2. Figure shows the background
models for the both channels while Fig. presents the post-fit signal-plus-background
model in the m.,,, region of [100, 180] GeV.
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Figure 4.39: Model of SM Higgs boson production entering hadronic control region defined
by the BDTs trained in [600-700] mass range.

A likelihood fit is performed for a shared signal strength parameter iy, which scales
all Higgs production modes collectively. The expected and observed signal strengths ob-
tained from the fit are 1.00070 222 and 1.84810-57. respectively, as shown in Fig. #.43. The
observed result is compatible with the latest ttH analysis [[76], where the observed best fit

signal strength for the ttH signal is i = 1.3470 5.
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Figure 4.40: Model of SM Higgs boson production entering the leptonic control region
defined by the BDT trained in [600-700] mass range.
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Figure 4.41: Model for non-resonant background which enter the hadronic (left) and lep-
tonic (right) control regions with [600—700] mass range training.
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Figure 4.42: The probability density function for the signal plus background is superim-
posed on the distribution of the data m., in the range of 100 to 180 GeV. The distributions
are shown separately for the hadronic channel (left), leptonic channel (middle), and the
combined channels (right).
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The GoF is evaluated for the combined hadronic and leptonic channels. To calculate
the GoF, 500 toy datasets are generated with signal-plus-background hypothesis. The test
statistic, as defined in Eqn. B.11], is computed by fitting the signal-plus-background hy-
pothesis to each toy dataset and comparing the resulting test statistic distribution with the
test statistic obtained from fitting the signal-plus-background to the observed data. Fig-
ure shows the distribution of the test statistic, and the green vertical line shows the
test statistic of the observed data fit, indicating a p-value of 82% for the goodness of fit.
The results demonstrate that the observed best-fit test statistics align well with the expected

values. Collectively, these findings offer validation for the soundness of the signal-plus-
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Figure 4.44: Goodness of fit of S+B model on 500 pseudo-experiments for the combination
of the hadronic channel and leptonic channel in the control regions.

background hypothesis employed in the experiment, indicating that the observed data aligns

consistently with this hypothesis within the control region.

4.9 Results

In our search for a signal process that lies beyond the boundaries of the standard model,

it is customary to establish an upper limit on the cross section multiplied by the branch-
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ing fraction of the process. This is conducted under the presumption that our dataset does
not reveal a substantial breakthrough in new physics. The results of such an investigation
involve quantifying the level of agreement between the observed data and a specific hy-
pothesis, denoted as H, by calculating a p-value. This p-value represents the probability,
assuming hypothesis H, of encountering data that exhibit equal or greater incompatibility
with the predictions of H. The degree of incompatibility can be assessed based on various
factors, such as the number of events detected within specific regions of certain distribu-
tions or through the likelihood ratio between the signal and background. If the p-value falls
below a predetermined threshold, the hypothesis can be considered excluded.

In this search, the expected limits are determined through a maximum likelihood fit of
the m.,, distributions in the range of 100-180 GeV for both the leptonic and hadronic chan-

nels. This fitting process is conducted individually for each T’ mass point within the range

of 600 to 1200 GeV. Figure §#.49, #.5( and §.51| display the data distributions alongside the

corresponding best fitted signal-plus-background model to the m.., distribution for the lep-
tonic, hadronic, and combined (leptonic plus hadronic) channels, respectively, focusing on
M7 values of 600, 900, and 1200 GeV. Notably, no statistically significant deviations be-
yond the expected SM backgrounds are observed across any of the channels or mass ranges.
For various My values, upper limits on the signal strength modifiers fiops = (0)obs/(0)in
and flexp = (0)exp/(0)m, are obtained by performing a maximum likelihood fit of the m.,
distributions. Throughout the fitting process, the My parameter of the model is held con-
stant at 125 GeV. The estimation of expected and observed upper limits is carried out at
the 95% confidence level (CL) based on the CLs criterion [[112, 113] using the asymptotic
approximation [[114, 115] for the test statistic. Finally, the upper limits on fiops and fiexp,
as shown in Fig. , are converted into upper limits on orpq X Brg. These limits are
presented in Fig. for the individual leptonic and hadronic channels and in Fig.

