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Abstract

Vector-like quarks are predicted in various scenarios in beyond the Standard Model (SM)
theories. This work presents a search for a single vector-like top quark (T) decaying into
a top quark and a SM Higgs boson (T—tH), in the T mass range from 600 GeV to 1200
GeV. The data used is from proton-proton collisions collected by the CMS experiment
at the LHC in Run 2, corresponding to 138 fb™' of integrated luminosity. The final
state includes two opposite-sign leptons (muons or electrons), jets, and missing transverse
momentum. The analysis uses cut-based selection criteria optimized for SM background
suppression, along with a mass reconstruction algorithm developed under the neutrino
kinematic assumptions. For signal extraction, the main observable is the reconstructed T
mass, and the background models are data-driven. No excess in data above the standard
model prediction is observed, thus upper limits are set on the production cross section of
vector-like top quark times branching ratio. The analysis presents the first results for the
opposite-sign dilepton final state, achieving a sensitivity similar to that of other channels
with the same target.



Zusammenfassung

Vektorartige Quarks werden in verschiedenen Szenarien von Theorien jenseits des Stan-
dardmodells (SM) vorhergesagt. Diese Arbeit prasentiert eine Suche nach einem einzeln
produzierten vektorartigen Top-Quark (T), das in ein Top-Quark und ein Higgs-Boson
des SM zerfillt (T—tH), im T-Massenbereich von 600 GeV bis 1200 GeV. Die verwende-
ten Daten stammen aus Proton-Proton-Kollisionen, die vom CMS-Experiment am LHC
wahrend Run 2 aufgezeichnet wurden, und entsprechen einer integrierten Luminositéit
von 138 fb~!. Der Endzustand umfasst zwei Leptonen, Myonen oder Elektronen, mit ent-
gegengesetzter Ladung, Jets sowie fehlenden Transversalimpuls. Die Analyse verwendet
schnittbasierte Selektionskriterien, die zur Unterdriickung der SM-Hintergriinde optimiert
sind, zusammen mit einem Algorithmus zur Massenrekonstruktion, der unter geeigneten
Approximationen zur Neutrino-Kinematik entwickelt wurde. Zur Signalextraktion dient
als Hauptobservable die rekonstruierte T-Masse, wiahrend der Hintergrund aus den Daten
bestimmt wird. Es wird kein Uberschuss der Daten gegeniiber der Vorhersage des Stan-
dardmodells beobachtet; folglich werden obere Grenzen fiir den Produktionswirkungs-
querschnitt des vektorartigen Top-Quarks multipliziert mit dem Verzweigungsverhiltnis
festgelegt. Die Analyse prasentiert die ersten Ergebnisse fiir den Endzustand mit einem
Lepton-Paar entgegengesetzter Ladung und erreicht eine Empfindlichkeit, die mit der
anderer Kanile mit demselben Ziel vergleichbar ist.
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CHAPTER

Introduction

”It is a miracle that curiosity
survives formal education. ”

Albert Einstein

Experimental discoveries usually lead to theoretical improvements, and theoretical pre-
dictions always inspire experimental developments. Since 1970, or even earlier, remarkable
progress in particle physics has been made in both theory and experiment.

The Standard Model (SM) of particle physics is a very successful theory that has been
validated by many experiments. The theory combines special relativity and quantum field
theory, introducing seventeen elementary particles and their interactions.

Particle colliders are powerful tools for testing the SM and searching for new physics,
leading to enormous important discoveries in particle physics. For instance, the gluon
was observed at the electron-positron collider at DESY in 1979, and the W and Z bosons
were observed at the proton-antiproton collider at CERN in 1983.

In 2012, the CMS and ATLAS experiments at the Large Hadron Collider (LHC)
observed a neutral scalar boson at 125 GeV, which agrees with the Higgs boson prediction
in the SM [1,2]. The Higgs boson discovery was a major milestone, as all the particles
predicted by the SM were found. The properties of the Higgs boson are measured after
its discovery, and the results agree with SM predictions so far [3].

The SM is thus a great success, although many remaining questions can not be ex-
plained by it. For example, gravity and dark matter are not included in the SM, and the
lightness of the Higgs boson is not explained. Various physics models beyond the SM are
proposed to address these open questions, such as the little Higgs and composite Higgs
models [4,5]. Many BSM models predict a new vector-like quark (VLQ) model, providing
an explanation for the Higgs boson’s observed lightness and supporting the idea that the
Higgs boson is a pseudo-Goldstone boson that introduces electroweak breaking [6-8].

1



2 Introduction

The hypothetical VLQs typically include four types, namely T, B, X, and Y, and
can be produced in pairs through the strong interaction or singly via the electroweak
interaction [9]. Pair production dominates the VLQ mass region below 1 TeV and has
a cross section that rapidly decreases with increasing T mass and is independent of the
VLQ flavor. The single production cross section is constrained by the coupling strength
between the VLQ and the SM particles and has a sizable contribution in the high VLQ
mass region. The VLQs were extensively searched by CMS and ATLAS experiments at
the LHC, and no evidence of their discovery has been found to date [10-12]. Upper limits
are set on the VLQ production cross sections and on the coupling parameters under
theoretical assumptions. To further increase the sensitivity of the VLQ searches and
improve understanding of the VL(Q models, more VLQ decay modes are being explored
for future combinations.

The main topic of this thesis is to search for a singly produced vector-like top quark
(T) using data collected by the CMS experiment in the LHC Run 2. The analysis focuses
on the T — tH channel in the opposite-sign dilepton final state, a T decay mode first
searched for in CMS. Chapter 2 introduces the theoretical framework, the SM of particle
physics and the vector-like quark model. Chapter 3 introduces the experimental setup,
including the LHC and the CMS detector, and the physics objects used by the physics
analysis. The analysis strategy is presented in Chapter 4, introducing the cut-based
selections and the signal reconstruction, followed by the signal and background modeling.
The results are presented in Chapter 5, and are based on the statistical model described
in Chapter 4, showing no evidence for the VLQ signal and thus presenting upper limit
results.

The analysis is very close to publication as a CMS paper, and the results are ready
to be presented at a conference. As the contact person of the analysis, I designed the
analysis strategy, developed the software framework, and wrote the documents, including
the analysis note and the paper draft. I also delivered the pre-approval and approval pre-
sentations to the CMS Beyond-Two-Generations (B2G) subgroup and gave a parallel talk
titled ”Searches for vector-like quarks and leptons at CMS” at the EPS-HEP conference
in Marseille in July 2025 on behalf of the CMS collaboration.
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Theoretical framework

2.1 Standard Model Physics of Particle Physics

The Standard Model (SM) of particle physics introduces elementary particles and describe
their interactions. Figure 2.1 illustrates the elementary SM particles, which can be roughly
divided into the matter particles, the force-carrier particles, and the Higgs boson.

The matter particles are fermions with spin 1/2, which can be categorized into leptons
and quarks; each type consists of six particles in three generations. The first generation
has the lightest and most stable particles, while the second and third generations have
heavier, less stable particles. The first, second, and third generations of leptons are
electrons (e) and electron neutrinos (v,), muons (1) and muon neutrinos (v,), and taus
(1) and tau neutrinos (v ), respectively. Similarly, the three generations of quarks are:
up (u) and down (d) quarks, charm (c¢) and strange (s) quarks, and top (¢) and bottom
(b) quarks.

There are four types of fundamental interactions in nature: strong, electromagnetic,
weak, and gravitational. Each of the four interactions is described by a quantum field
theory (QFT), and the first three interactions result from the exchange of force-carrier
particles with spin 1, known as mediators. The strong force is described by quantum
chromodynamics, and is carried by gluons (g). The electromagnetic force arises from the
exchange of photons (y) and can be described by quantum electrodynamics. The weak
force is carried by W bosons (W /W ™) and Z bosons (Z), and can be unified into the
electroweak theory with the electromagnetic force. The gravitational force is described
with relativistic geometrodynamics, with no corresponding mediator particle found to
date.

The Higgs boson is the only element SM particle with spin 0, providing mass to other
massive SM particles through the Higgs field via the Brout-Englert-Higgs mechanism [13
16]. The Higgs boson was discovered by the CMS and ATLAS collaborations at the LHC
in 2012 [1,2].
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2.1. STANDARD MODEL PHYSICS OF PARTICLE PHYSICS

<

2.1.1 Lagrangian and Symmetries

The theory to describe the SM physics is the relativistic quantum field theory (QFT),
based on the Lagrangian density (.£) as a function of the particle fields (®(z)) and their
derivatives (0,®(x)), where the z is a four-vector in the space-time coordinate (ct, z,y, 2),
and g is the index of the four vector. In a physics system, the Lagrangian density contains
all the information, and the action is defined by the integral of .Z over space-time:

S = /z(m (2.1)

The motion equations can be derived from the principle of least action by minimizing
the action function below.