for both the channels combined, along with the theoretical cross sections for singlet T’ pro-
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duction. The theoretical cross sections are shown for representative x1 values of 0.1, 0.15,
0.2, and 0.25, under the condition I'/My < 5%. To ensure the validity of the results, they
are validated through pseudoexperiments and further scrutinized with the goodness of fit
test. The test statistic of the data fit aligns with the median of the test statistic distribution
obtained from toy fits as shown in Fig. f.52. These limits are presented in Fig. 4.46 for the
individual leptonic and hadronic channels and in Fig. 4.47 for combining both channels,

along with the theoretical cross sections for singlet T’ production.

CMS work in progress 138 '3 (13 TeV) CMS work in progress 138 b (13 Tev)

=
3,

[ «--x- Expected(H - yy) ——— Observed(H - yy)

[ [ #1 st. deviation [ #2 5td. deviation

-~ Expected(H - yy) —— Observed(H - yy)

2L
E= [ #1 std. deviation [ #2 5. deviation

.
Q

95% CL limit on
95% CL limit on p

10

10

L 1 s N I I I -
600 700 800 900 1000 1100 1200 600 700 800 900 1000 1100 1200
T mass(GeV) T mass(GeV)

CMS work in progress 138 fb? (13 TeV)

.
58

-~ Expected(H - yY) —— Observed(H - yy)

[ [ =1 std. deviation [ 22 std. deviation

95% CL limit on p

A I i
0 1000 1100 1200
T mass(GeV)

Figure 4.45: The expected (dotted black) and observed (solid black) upper limits at 95% CL
on signal strength in the leptonic channel (top left), hadronic channel (top right) and com-
bined (below) with My € [600, 1200] GeV and my fixed at 125 GeV. The green (yellow)
band represents the 68% (95%) of the limit values expected under the background-only hy-
pothesis.

The limits and yields for individual channels and each T" masses with m,., € [115, 135]
are presented in Tab. and Tab. §.13. Additionally, Tab. displays the observed and

expected limits on signal strength after combining the leptonic and hadronic channels, with
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CL on 01pq X By are displayed as a function of My in the leptonic channel (left) and the
hadronic channel (right). The green (yellow) band represents the 68% (95%) of the limit
values expected under the background-only hypothesis. The theoretical cross sections for
the singlet T’ production with representative xr-values fixed at 0.1, 0.15, 0.2 and 0.25 (for
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Figure 4.47: The combined expected (dotted black) and observed (solid black) upper lim-
its at 95% CL on op,q X B are displayed as a function of M. The green (yellow)
band represents the 68% (95%) of the limit values expected under the background-only
hypothesis. The theoretical cross sections for the singlet T' production with representative
rr-values fixed at 0.1, 0.15, 0.2 and 0.25 (for I'/My < 5%) are shown as red lines.
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the Higgs mass fixed at 125 GeV. Numbers of data events in m.,, window and sideband are
summarized in Tab. §#.16. Furthermore, Fig. presents the distribution of data events in
the 2D phase space of m.,, and my.

Figure and Fig. display the S+B models for each T" mass in each category
while Fig. shows the goodness of fit of S+B models in combined channels with repre-
sentative T’ masses of 600, 900 and 1200 GeV.

The coupling strength can be translated from cross section through Eq. %.6. Accordingly,

we set limits on x1 as shown in Fig. §.53.