68 = /d" Z %i /d" Z a“i))&p 0 (2.2)

where S is the action, and d®; is a small variation of the field. The first term can be
transferred to the second term by integrating by parts, assuming the fields vanish on the
boundary. Thus, the equation of motion, known as the Euler-Lagrange equation, can be
obtained as shown in Equation 2.3.

0.7 0.7
-0, =0 (2.3)
09; 0(0,9;)
Given a Lagrangian density for a physics system, the corresponding equation of motion
can be obtained via Equation 2.3. For example, the Klein-Gordon equation 2.5 for a spin-0

particle can be obtained from the Lagrangian density in Equation 2.4.

2L = L(0,0)("9) — ym’®” (2.4

8,0"® + m?® = 0 (2.5)

Symmetries play an important role in particle physics, since each symmetry yields a
conservation law, as Noether’s Theorem [18] shows. In classical physics, the invariance
of time translation, space translation, and rotation leads to the conservation of energy,
momentum, and angular momentum, respectively. Group theory, a mathematical tool, is
widely used to study the symmetry of a physical system. For example, the symmetry of
the global gauge transformation, which contains a constant phase parameter, yields charge
conservation. It corresponds to a set of one-parameter transformations that characterizes
the unitary group of order one (U(1)). The following sections in this chapter discuss
the establishment of the SM based on gauge invariance, where the Lagrangian density is
invariant under local gauge transformations. Each type of interaction follows the gauge
symmetry of the corresponding group.
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2.1.2 Quantum Electrodynamics

Quantum electrodynamics (QED) describes the electromagnetic interaction between ele-
mentary particles and arises from a local gauge symmetry under a U(1) transformation.
The local gauge transformation can be written as 1 — 1e9®)_ where ¢ is a real constant
and «(z) is a continuous function of the space-time four-vector. The Dirac equation for
spin % fermions can be derived from the Lagrangian density in Equation 2.6,

L = i) — mipp (2.6)

where 1) is the Dirac spinor, 4* represents the 4 x 4 gamma matrices, and 1) is the
adjoint Dirac spinor defined as ) = 1)f4°. The first term is the kinetic term, and the second
term introduces the mass. Under the local gauge transformation, the derivative term in
Equation 2.6 violates the invariance of the Lagrangian density. To recover the invariance,
a covariant derivation D,,, is introduced to replace the J, in the Lagrangian density. The
new derivation is defined as D, = 0, + iqA,(z), where A,(z) is a new vector field and
transform as A (z) = Au(z) — Ou(x) under the local gauge transformation. Therefore,
the Lagrangian density becomes Equation 2.12; with a new term that adds a vector field
representing the interaction with photons.

L =iy 0,0 — minp — Py A, (2.7)

The mass term brought by A,(z) is zero to ensure the local gauge symmetry, which agrees
with the experimental fact that the photons are massless particles. The kinetic term for
A, (z) has the form £, = —%F " F,,, where F,, is a gauge invariant field tensor defined
as F,, = 0,A, —0,A,. Thus, the complete Lagrangian density for QED has the following
form:

. . _ 1
Zqep = Yy 0, — mp) — gy A, — T FE,, (2.8)

The field equation for A, and v can be derived from the Lagrangian density via the
Euler-Lagrange equation, resulting in d,F* = qi)7”%. One can thus define the charge
current density as j¥ = qiy”1), where the coupling strength ¢ is the electric charge of the
Dirac particle.

2.1.3 Quantum Chromodynamics

Quantum chromodynamics (QCD) describes the strong interaction between color-charged
particles and is derived by requiring a local gauge symmetry of a special unitary group of
order three (SU(3)). There are three color charges in nature: red, green, and blue, leading
to a three-dimensional color space. The SU(3) group is non-abelian, and its structure is
defined by 8 linearly independent generators, which are indexed by a in this section. Its
transformation can be written as a 3 x 3 matrix defined as e9:*@)T* where T* are the
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generators in 3 X 3 matrices in the color space, a®(z) are real functions of the space-time
vector, and g, is a constant coupling strength parameter. The Lagrangian density can be
written in the same format as in Equation 2.6, where ¢ now becomes a three-component
column vector: s

T

Y=\ %], Y= (r, tr, ) (2.9)
Yy
Analogous to the situation discussed in the QED section, the J, term is not gauge invariant
since a(z) varies with space and time. A covariant derivative D, defined as D, =
Ou + 19sT*GY,, replaces J, and introduces eight new vector fields G, corresponding to
eight gluons. The Lagrangian density thus has the form:

L = Piy"Oup — mapyp — gp (VTG )y (2.10)

The last term represents the interaction between gluons and the elementary particles
carrying color charge. Under the SU(3) symmetry, the G, follows the transformation:

G'Z =G}, — 0ua’(7) — gsf“b“ab(ac)GZ (2.11)

where f% are the structure constants of SU(3), arising from the commutation relations of
the generators 7. To ensure local gauge invariance, the force carriers are assumed to be
massless, which is confirmed by the gluon mass measurement. Gluons carry colour charge,
so they can interact with each other. A kinetic term for G, is added to the Lagrangian
density, leading to the final form of QCD:

i _ - 1
ZLocp = Yy Opp — mapyp — gp (VTG )b — ZGZ,,G“’”’ (2.12)

2.1.4 Weak Interaction and Electroweak Unification

The weak interaction proceeds by exchanging W (W* or W™) bosons and Z bosons, which
are massive particles. Its theory was firstly developed to explain the neutron 8 decay,
n — p+ e + ., where a neutrino appears in the final state. In 1956, Wu’s cobalt decay
experiment indicated that parity (P) is not conserved by the weak interaction. The spins
of the cobalt nucleus are polarized by a strong magnetic field, and the electrons from the
process %°Co — %Ni + e~ + i, are emitted in one direction instead of both directions,
providing direct evidence of violating parity conservation. As a solution to explain the
phenomenon, leptons and quarks are divided into right-handed and left-handed particles.
The right-handed particles are considered to be isospin singlets and do not participate in
the weak interaction. The left-handed particles participate in the weak interaction and
are arranged into the following isospin doublets,

9.0.0.6.0.6, o
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Further experiments, such as kaon decay, show that the weak interaction also violates
the conservation of the combined charge conjugation and parity (CP). One example is kaon
decay. Assuming CP conservation, there are two types of kaons as two CP eigenstates:
The first type of kaons decays into two pions, and has a short lifetime of 0.9 x 10719 s;
Another type decays into three pions, and has a long lifetime of 5 x 107% s. In 1964, the
experiment by Fitch and Cronin observed a small fraction of long-lived kaons decaying
into two pions, establishing CP violation in weak interactions.

The CP violation and the quark mixing mechanism can be well described by the
Cabibbo-Kobayashi-Maskawa (CKM) matrix. The matrix is a 3 x 3 unitary matrix, and
is defined as

Vud 1/us Vub
Vekm = | Vea Vs Va (2.14)
Via Vis Vi

where each element (V;;) represents the coupling between the two quarks (7 and j). The
matrix can be parameterized by three mixing angles and the KM phase parameters that
introduce CP violation. The precision measurement of CKM matrix parameters is an
important topic for completing the SM and a powerful tool for discovering new physics
beyond the standard model (BSM). An important feature of the SM is the unitarity of
the CKM matrix, written as ), V;;Vix = 6 and Zj VijVi; = i, which is extensively
tested by many experiments [19].

Electroweak Unification

The weak interaction and the electromagnetic interaction can be unified into the elec-
troweak (EW) theory under the SU(2);, x U(1)y symmetry, where the index L indicates
left-handed and the index Y represents weak hypercharge. The weak hypercharge is re-
ferred to as Y=2(Q — I3), where Q is the electron charge and I3 is the third component
of the weak isospin.

The Lagrangian density should stay invariant under the global gauge transformation,
where the right-handed and left-handed components behave differently, leading to the
forbidding of the mass term. Therefore, the Lagrangian density of a free Dirac particle in
EW becomes

L = (D) (2.15)

where v is equal to ¥ + 1, consisting of both right- and left-handed components.

The SU(2) group is non-abelian and has three linearly independent generators. The
SU(2) transformation can be written as ewe*@7*  where T are generators typically
represented by 2 X 2 matrices in the isospin space, a*(z) are functions of the space-time
vector, and gw is the coupling strength for gauge bosons in weak interaction. Since only
the left-handed particles participate in the weak interaction, the Lagrangian density can
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be written as .Z = 1/_)L(z"y"(9,,)1/JL, where 1), is an isospin doublet

br = (j) (2.16)

To ensure the invariance of Lagrangian density under the SU(2) local gauge transfor-
mation, a covariant derivative term D, is applied to replace the original derivative 0,.
Analogous to QCD, D, is defined as 9, + igwT*W;, where Wy are three new vector
fields corresponding to the gauge bosons. A gauge invariant kinetic term is added to the
Lagrangian density, written as —%W“’“’W;V.