4.10 Summary

In summary, a search for a vector-like quark decaying to a top quark and a Higgs boson
which in turn decays into two photons, T — tH(H — ~7), has been performed using
proton-proton collision data at /s = 13TeV recorded with the CMS detector in 20162018,
and corresponding to an integrated luminosity of 138 fb~'. The search has been carried out
based on the model of T’ electroweak production in the narrow width approximation with
the ratio of T’ width relative to its mass (I'/My) &~ 1%. The sensitivity of this analysis
extends up to I'/My =~ 5%, which roughly corresponds to the experimental resolution of
My . Both the hadronic and leptonic decay modes of the top quark are considered in the
search. A multivariate analysis incorporating three separately optimized boosted decision
trees is exploited to separate likely signal events from background processes, including
the standard model production of Higgs bosons. No statistically significant excess over
the expected background prediction is observed. Assuming a coupling to third generation
quarks of k1 = 0.25 and a relative decay width of I'/Mp < 5%, the singlet T" masses are
excluded up to 960 GeV at 95% confidence level. This electroweak search for the vector-

like quark T is the most sensitive to date for My up to 1.1TeV.
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Figure 4.48: The distributions of data events in the 2D plane defined by the diphoton invari-
ant mass and reconstructed T’ mass. The left column corresponds to the leptonic channel,
while the right column represents the hadronic channel. Each row corresponds to a specific
regions of BDT I, II and III, arranged from top to bottom.
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Figure 4.49: Leptonic channel: The distributions for data (black dots) and 1., signal-plus-
background model fits (red line) for a VLQ signal with Mt of 600 (upper left), 900 (upper
right), and 1200 GeV (lower). The green (yellow) band represents the 68% (95%) CL in
the background component of the fit. The peak in the background component shows the
considered irreducible SM Higgs boson (ggH, VBF, VH, ttH and tH) contribution. Here, /i
is the best fit value of the signal strength parameter 1, which is zero for the three M values
considered. The lower panel shows the residuals after the subtraction of the background
component.
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Figure 4.50: Hadronic channel: The distributions for data (black dots) and m.,., signal-plus-
background model fits (red line) for a VLQ signal with Mt of 600 (upper left), 900 (upper
right), and 1200 GeV (lower). The green (yellow) band represents the 68% (95%) CL in
the background component of the fit. The peak in the background component shows the
considered irreducible SM Higgs boson (ggH, VBF, VH, ttH and tH) contribution. Here, /i
is the best fit value of the signal strength parameter 1, which is zero for the three M values
considered. The lower panel shows the residuals after the subtraction of the background
component.
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Figure 4.51: The combined, leptonic plus hadronic, distributions for data (black dots) and
m.~ signal-plus-background model fits (red line) for a VLQ signal with My of 600 (upper
left), 900 (upper right), and 1200 GeV (lower). The green (yellow) band represents the 68%
(95%) CL in the background component of the fit. The peak in the background component
shows the considered irreducible SM Higgs boson (ggH, VBF, VH, ttH and tH) contribution.
Here, /i is the best fit value of the signal strength parameter p, which is zero for the two
M7 values considered. The lower panel shows the residuals after the subtraction of the
background component.
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Figure 4.52: The goodness of fit for the signal-plus-background (S+B) model in the com-
bined (leptonic plus hadronic) channel for VLQ signal masses of 600 GeV (left), 900 GeV
(middle), and 1200 GeV (right). The test statistic of the data fit aligns with the median of
the test statistic distribution obtained from toy fits. The green vertical line represents the
test statistic of the observed data fit, and the corresponding p-values are indicated in the
figure.
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Figure 4.53: The combined expected (dotted black) and observed (solid black) upper limits
at 95% CL on the T’ coupling with the SM particles, 1, under the narrow width approxima-
tion displayed as a function of M. The green (yellow) band represents the 68% (95%) of

the limit values expected under the background-only hypothesis. The theoretical st values
corresponding to the I'/My--values fixed at 1, 2, 3, 4, and 5% are shown as red dashed lines.
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Mr (GeV) Observed limit Expected limit
600 0.50 0.98
625 0.52 1.01
650 0.58 1.10
675 0.66 1.22
700 0.72 1.39
800 2.09 2.52
900 2.75 3.28
1000 4.41 5.17
1100 6.49 6.97
1200 9.84 10.31

Table 4.13: Result of observed and expected limits on signal strength after combining the
leptonic channel and the hadronic channel with the Higgs boson mass fixed at 125 GeV.