In order to consider both right- and left-handed components, the U(1)y symmetry
is added. In this case, the transformation of U(1) is written as eig'%ﬁ(z), where Y is
the hypercharge, ¢’ is the coupling strength, and S(z) is a function of the space-time
vector. The covariant derivative then becomes D, = 0, + ig’ %Bﬂ(x), introducing a new
vector field B,(z). The Lagrangian density arising from the U(1)y symmetry thus has
the following form:

. /Y n /Y " L 1 v
zY = ’(‘b(Z"/l‘(‘)ﬂ)’I/J — g TRI/JR(’Y#B/A)'I/)R —4g 7L¢L(7l B/L)'lr/}L - ZBM B;u/ (217)

The second and third term represent interactions for the right- and left-handed compo-
nents, as the hypercharges of them are different. The last term shows the kinetic term of
the new vector field.

By combining the Lagrangian density terms obtained from SU(2);, and U(1)y symme-
try, the Lagrangian density expression for electroweak interaction becomes:

T D (g 1 v 1 a,uVyxra
XEW = 'Ir/)L(Z")’“Du)’l/JL -+ ’l/)R(Z")’I DIL)'I/)R — ZB” BI“/ — ZW o I/V/w (218)

The covariant derivative is given by the sum of the two discussed earlier in this section,
as shown in Equation 2.19. In the first line, the second term is a 2 X 2 matrix obtained
from SU(2);, symmetry, while the third term comes from U(1)y symmetry. By bringing
in the explicit expressions for the three generators of SU(2), and by defining W+ =

%(W1 FiW?) and T* = —25(T" £iT?), D, can be separated into three terms, as shown
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in the last line of Equation 2.19.

Y
D“ = (9# + ZngaW;: + ’l:gIEBIL

. 01 0 — 1 0 Y (10
:8u+zgw{(1 O) WI}+ (z 0) W3+ (O _1> W3}+zg§ (0 1) B,
H Iz I

_ gw (0 WT i (gwW’+¢'YB 0
_(9,1+Z (W_ 0 >“+2( 0 —wa3+g'YB ;

Y
= 0 +igw(T*W* +T"W"), + (igwT°W* + ig' 5 B),

w v, Z
= (9” + D’ + D“
(2.19)

In the D, expression, the second term D,‘:‘/ corresponds to the interaction from ex-
changing the W bosons, and the third term DZ’Z shows the interaction mediated by the
mixing of photons and Z bosons. The vector field A, in QED (Equation 2.8) and a new
vector field Z, for Z boson interaction can be derived from DZ’Z by introducing a mixing
angle fy,. The mixing matrix between the vector fields is written as:

3 .
W/‘ _ CO:S' Ow  sinbOw Z, (2.20)
B, —sinfy cosfw ) \ Ay
Following the discussion of D,, the Lagrangian density for a neutrino-electron doublet

(Equation 2.22) in electroweak interaction can be written in the following form to show
the interactions of four gauge bosons (W', W, v, and Z) separately:

. 1 ) o
Liw = Y, (in"0upy) — ng(ww" W, er + ey W, ver)
Jj=ewe

] | % ] Y
=Y (Wi (gwlssinbw + 9'5 cosOw) Au; + i7" (gw Iz cosbw — g' sinbw) Z,.4);)

j=eve

1 v 1 a,uv a
— BBy — JWW,

4
(2.21)

i, = (':,)L (2.22)

Here, 7 includes both left- and right-handed components of the fermions. The first term
shows the kinetic energy of the electron and neutrino. The second term describes the
W boson interaction, which involves only left-handed particles. The third term describes
interactions mediated by photons and Z bosons. The last two terms give the kinetic energy
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of the newly introduced vector fields. No classic mass term is allowed in the Lagrangian
density to ensure gauge invariance. The problem raised by the absence of the mass term is
addressed by the Brout-Englert-Higgs mechanism, which will be discussed in the following
section.

2.1.5 The Brout-Englert-Higgs Mechanism

The SM is established under the SU(2);, x U(1)y x SU(3) symmetry, where the Lagrangian
density stays invariant under gauge transformation, thus no classical mass term is allowed.
The fact is that many gauge bosons are massive, such as the W boson and the Z boson.
The Brout-Englert-Higgs Mechanism is thus developed to endow the SM Lagrangian with
mass by introducing a new scalar field, ¢. The field ¢ has spin 0 and hypercharge 1, and
is a SU(2);, complex doublet with four degrees of freedom:

¢" P11+ 1
= — i 2.23
¢ ( ¢0 ¢3 + 7 ¢4 ( )
The Lagrangian density of the spin-0 particle ¢ is derived from the Klein-Gordon equation,
and can be written as:

2, = (D"$)/(D,d) — V(9) (2.24)

where D, is the covariant derivative in Equation 2.19 from the SU(2);, x U(1)y symmetry,
and V(¢) is a postulated potential term, referred to as the Higgs potential. The potential
should be invariant under the rotation of ¢* and ¢°, thus is assumed to be:

V(9) = 1’lgl” + Alg|" (2.25)

where g and X are constant parameters. The ) is required to be positive to ensure V(¢) >
0 in the large ¢ area. The spontaneously broken symmetry requires u? to be negative.
Therefore, the Higgs potential has a Mexican-hat shape, as illustrated in Figure 2.2. The
—p2

=
The variable v is known as the Higgs vacuum expectation value, and is measured to be
246 GeV. One of the common choices for the ground-state Higgs field reads:

minimum of the potential corresponding to the ground state is at |¢p| = v =

L [0
¢ground state — ﬁ (’l}) (226)

Consider a small perturbation to the ground-state field,

b 1 + iy
¢= V2 (v + ¢3 + i¢4) (2:27)
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Re(¢)

Figure 2.2: Higgs potential when p? < 0 [20].

This field equation should stay invariant when applying a SU(2),, transformation
glowe*@T* - Therefore, ¢y, ¢ and ¢, in Equation 2.27 are required to be zero. The
potential then becomes

V(g) = g0+ 69 + TMw+ )’

) (2.28)

=~ + Mvgs + A6
where the first term represents the Higgs boson mass, the second and third terms describe
the self-interaction of the Higgs boson. By comparing the first term with the Klein-Gordon
Lagrangian density, the Higgs boson mass is defined as my = y/—2u2, which is a free
parameter measured to be 125 GeV. Hereby, ¢3 is usually referred to as H, representing
the Higgs boson. In this case, the Higgs field ¢ can be written as

¢ = % (v f H> (2.29)

The interaction between the Higgs boson and the EW mediator bosons occurs via the
covariant derivative term D,. With the D, defined in Equation 2.19, the first term in the
Higgs boson Lagrangian density becomes:

(D9)!(Dug) = 50" H)(O,H1)

W;j) (2.30)

L, 2717+ - 1 21173 g%v —gwg'
+—gw(v+ H)*'W "‘W“ +§(’U+H) (W# B*) 2 B
I

4 —gwg g

where the first term shows the kinetic energy of the Higgs field, the second term describes
the interaction between the W boson and the Higgs field, and the third term shows the
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interaction mixing the Z boson and the photon. The third term can be rewritten to split
the interactions with the Z boson and the photon. Using the mass eigenvalues of photon

(ma = 0) and Z boson (mz = 3+/g1y + ¢'*), and including the Higgs field potential in
Equation 2.28, the Lagrange density of Higgs reads:

1 1 1 1
Zy = (0" H)@uH) + 3% (0 + HPWHW, + (0 + HP (L 2" Z, + S A A,) = V(9)

1 1 ,
= 5@ H)(9uH) + Ly (v + HPWHIW, + (v + H)* (g +9°)2" 2, = V(9)

(2.31)

W | =

The Lagrangian density can be expanded into several terms representing the interactions
and mass terms for the W and Z bosons, respectively, as well as terms for the Higgs kinetic
and potential. The mass values of the W boson and Z boson are determined by the EW
coupling parameters, and can be written as:

1 1 my
mw = §gW'U; my = §'U g%v + glz = COSz HW (2'32)

The Higgs field also provides mass to the fermions, including the leptons and the
quarks, through the Yukawa interaction. Taking the electron-neutrino doublet as an
example, the Lagrange density of the Yukawa coupling has the form:

Lrvkawa = —Ye(Yroer + erdlipr) (2.33)

where 1, is the isospin doublet in Equation 2.22, ey is the isospin singlet for electrons,
and ¥, is the coupling parameter. Applying the Higgs field in Equation 2.29, the .Ayukawa
is written as:

Prutawa = —%(Q(v + H)er + ér(v + H)er)
= _Z\/;;—)(éLCR + érer) — %(élﬁﬂ + érer) (2.34)
= —Z\/;;_}ée — 3/\7_2{(36
The mass of the electron can be derived from the first term, refer to as m, = o, Where

e 18 the coupling strength. The second term shows the interaction between the electron
and the Higgs field. The Lagrange density of the Higgs field is the sum of Equation 2.31
and Equation 2.34.

o%liggs = $¢ + ZYukawa (235)
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2.1.6 Cross Section and Decay Width

The cross section and the decay width, predicted by Lagrangian field theory, are common
observables for the experimental validation of a theory. In a collision experiment, the
expected number of events (N) from a certain physics process can be calculated with
N = Lj,;-0, where Ly, is the integrated luminosity depending on the collider performance
and running time, and o is the cross section derived from theoretical calculation.

The cross section of a process can be derived from the transition probability and the
particle flux. To compute it, a perturbation theory is adopted, assuming that a process
can be expanded to several terms from the leading order to the highest order; each term is
visualized by a Feynman diagram that contains external lines, internal lines, and vertices.

In a proton-proton collision process pp — X, the cross section can be calculated as:

023 [ dau [ oot 1) oo, 135005, 1), (2.36)
ab b

where f, and f, are parton distribution functions (PDF) inside the two protons making the
elementary collision, and 64, x is the elementary cross section calculated with the matrix
element derived from the Feynman diagrams. The effective center-of-mass energy of the
parton-parton interaction is defined as § = x,-xy- s, where s represents the center-of-mass
energy at the LHC. A factorization factor, pp, is introduced to separate the short- and
long-distance interactions described by f,/, and 64, x. A renormalization factor, labeled
as g, is introduced to avoid the divergences caused by high-order Feynman diagrams
and ensure the physical observables from all orders are finite.

In a physics process, the probability of the transition between the initial state and the
final state per unit time is defined as

~ 1 Vd3p
dr =V (2n)'6" (Py — P)l5:* || ; B I1 (%); (2.37)
fii T

where Py and P; are the momentum of the initial and final states, E is the energy, V is
the space volume, and .#}; is the matrix element derived from the Feynman diagrams.
The absolute square of the matrix element, |./ﬂ— 7|, is an essential term in the calculation
of cross section and decay width.

In a X — A+ B decay process, the probability of the decay can be written as

11 dpp d®pa, - |Pal d24
dl' = §"(Pg+ Pa — Px) M| = B2 3272

- = 72
(2m)3 ZE)Z( 2 2FE4 l |J/{| (2.38)

where df24 is the differential angle of A in the rest frame of X, and the final term is derived
from the middle term by an integral with the delta function. By integrating over the final
state particle angle with a known expression of ., one can derive the decay width of the
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Figure 2.3: Feynman diagrams showing the productions of VLQ. Figure from [10].

particle X, which is labeled as I'. In case the mother particle has multiple decay modes,
its total decay width is the sum of all the partial decay widths from all decay modes.
The branching ratio, labeled as 4, is the ratio of a partial width to the total width. The
sum of all the branching ratios of a particle decay should be equal to 1. The lifetime of a
particle can be identified from its total decay width, following the relation 7 = 1/T".

By further integrating over the final state particle angle with a known expression of
M , one can derive the decay width of the particle A, which is labeled as I'. In case the
mother particle has multiple decay modes, its total decay width is the sum of all the
partial decay widths from all decay modes. Branching ratio, labeled as 4, is defined as
the ratio of a partial width to the total width. The sum of all the branching ratios of a
particle decay should be equal to 1. The lifetime of a particle can be identified from its
total decay width, following the relation 7 = 1/T.

2.2 Physics Beyond the Standard Model

2.2.1 Vector-like Quarks

There are many open questions that cannot be answered within the SM framework, such
as the hierarchy problem [4,21 23| and the origin of neutrino masses. As an extension
of the SM, vector-like quarks (VLQs) are considered as a possible scenario for a fourth
generation of quarks.

In some BSM models, a straightforward extension of the SM is to add a fourth gen-
eration of fermions with the same fermionic pattern as the three SM generations [24].
These BSM fermions have been excluded by the joint Higgs cross section measurements
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by CMS and ATLAS [25]. The VLQs are hypothetical spin 1/2 quarks for which the
left- and right-handed chiral components transform in the same way under the SM EW
group. Unlike the excluded chiral fourth-generation quarks, the mass of VL(Q is obtained
from the mixing with SM quarks instead of the Yukawa coupling with the Higgs field, and
thus is not constrained by the Higgs cross sections and decay modes. There are typically
four types of VLQs considered, named T, B, X, and Y, with electric charges +2/3, —1/3,
+5/3, and —4/3, respectively. Assuming the scalar sector only includes SU(2),, doublets,
there are seven gauge-covariant multiplets of VLQs under the SU(2);, x U(1)y x SU(3)
symmetry with definite quantum numbers [9]. Two singlets, three doublets, and two
triplets of VLQs are listed below:

Tir, Brr
(XJ T)L,Rv (T’ B)L,R: (B, Y)L,H. (239)
(XJ T: B)L,Ra (Tu Bu Y)L,H.

where T, B, X, and Y are newly introduced fields corresponding to the four types of
VLQs. Only the vector-like top quark (T) and the vector-like b quark (B) are included
in the singlets, while X and Y are additionally incorporated in the doublets and triplets.

The VLQs can be produced singly or in pairs at the LHC and have been extensively
searched for. The single production of VLQ can occur through a t-channel exchange of a
W or Z boson via electroweak interaction, as shown in the lower left plot in Figure 2.3.
The pair production of VLQs proceeds typically through the strong interaction, as shown
in the upper plots in Figure 2.3.

By adding VLQs to the SM, the up-type quark mass eigenstates are extended to u, c, t,
T, and the down-type quark mass eigenstates become d, s, b, B. In the up sector, only the
top quark has sizable mixing with T according to the experimental constraints [26]. For
similar reasons, the b quark dominates the mixing with B in the down sector. Therefore,
the t-T and b-B mixing can be parameterized by the following matrices:

LR — Ut lLR _ cos GZ,R' — sin gi,R@id)‘ to R
TL’R L’R TL,R Sin oivRe—zd’L cos 0271{ TL,R

bLr\ _ oL bLr _ cos 0}, g —sin 05 re ™\ (brr

The two unitary matrices are determined by requiring that the mass matrices in the mass
eigenstate bases are diagonal. The Lagrangian term describing the third generation and
heavy quark mass based on the weak cigenstates is

t t
— _(f. T yhav/V2 i/ V2 [tr
zrnass - (tL TL) (ngv/\/? M() TR

b b
(. A y33'u/\/§ ymv/\/i br
(bL BL) (y,’&fu/ﬁ MO Br + H.c.

(2.40)

(2.41)
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where yf /b

; are Yukawa coupling parameters, v is the Higgs vacuum expectation value in-
troduced in section 2.1.5, and M? is a bare mass term, indicating that the VLQ mass does
not arise from Yukawa coupling. The two matrices (M**) in the Lagrangian formula 2.41

can be diagonalized with the mixing matrices in Equation 2.40

U MU = (mé/b mf‘/u) (2.42)

The mixing angles are derived from the diagonalization of the mass matrix, and their

left- and right-handed sectors are correlated. The expressions for left- and right-handed

mixing angles, and the relations between them, are listed below for different multiplets.
For singlets and triplets:

V2|yd lvMP° m
ta 20(] = 34 te Hq — a t( 9q 2.4
W Gy e e R g B
For doublets:
2|y |v MO
tan 26}, = V2yisly tan @] = "4 tan o5, (2.44)

(MO)? — |y35|*v?/2 — [yis|*v*’ mQ

where ¢ is the SM top or bottom quark in up or down sectors, ) represents the vector-like
quark T or B. Since X and Y do not mix with other fermions, they are not shown in these
expressions. Since the VLQs have much larger mass than the SM quarks, one can clearly
see that the mixing angle is always dominated by one chirality, especially when mixing
with the b quark. Additionally, the mixing angles from the up and down sectors in triplets
are also correlated. The relations of the mixing angles from the left-handed component,
which is the dominant one, are listed below for two triplets.