Leptonic

Mr/ Limits Yield Bkg Composition SM Higgs Composition (%)
(GeV) observed expected | VLQ Tot. Bkg | Non-Res. Bkg SM Higgs ttH  ggH tHg VH VBF
600 1.14 2,06 | 221

625 1.26 2.28 2.00

650 1.46 2.63 1.72 12.23 +9.08 1094 £8.99 1.294+0.09 | 61.2 3.8 18.6  14.7 1.6
675 1.65 3.06 1.53

700 1.92 3.45 1.31

800 5.24 6.38 0.97

900 8.99 11.00 | 0.56 21.34+14.51 | 19.04 £1439 230=£0.12 | 76.0 04 12.17 10.0 1.3
1000 15.61 19.12 | 0.33

1100 17.61 25001 0.19 1583+ 13.78 | 1440+ 1368 143+£0.10 | 748 0.69 1258 11.8  0.69
1200 28.48 40.75 0.11

Table 4.14: Leptonic channel: Expected limits and yields by process for each signal region
targeting VLQ events with My € [600, 1200] GeV. Yields are shown for events within the
signal window, 115 < m., < 135 GeV. The yields coming from MC samples are only used
as a cross check; their uncertainties are not involved in limit calculation.
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Hadronic

Mr/ Limits Yield Bkg Composition SM Higgs Composition (%)
(GeV) observed expected | VLQ Tot. Bkg | Non-Res. Bkg SM Higgs tHg VH VBF
600 0.80 1.24 3.88

625 0.79 1.24 3.92

650 0.86 1.32 3.64 3.354+0.95 1.60 +0.94*  1.75+0.10 19.1 52 0.6
675 0.96 1.44 3.40

700 1.04 1.64 2.96

800 2.62 291 1.81

900 3.20 3.56 1.47 9.29 +4.00 7.30 £4.00 1.99 +0.12 149 3.6 1.0
1000 5.04 5.56 0.95

1100 740 728 071 11.34 £ 5.31 898 £531 236+0.15 95 48 35
1200 10.84 10.62 0.49

Table 4.15: Hadronic channel: Expected limits and yields by process for each signal region
targeting VLQ events with M € [600, 1200] GeV. Yields are shown for events within the
signal window, 115 < m,, < 135 GeV. The yields coming from MC samples are only used

as a cross check; their uncertainties are not involved in limit calculation.

Signal region

M. € [100,115] U [135, 180] GeV

M., € [115,135] GeV

Leptonic, Mt =[600, 700] GeV
Leptonic, M =[800, 1000] GeV
Leptonic, M- =[1100, 1200] GeV
Hadronic, Mt = [600, 700] GeV
Hadronic, M =[800, 1000] GeV
Hadronic, Mt =[1100, 1200] GeV

10
15
14
8

17
15

1
16
10

Table 4.16: Number of data events in 1., sideband and window of each optimized signal

region.
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Chapter 5

Summary and Conclusions

Recent results from the ATLAS and CMS experiments have confirmed the Higgs boson
coupling with SM particles, in line with SM predictions. Ongoing research focuses on ex-
ploring different Higgs boson production mechanisms (ggH, VBF, VH, and ttH) and decay
modes at the LHC to improve precision in measurements and search for deviations from
SM predictions.