2,2
sin26 = V2L 5in 2% (X, T, B)
mp —my
2.45
. b 1 m%, _mt2 . t ( )
sin20] = ————=sin20; (T, B, Y)
V2mi —mp

To conclude, all the multiplets except the (T, B) doublet can be parameterized by a
CP-violating phase (¢, in Equation 2.40) and two parameters, including a heavy quark
mass and a mixing angle parameter. Since the up- and down-sector components of the
(T, B) doublet are uncorrelated, the model requires two mixing angle parameters and
two CP-violating phases. These CP-violating phases are negligible in the simplified VLQ
models in this section. In case of doublets and triplets, the bare mass term M?° is shared
by multiple heavy quarks and is split based on the mixing with SM fermions. The free

e . . t/b .
parameters and the mass splitting in each multiplet are summarized below, where s L/ /R 18

short for sin GZ//I'R, and ci/;'R is short for cos 02/;'}{.
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Figure 2.4: Allowed ranges for VLQ mass splittings. Plots are taken from [9)].

o (T) singlet: s, myp

e (B) singlet: s, mp

e (X, T) doublet: sk, mp; m% = mi(chy)? + mi(sh)?

e (T, B) doublet: sk, sf, mr; mi(ck)® +mi(sk)* = m(ck)? +mj(sk)?

e (B,Y) doublet: s, mp; m¥ = m%(c})? + m2(sh)?

o (X, T,B) triplet: st, mp; m% = ma(ct)2+m2(sh)?, mi(ch)2+m2(sh)? = m3%(ch )2+
M2(3L)

o (T,B,Y) triplet s, s, = mi (e (o), i e 4o = i)+
My(s7)

Based on these constraints, Figure 2.4 visualizes the allowed ranges for VL(Q mass in each
multiplet. From these plots, one can see that the mass values of the four types of VLQs
are similar to each other, following my > mx, mp > my. Therefore, the VLQs can not
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decay into each other. The allowed decay modes for different types of VLQs are:

T Wy, T — Zt, T — Ht
B—W~"t, B— Zb, B— Hb (2.46)
X—->Wtt, Y - Wb

Considering all the possible mixing terms, including the mixing with the SM Higgs, W
bosons, Z bosons, and quarks, the partial width for T singlet 7' — tH decay becomes

g mr
1287 miy,

(T — tH) = A, mg, mp) Y|P [L+ 602 — 72 + v — 12, (2.47)
where the A function is defined as A(z,y, z) = (1 + y* + 2% — 22%y? — 22222 — 2y%22), r,
is the ratio between m, and my, and Y, indicates the light-heavy couplings to the Higgs

boson. The left- and right-handed terms of Y,y are Y% = ™5, ¢, and Y2 = s;c.,, where
t7 mop t7 ?

Y/ is smaller than Y.
The partial widths for T — tZ and T — bW™ of a T singlet have the following
expressions:

2

g mr
DT 12) = g Al mu,ma) POXER x (14 = 2rf =208 47+ rrd)
2
DT — W) = N, g, ) (VAP x (1 78y = 20 = 20y + 1+ 1)
W

(2.48)

where X}, = spcy, is the coupling parameter to the Z boson, and V}; = s, is the coupling
parameter to the W boson.

From the expressions of the partial widths, one can find that the branching ratios for
the three T decay modes vary with the T mass. Figure 2.5 shows the allowed branching
ratios for the decays of T and B in several different multiplets. The red points show the
results assuming my,p = 2 TeV, which agrees with the very heavy VLQ mass assumption.
Under this assumption, A values in Equation 2.47 and 2.48 are close to my, and the
terms with r; are close to 1. On the left plot, the red point for T singlet shows that
BT - tZ) ~ BT — tH) = 0.5 B(T — bW*) = 25%. For a (T, B) doublet with
sg = 0, the T quark does not couple to Z and H, leading to a different partial width
calculation with the result Z(T — bW™') = 100%. The cross points are limits from the
experimental measurements, showing good agreements with the theoretical predication.

The thesis focuses on the single T production through the exchange of a W boson in
association with a b quark. The total cross section for a T decaying to a specific final
state can be written as

o(Cw,C,mrp,Tr) = Cp,C*6(mr, T'r) (2.49)
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Figure 2.5: Allowed branching ratios for the decays of T and B. Plots are from [9].

where Cyy is the production coupling parameter with the W boson, C represents the decay
coupling parameter depending on the specific decay mode of T, I'r is the total decay width
of T, and 6 represents the reduced cross section for T with any decay width. As discussed
previously, the decay width of T from the ”Thj” process depends on the coupling strength
to the W boson. By assuming a relatively small coupling strength or constraining the
ratio of the total T decay width to the T mass (I'y/m,,.), the T is characterized by a small
decay width compared to the experimental resolution. This approach is referred to as the
narrow-width assumption (NWA), which typically requires I'r/m,, < 10 — 15%. Under
the NWA, the cross section in Equation 2.49 is simplified, and thus can be written as

o(Cw, C,myp,T'y) = C3 6nwa(mr)PB(T — decay channel) (2.50)

The reduced cross section (Gnwa ) calculation results and uncertainties under the NWA are
shown in the right plot of Figure 2.6, where the red band shows the process studied by this
thesis. The theoretical cross section of T also depends on the coupling parameters, which
can be transferred to the corresponding mixing angles labeled as k. In CMS searches,
the cross section calculation for the T singlet assumes that the mixing angles between the
VLQ and the W/Z/H bosons are equal: kg = kw = kz = k. Thus, the coupling factor
is determined for a fixed VLQ mass and total width, and is directly connected to 'y /myp.
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CHAPTER

CMS Experiment at the LHC

3.1 The Large Hadron Collider

The Large Hadron Collider (LHC) is the highest-energy particle collider in the world
today. Located at CERN, in France and Switzerland, the machine is installed in a 27-
kilometer ring tunnel 100 meters underground, which was originally constructed for the
Large Electron Positron (LEP) machine. The physics motivation for this promising ac-
celerator mainly includes the validation of the standard model and the discovery of new
physics that potentially exists at the TeV scale.

As shown in Figure 3.1, the proton beams generated in linear accelerator 4 (LINAC
4) are accelerated in the Proton Synchrotron (PS) and the Super Proton Synchrotron
(SPS). After having been transferred to the LHC beam pipes, two proton beams ramped
to the target energy and ready to collide. The four interaction points are inside the four
detectors ALICE, ATLAS, CMS, and LHCb. In this way, the collision process can be
recorded by these detectors for various physics studies. The CMS and ATLAS experiments
use general-purpose detectors constructed with different technologies, yet they share the
same scientific goals, allowing them to cross-check each other. The ALICE experiment
focuses on heavy-ion physics using e.g. lead-lead collisions, while the LHCb experiment
focuses on flavour physics.

The center-of-mass energy and the luminosity are two key parameters of a collider.
During the LHC operation, two proton or ion beams travel in opposite directions with the
same energy. At the full intensity of proton-proton collisions, each beam consists of 2808
bunches, and each bunch consists 1.15 x 10! protons [27]. Each of the two symmetric
beams has an energy of Epeam; therefore, the center-of-mass energy is /s = 2Epeam. The
instantaneous luminosity depends only on the beam parameters, and is computed as:

. N, [,2 nbf‘rev’YT F

L= (3.1)

23
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where N, is the number of particles per bunch, n, is the number of bunches per beam,
frew 18 the revolution frequency, ~, is the relativistic gamma factor, ¢, is the normalized
transverse beam emittance, 8* is the beta function at the collision point, and F is the ge-
ometric luminosity reduction factor due to the crossing angle at the interaction point [28].
The bunches cross every 25 ns, yielding multiple inelastic interactions in the detector.
The additional interactions from hard scattering in each bunch crossing are referred to as
pileup. A high instantaneous luminosity leads to a high pileup. The integrated luminosity
is defined as L;,; = f Ldt, which is usually given in a unit of inverse femtobarn (fb™!).

For proton-proton collisions, the LHC was designed to reach the highest center-of-mass
energy at 14 TeV and a peak luminosity of L = 7.5 x 103 cm™?s~! [28]. The first LHC
operation, Run 1, from 2010 to 2012, led to the discovery of the Higgs boson at a center-
of-mass energy of 7-8 TeV. The LHC Run 2 followed in 2015-2018, after the upgrade
shutdown, with a center-of-mass energy of 13 TeV. The latest LHC operation from 2022
to 2026, Run 3, reached a center-of-mass energy of 13.6 TeV. The LHC has delivered
over 300 fb~! integrated luminosity to CMS in Run 3. After the machine upgrade, the
High-Luminosity LHC will start in 2030 and reach the maximum designed center-of-mass
energy at 14 TeV. As shown in Figure 3.3, the average pileup in Run 2 is around 40 per
event, which rises to around 60 in Run 3 due to the increase in instantaneous luminosity.
This thesis uses data collected by the CMS detector during Run 2, corresponding to a total
delivered integrated luminosity of 150 fb™'. Figure 3.2 shows the integrated luminosity
delivered to CMS from 2011 to 2025 for proton-proton collisions.

3.2 The Compact Muon Solenoid Detector

The Compact Muon Solenoid (CMS) detector is a general-purpose detector designed to
study proton-proton collisions at the TeV energy scale. As mentioned in its name, the
CMS detector has a compact structure that contains all the detector materials at a height
of 15 meters and a length of 21 meters. Thanks to the superconducting solenoid, the
magnetic field can reach 3.8 Tesla inside the CMS detector. A dedicated muon detector,
composed of a cylindrical barrel section and two planar endcap regions, provides precise
muon measurements. Figure 3.4 shows the perspective view of the whole CMS detector.

Based on the geometry of the CMS detector, the CMS coordinate is defined in Fig-
ure 3.5 [31]. The left plot shows the coordinate systems including the LHC, and the right
plot shows the coordinate systems inside the CMS detector. The origin is the Interaction
Point (IP). In the Cartesian coordinate system, the x-axis points at the center of the LHC,
and the z-axis points to the Jura along the beamline. Since the detector is cylindrical,
CMS analyses often use the polar coordinate system. The momentum in the transverse
plane, labeled as pr, is widely used in CMS analyses. Another widely used variable, the
pseudorapidity 7 is defined by n = — log[tan(6/2)], and thus directly related to the polar
angle 6.
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Figure 3.4: The CMS detector overview [32]
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3.2.1 The Tracker System

The CMS tracker is an all-silicon detector, that can be divided into the pixel and strip
systems. The charged particles interact with the silicon sensors, leaving hits when they
pass through the magnetic field. Based on the hit information, track reconstruction,
secondary vertex reconstruction, and even further particle identification can be performed.
Figure 3.6 shows the CMS inner tracker schematic in cylindrical coordinates. The barrel
part of the cylindrical tracker is within the || < 1.6 region, and the endcap part in the
1.6 < |n| < 2.5 region.

The pixel system, located at the core of the detector near the interaction point, plays
a crucial role in vertex reconstruction and precise measurement of charged particles. The
pixel system went through three upgrade stages. The version for Run 2 data collection
since 2017 is referred to as the Phase-1 pixel detector [34]. It consists of 1,856 modules,
comprising the barrel pixel detector (BPIX) and the forward disks (FPIX), and covers
the pseudorapidity range of |n| < 2.5.

The strip system surrounds the pixel detector, and it consists of 15148 modules from
four subsystems: the Tracker Inner Barrel (TIB), the Tracker Inner Disks (TID), the
Tracker Outer Barrel (TOB), and the tracker endcap (TEC). Compared to the pixel
system, the strip system covers a bigger area and suffers less from the high radiation
environment.

The information collected by the tracker system is used for impact parameter (IP)
and secondary vertex measurements, both of which aid the b-tagging. For high pp tracks
at the 100 GeV scale, the transverse momentum resolution is around 1-2 % in the barrel
region. The transverse impact parameter measurement for high pp tracks is accurate
to about 10 pm, thanks to the high-resolution pixel hit measurement [31]. The tracker
reconstruction efficiency for muons can reach 99% over most of the acceptance.

3.2.2 The Electromagnetic and Hadronic Calorimeters

The CMS electromagnetic calorimeter (ECAL) and the hadronic calorimeter (HCAL)
provide direct measurements of the particle energy from the collisions, as well as indi-
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Figure 3.6: The CMS tracker sketch in r-z view [31]

rect measurements of missing energy. The ECAL measures the energy of electrons and
photons, and the HCAL measures the energy of charged or neutral hadrons.

The ECAL is the inner layer of the two calorimeters [35,36]. While the particles
are traversing the ECAL, they interact with the scintillator material, and their energy is
absorbed and transferred into light. The photodetectors, which are glued on the back of
the scintillators, will detect the scintillation light and convert it into an electrical signal.
The read-out system will collect the electronic signal and pass it to further analysis. As
shown in Figure 3.7, the ECAL consists of a barrel part (|n| < 1.479) made of 61,200
lead tungstate (PbWQO,) crystals and two endcap parts (1.479 < |n| < 3) with over 7,000
crystals. The crystals have a high density, a short radiation length, and a small Moliere
radius, ensuring low noise and high resolution. The preshower detectors are installed in
front of the endcaps for the primary purpose of identifying neutral pions.

The energy resolution is a key parameter of the calorimeter performance, and the value
for ECAL is defined by the following equation.

() = () +() +C (32

where E is the energy of the measured particle, S is the stochastic term, N is the noise
term, and C is the constant term. Those terms are determined from the measurement
discussed in [37], showing the results of S = 2.8%, N = 12%, C = 0.3%.

The HCAL [38], located behind the ECAL, measures the energy from the hadronic
showers. It is a sampling calorimeter, tiling layers of absorber material and active ele-
ments. As shown in Figure 3.8, the hadron calorimeter consists of the HCAL barrel (HB),
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the HCAL endcap (HE), the HCAL outer (HO), and the HCAL forward (HF) parts; each
part covers a specific ) range. The HB made of two half-barrels covers the |n| < 1.3 range,
while the two HE modules covering the range 1.3 < |n| < 3. The HB and HE are placed
in the high-magnetic field, so their absorb layers are made of copper and stainless steel,
which are non-magnetic materials. Their active elements are plastic scintillator tiles. The
HO is located behind the solenoid covering the HB 7 area, and acts as a tail-catcher
for the hadron shower. The HF covers the high pseudorapidity range 3 < |p| < 5, is a
Cherenkov calorimeter designed for identifying forward jets, measuring missing energy,
and monitoring luminosity. Quartz fibers are chosen as active layers for HO to detect
Cherenkov light and to cope with the high radiation and high hadron rate environment
in that area.

The combined energy resolution o of ECAL and HCAL is defined by equation 3.3,
where E is the energy of the measured particle, a is the stochastic term, and b is the
constant term. According to the calibrations in [39], the terms measured with HE or HB

are a = 0.847 GeV'? and b = 0.074. The corresponding values measured with HF are
a=1.98 GeV'? and b = 0.09.

@b (3.3)

SIS
S°
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Figure 3.8: The CMS HCAL layout [40]

3.2.3 The Muon Detector System

The muon detector system provides muon information, including muon identification,
momentum measurement, and triggering. Muons can travel through the inner detector
materials with negligible energy loss, reach the outer muon chamber, and create clear
signatures for various physics processes. The muon measurement by the muon detector
system is independent from the inner tracker system, thus providing a possibility for cross-
check. The muon detector includes the drift tube (DT) system, the cathode strip chambers
(CSC), the resistive plate chamber (RPC) system, and the gas electron multiplier (GEM)
chambers (Figure 3.9). Like other sub-detectors, the muon system is also cylindrical and
can be divided based on pseudorapidity.

The DT system consists of four concentric cylindrical stations, covering the barrel
region in |n| < 1.2, an area with a low signal rate expected. Each station is made of 60 or
70 drift tube chambers, filled with a gas mixture of 85% Ar and 15% CO, [31]. The main
functions of the DT system are to provide muon position by hit pattern reconstruction and
to contribute to the muon components of the level-1 triggers. The numbers and orientation
of DT chambers are designed to achieve a good muon reconstruction efficiency at around
97% [41].

The CSC system contains four stations, functioning as multi-wire proportional coun-
ters with a finely segmented cathode strip readout [41]. It is located in the endcap regions
1.0 < |n| < 2.4, where the muon rates and the background levels are higher than in the
barrel region, and the magnetic field is non-uniform. Besides muon position measurement,
its function also includes the muon trigger. The CSC modules are filled with a mixture
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Figure 3.9: The CMS muon detector system [43].

of gases of 40% Ar, 50% CO,, and 10% CF,, providing a fast detector response time.

The GEM chamber and the RPCs form a trigger system that can quickly and inde-
pendently identify the LHC bunch crossings associated with muon tracks. The RPCs
are embedded in the barrel and endcap muon detectors, covering |n| < 1.6. The GEM
chamber is placed in front of the first endcap muon station in the 1.6 < |n| < 2.2 region
to enhance forward muon triggering and tracking performance [42].

3.2.4 The Trigger System

The LHC bunch crossing rate can reach 40 MHz, but most events from collisions do not
contain the target physics process for further analysis. Thus, it is crucial to introduce a
trigger system to decide whether to keep or discard the events. The CMS trigger system is
designed to reduce the event rate to a few kHz and consists of two levels: the Level 1 (L1)
trigger, based on hardware, and the high-level trigger (HLT'), based on software. During
LHC Run 2, the highest instantaneous luminosity reached around 2 x 10** cm™2s~!, and
the average pileup reached 40, necessitating an upgrade for the trigger system [44].

The L1 trigger system uses information collected by the muon detector and the
calorimeters, and makes a quick decision for each event in at most 4 us after the collision
occurs. With the L1 trigger’s effort, the event rate reduced to 100 kHz from 40 MHz. In
the muon detector system, the trigger electronics decide the existence of the muons based
on the track segments or hit patterns in the muon chamber. The calorimeters’ trigger
determines the existence of jets, electrons, and photons based on their energy deposits.
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The global trigger (GL) decides to keep or drop the event based on the feedback from
the sub-detectors. Events possibly involving an interesting physics object, such as an
electron, a photon, a muon, or a jet, will be passed to the HLT for further processing.