One significant aspect of the Higgs boson is its strong Yukawa coupling to the top quark,
represented by y,. Accurate measurements of y, are vital for understanding electroweak
symmetry breaking and testing theories beyond the SM. Indirect measurements of y, rely
on processes like ggH and Higgs boson to two photons (H — 7+y), which involves top quark
loop diagrams, while a direct measurement can be obtained from the production of Higgs
boson associated with the top-antitop quark pairs (tt)

Notably, the production of Higgs boson association with a single top quark (tH) is sen-
sitive to the sign of y,. In the SM, the relative sign of the Higgs boson’s couplings to bosons
and fermions is assumed to be positive, leading to destructive interference between the t-
channel diagram, where the Higgs bosons are emitted from the top quark and W boson lines.
As a result, the production cross section is very small, approximately 71 fb. Current mea-
surements using data collected at the LHC have yet to achieve sensitivity to this production
process. In contrast, in scenarios involving new physics, an opposite sign in the Yukawa
coupling compared to the SM would result in a substantial enhancement (= 10 times) in
the tH production cross section, while considering the coupling of Higgs boson to bosons

at its SM value. In addition, during LHC Run 2, the exploration of an additional production
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5 Summary and Conclusions

mode of the Higgs boson associated with a single top quark aims to enhance the sensitivity
for the H — ~+v analysis and investigate any potential connections to theories beyond the
SM.

As illustrated in Chapter [§, this thesis presented a detailed investigation into the tH
production process, focusing on the decay of the Higgs boson into two photons and the
subsequent leptonic decay of the top quark using data collected by the CMS detector during
the 2016-2018 LHC run corresponding to an integrated luminosity of 137 fb~'. The sig-
nal strength modifiers for the Higgs boson production associated with the single top quark
mode is determined through a simultaneous fit with all other production modes of the Higgs
boson and is found to be py = 6.24708%(Syst) ™31 (Stat). It is important to note that the
results are currently limited by statistical uncertainties, and further data is required to reduce
these uncertainties and draw conclusive interpretations. The cross section of this SM Higgs
production mode, convoluted with H — ~+ branching fraction (o X By_,+,), is observed
to be 1.3%0-7 fb. After combining with all other Higgs production mechanisms, the Higgs
boson production signal strength in H — ~ decay mode is observed to be 1.1275:0.

After the discovery of the Higgs boson, the SM is complete as a low-energy effective
theory describing all known fundamental particles and their interactions. However, the
stability of the Higgs boson mass at the electroweak scale lacks explanation. In SM, the
observable Higgs mass is a residue of the bare Higgs mass subtracted by the quantum loop
corrections for other SM particles. Here, the loop corrections relating to the top quarks
are quite important due to its large mass, and overall the quantum corrections including
the self-coupling can be enormously large up to the limit of the Planck scale (10*° GeV).
However, experimentally the Higgs boson mass is measured to be only 125.25 £ 0.17GeV’;
such a precarious cancellation is believed to be quite unnatural and referred as the Higgs
mass Hierarchy problem. In many models and extensions of the standard model, inclusion

of a new type of fourth generation of particles, called vector-like quark, T’ and B’ provides
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5 Summary and Conclusions

a feasible solution.

As presented in Chapter [, a dedicated analysis is performed to search the vector-like
quark T’ production in proton-proton collisions at a center-of-mass energy of 13 TeV using
data corresponding to an integrated luminosity of 137 fb~' collected by the CMS detec-
tor during the 2016-2018 LHC run. The search is focused on a T' quark which decays to
a SM top quark and a Higgs boson (T — tH), with the Higgs boson further decaying to
two photons(H — ~7) and the top quark decaying either hadronically (t — bgq) or lep-
tonically (¢t — blv). This analysis presents the asymptotic upper limit of the T’ production
signal strength (1 = o,p5/05y) over the T' mass range of 600 GeV to 1200 GeV. This
search is the first T search to exploit the decay of the Higgs boson in the diphoton channel.
The excellent diphoton invariant mass resolution of 1-2% results in an increased sensitivity
compared to previous searches, for narrow T’ states with masses up to 1.1 TeV. The elec-
troweak production of a T quark with mass up to 960 GeV is excluded at 95% confidence

level, assuming a coupling strength k1 = 0.25 and a relative decay width I'/Mp < 5%
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