The HLT system uses the complete read-out data and performs analysis-like calcula-
tions to select events that contain specific physics processes. More than 400 HLT paths
participated in the CMS Run 2 data-taking, each of which included specific requirements
of the physics objects. For example, this thesis uses the single lepton triggers with var-
ious pr and isolation requirements. Events that pass the specific HLT are directed to a
corresponding primary dataset. The analyzers will select the primary datasets and the
matched HLT paths based on the physics process they are searching for.

The HLT reduced the event rate to 1.5 kHz in Run 2. To keep the total event rate
within the maximum bandwidth, each HLT path is assigned a threshold. Once an HLT
is expected to record a large amount of events that exceeds its bandwidth threshold, a
measure named ”prescale” could be applied. The prescale method records a fraction of
events that pass the HLT requirement, rather than accepting all events, to keep the HLT
bandwidth within its assigned maximum. It is usually applied to HLT paths with high
expected event rates, such as the low-pr triggers used in the B-physics study. As for the
HLTs used in this thesis, the prescale factors are 1, indicating that all events containing
the required high-p; leptons are recorded in the primary datasets.

3.2.5 Data Acquisition and Processing

The Data Quality Monitoring (DQM) system monitors the data-taking process to ensure
that no technical issues affect the data quality. It certifies the good data and puts the
list of good run numbers into JavaScript object notation (JSON) files. To ensure high
quality of the data used in the analysis, the JSON files in Table 3.1 for all three years are
applied.

The raw data collected by the CMS detector go through several processing steps
before being used in physics analysis. The output of each step corresponds to a data tier:
RAW, RECO, AOD, MiniAOD, and NanoAOD. When data is promoted from a lower
tier to a higher tier, it loses information, but becomes more lightweight and readable
for physics analyzers. The RECO level datasets contain the reconstructed objects and
hits/clusters. AOD is short for Analysis Object Data, which contains the reconstructed
physics objects and reduced hit information; therefore, it is the starting point for physics
analysis. As reflected in their names, MiniAOD and NanoAOD are the simplified and
optimized versions of AOD; thus, they are widely used in the CMS physics analyses. This
analysis uses the NanoAOD level datasets, as they include all the necessary information.
The processing requires up-to-date configurations to simulate the detector condition. To
centralize the procedure, the CMS Software (CMSSW) has been developed. The CMSSW
is not only used for data processing, but also in Monte Carlo simulation and physics
analysis setups. The analysis uses the NanoAODv9 datasets from MiniAODv2, which are
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2016  Cert_271036-284044_13TeV _Legacy2016_Collisions16_JSON.txt
2017  Cert-294927-306462_13TeV_UL2017_Collisions17_GoldenJSON.txt
2018  Cert_314472-325175_13TeV _Legacy2018_Collisions18_JSON.txt

Table 3.1: Golden JSON files used for this analysis.
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Figure 3.10: Particle interactions in a transverse slice of the CMS detector [45].

the recommended versions for analyses using Run 2 data.

3.3 Physics Objects Reconstruction

The particle-flow (PF) algorithm [45] reconstructs and identifies physics objects by com-
bining information from the CMS sub-detectors, including the tracker, HCAL, ECAL,
and muon chamber. Figure 3.10 shows that each particle type interacts distinctively with
the CMS detector. As particles travel from the beam interaction area through the sub-
detectors, they may leave hits in the tracker and energy clusters in the calorimeters. Their
detailed behavior according to their kind allows for reconstruction and identification.
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3.3.1 Tracks and Vertices

The tracks and vertices are reconstructed from the hits in the tracker system. A com-
binatorial track finder based on the Kalman Filter [46|reconstructs tracks in three steps.
Firstly, an initial ”seed” is found with a few hits compatible with a predicted charged-
particle trajectory. Next, hits from all tracker layers are included to build a further
trajectory candidate with the Kalman Filter. Finally, a fitting step determines charged-
particle properties, such as the origin, pp, and direction. The reconstruction efficiency
under stringent track quality criteria reaches 99 % for isolated muons at the 10 GeV scale,
then slightly drops in the higher pt region.

The primary-vertex (PV) reconstruction measures the location of proton-proton in-
teractions using the reconstructed tracks in a single event [47]. The tracks near the beam
spot area are selected for reconstruction. Various requirements, such as the maximum sig-
nificance of the transverse impact parameter to the beam spot to be less than 5 (dy < 5),
are applied to select the tracks that are comparable with those coming from the IP. Then
the selected tracks are clustered using a deterministic annealing (DA) algorithm [48],
based on the minimal distances between the tracks and the beam spot center. The vertex
positions and associated information, such as the goodness of fit, are obtained with an
adaptive vertex fitter. The vertices that are most comparable to the interaction point are
selected as PV, while others are considered as pileup vertices.

A secondary vertex (SV) can originate from the decay of an unstable particle or from
an interaction with detector material [49], so its reconstruction and measurements are
crucial for b-quark tagging. The key parameter to identify a track from SV is the impact
parameter, which can be measured in different coordinate systems. The transverse impact
parameter (dy) and the longitudinal impact parameter (d,) are the distances between the
track and the PV in the transverse and longitudinal planes. The impact parameter can
be measured in three dimensions (3D) (dsp), and its significance is defined as ssp =
dsp/oldsp], where o[dsp| is the uncertainty of dsp. An SV is reconstructed from tracks
with high impact-parameter significance, and its position is determined by fitting the
reconstructed vertex.

3.3.2 Muons

Muons in CMS are reconstructed combining the information from two sub-systems: the
inner tracker and the muon chamber. As shown in Figure 3.10, a muon generated near to
the Interaction Point (IP) travels through the inner tracker, passes the calorimeters almost
losing no energy, and reaches the muon system. There are three types of reconstructed
muons, distinguished by the information used for their reconstruction: standalone muons,
global muons and tracker muons. A standalone muon is reconstructed with the hits from
DT, CSC, and RPC in the muon system, independent from the other CMS sub-systems.
A global muon track is based on the standalone muon track, then matched and fitted



3.3. PHYSICS OBJECTS RECONSTRUCTION 35

with the hits from the inner tracker. It increases the muon pp measurement resolution
and the reconstruction efficiency of high pyr muons, especially those with pp higher than
200 GeV. The tracker muons are reconstructed differently. Starting with the tracks from
the inner tracker, the tracks with pr > 0.5 GeV and p > 2.5 GeV are extrapolated to the
muon system, and the ones with at least one matching segment in the muon system are
identified as tracker muons. The tracker muon reconstruction benefits the low-pp muons,
especially the ones with pp < 10 GeV. By combining the three types of tracks, about
99 % of muons can be identified as a tracker muon or a global muon, or both.

In the PF algorithm, the muon identification (ID) criteria are based on selections
applied to the reconstructed global muons and tracker muons. There are various muon
ID criteria, including cut-based ID and multivariate (MVA) ID. Each ID criterion consists
of several working points, progressing from the loosest to the tightest one. The analysis in
this thesis requires cut-based ID at a tight working point. A tight-ID muon must be both
a tracker muon and a global muon, passing the goodness-of-fit requirements, with a track
reconstructed from tracker hits in at least six inner tracker layers and including one pixel
hit [41]. The tight muon ID aims to select the prompt muons from the PV instead of from
a hadron decay; therefore, it requires the muon to have a transverse impact parameter
(dp) smaller than 0.2 cm, and a longitudinal impact parameter (d,) smaller than 0.5 cm.

Isolation is an important variable that quantifies the separation of muons from other
objects in 1 /¢ space [50]. This analysis uses the I, variable for muon relevant isolation
factor, as defined below:

ARHt(pT)

o charged hadrons photons neutral hadrons charged pileup
Iﬂ = E (pT + mam(pT + pr - ﬂp'l’ ) 0)) (34)
PT ko

where the AR variable is from Equation 3.5, which describes a cone of an angle around
the muon direction. The threshold of the cone, AR¥, is a function of the muon py, instead
of a fixed value. This is an optimization for muons from the decay of a high-momentum
particle. A small J, value close to zero means a high isolation level. The analysis requires
the isolation I,, of each muon to be smaller than 0.05.

AR = \/An? + A¢? (3.5)
0.2, pr <50 GeV
AR* = {10 GeV/pp, 50 < pr < 200 GeV (3.6)
0.05, otherwise

3.3.3 Electrons

The electron reconstruction utilizes the information from the inner tracker and the ECAL.
In Figure 3.10, a prompt electron firstly travels through the inner tracker and leaves hits
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in the tracker layers, then arrives at the ECAL and leaves clusters of deposit energy.
When an electron interacts with the detector material in front of the ECAL, it emits or
produces bremsstrahlung photons, producing a shower containing multiple electrons and
photons. The energy of an electron can be mostly absorbed by ECAL.

The ECAL-based electron reconstruction begins with the measurement of ECAL clus-
ters [51], which are energy deposits from the particle showers produced by the electrons.
The energy of each ECAL cluster with Ey > 4 GeV is combined to obtain a primary
energy. The cluster with the biggest energy deposit compared to its neighboring cells is
defined as the seed cluster. The clusters around the seed cluster within a given area are
combined into a supercluster (SC) that captures the energy of the original electron. To
measure the electron’s kinematic properties, the position of a SC is matched with the
inner tracker hits, using the reconstruction algorithm based on the Gaussian sum filter
(GSF) [52].

As a complement to the ECAL-based reconstruction method, the tracker-based method
benefits the low-pr electron reconstruction. These tracks are reconstructed using a Kalman
Filter (KF), a common tool for general track reconstruction as mentioned earlier. All the
tracks in one event with py > 2 GeV are matched with the electron trajectory hypothesis.

The electron reconstruction combines information from the calorimeters and the tracker,
including the SCs, the GSF tracks, and the KF tracks. Identifications are defined based
on this information. This analysis uses cut-based electron identification at a tight working
point, with the requirements listed in Table 3.2. The cut variables in the table are defined
as follows:

e The variable o, is the second moment of the weighted distribution of crystal
energies in 7, as defined in Equation 3.7. Here, n is the pseudorapidity of the
crystal and w is a weight factor from the energy deposit. The calculation uses a
5 x 5 matrix centered around the most energetic crystal in the SC.

[T wi(ns — s
Oinin = 58 (3.7)

T
w;

2

e The angular variable |A7)fl‘f0d| is defined as |Nsced — Merack|- |A¢in| is defined as |psc —
Otrack|-  "Seed” means the ECAL cluster seed, and ”track” means the track 7 is
extrapolated from the innermost track position.

e H/E is the ratio of energy collected by the HCAL to that of the ECAL. A small
value indicates that most of the energy is absorbed by ECAL, consistent with the
electron hypothesis.

® Icombined/ B is the relevant isolation factor, where the isolation factor Icombined 18
divided by the electron Et. Icombined is defined as I, + maz(0, I, + I, — Ipy). It
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Variable Barrel Endcaps
Tinin < 001 < 0035
|Anf§°d| < 0.0025 < 0.005
| Adin| < 0.022 rad < 0.024 rad
H/E < 0.026 + 1.15 GeV/Esc < 0.019 + 2.06 GeV/Esc
Icombincd/E’l‘ < 0.029 + 0.51 GCV/ET < 0.0445 + 0.963 GCV/ET
|1/E —1/p| < 0.16 GeV™! < 0.0197 GeV~!
NMmissing hits < 1 < 1
conversion veto Pass Pass

Table 3.2: Cut-based electron ID requirements at the tight working point, from Table 6
in Ref [51]

is a combination of isolation factors of charged hadrons (Iu,), photons (I,), neu-
tral hadrons (I,) in side a cone of AR = 0.3, including a correction for pileup
effects(Ipy).

e In the variable |1/E — 1/p|, E is the SC energy and p is the momentum of the
track closest to the vertex. The electron hypothesis predicts a small value for a
high-quality reconstruction.

e The conversion-safe electron veto rejects photons misidentified as electrons using
pixel hit information.

3.3.4 Jets

The hadronization and fragmentation products of quarks and gluons produced in proton-
proton collisions are referred to as jets. A jet usually consists of several particles, such as
hadrons from the parton shower, photons created during hadronization, and soft leptons
from hadron decay. As shown in Figure 3.10, charged hadrons leave hits in the tracker
system, then produce showers, which typically start at ECAL and extend to the HCAL.
Neutral hadrons bypass the tracker, potentially shower in the ECAL, and ultimately
create showers and deposit all their energy in the HCAL.

Jet reconstruction uses the anti-«; jet clustering algorithm [53], taking the information
from the tracker, ECAL, and HCAL as inputs. The anti-«; jet clustering algorithm [53]
is an infrared and collinear safe method, designed from the typical character of a jet,
which is a well-separated hard particle surrounded by many soft ones in a cone. A key
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parameter in this algorithm is the distance parameter between two particles (d;;) defined
in Equation 3.8, where AR;; is from Equation 3.5.

AR?J-
R2

Among all possible pairings, the algorithm always combines the particle pair with the
smallest d;; value first. The factor min(p,;i., pIZJ) in Equation 3.8 emphasizes pairings
dominated by higher pp objects, so a hard particle tend to be clustered with the soft
particles surrounding it first, while soft particles are likely to be clustered later with
another hard particle. The clustering stops when the calculated d;; < p?r,i. The constant
variable R sets a boundary on the clustering, representing the radius of the jet cones. In
CMS, the R value can be set to 0.4 for small-radius jets, and 0.8 for large-radius jets.
This analysis uses the isolated jets reconstructed with R = 0.4, referred to as AK4 jets.

The jet identification (ID) criteria are based on the phenomenological studies of jets.
Each jet is expected to have approximately 65% of its energy from charged hadrons, 25%
from photons or neutral pions, and 10% from neutral hadrons. The jet ID applies selection
criteria on the fractions of charged hadron, neutral hadron, charged electromagnetic, and
neutral electromagnetic energy [54]. Each selected fraction must be compatible with the
jet hypothesis and fall within predefined thresholds.

The pileup effect from low-energy proton-proton collisions brings difficulties for jet
reconstruction and measurement. Multiple methods, such as the Charged Hadron Sub-
traction (CHS) [55] method and the pileup jet ID, are developed to mitigate the effect.
The CHS method removes the charged tracks from pileup vertices before jet clustering,
thus improving the jet energy resolution at low-pyp. The pileup jet ID based on an MVA
is developed to remove the pileup jets, which typically lack a hard particle at their core,
unlike the hard-scattering jets. Such pileup ID can reject 90 — 95% pileup jets while
keeping 99% hard-scattering jets for jets in the || < 2.5 and pr < 30 GeV region [53].

The jet energy corrections at CMS, including jet energy scale (JES) and jet energy
resolution (JER), calibrate the jet measurement for both data and Monte-Carlo (MC)
simulation. The JES corrects the mean values of the jet four momentum in MC and data,
and the JER smears the jet resolution only in MC.

Figure 3.11 shows the workflow of applying JES corrections to data and MC. The
pileup corrections are applied to all reconstructed jets to decrease the effect of pileup
tracks in the jet cone. Then the simulated particle response correction, as a function of
pr and 7 of the generated jets, is applied to the momentum of the measured jets. The
residual corrections as functions of n and py are only applied to data, and the correction
to improve jet flavor tagging is only applied in MC.

The JER correction modifies the resolution of jet momentum distributions in MC. It
improves the MC-data agreement of the jet momentum distribution. The JER correction
in this analysis follows a hybrid method provided by CMS. The JER correction factor,
labeled as cygr, is a scale factor applied to correct the four-momentum of the jets. The

(3.8)

dij = min(P';,zi’ pI2J)
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Figure 3.11: Jet energy scale corrections at CMS [56]

method begins with a particle-level matching to the jet. A matching particle-level jet
must pass the requirement in Equation 3.9, where p is the transverse momentum of
the particle-level jet for matching, py is the transverse momentum of the jet to be matched,
and opp is the relative py resolution in simulation:

AR < Rcone/2a | Pr — P%td |< 3 OJER PT (Rcone = 0.4 for AK4 thS) (39)

If a matching particle-level jet exists, the JER correction can be quantified by equa-
tion (3.10), where sjgr is the data-to-simulation scale factor found in central produced

configuration files:

ptel
Pr — Pr

pr
If no matching particle-level jet is found, the jet momentum correction factor can be
calculated with Equation 3.11, where N(0,0) denotes a random number sampled from a
normal distribution with a zero mean and variance o%:

cyer = 1+ (syer — 1) (3.10)

CJER — 1 + N(O, O'JER) \/maz(sﬁER — 1, 0) (311)

3.3.5 B-tagging

The b jet tagging is crucial for establishing the event reconstruction and selection strategy
in this analysis. B jets are the hadronization product of b quarks, including b hadrons
such as B*, B°, Bg, and A,. The b hadrons are heavier than other hadrons, and they
have sizable lifetimes of ¢ = 0.5 mm. One of their important signatures is the SV
reconstructed from their decay products. The pp of the hadron decay products relative
to the jet axis, pR°!, is an important variable for jet flavor tagging [57]. Most long-lived
b hadrons have spin 0, and thus decay isotropically in their rest frame, leading to a large
PRl compared to the light flavor hadrons. A b jet usually contains a large number and
various types of tracks, with the presence of leptons from the b hadron decay. The jet
flavor classification method used in this analysis is DeepJet [58]. The algorithm utilizes
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Figure 3.12: DeeplJet performance curve: b-jet efficiency vs mis-identification rate [58]

features of b jets and is based on a deep neural network (DNN) trained with approximately
650 input variables, including track multiplicity, jet kinematics, and SV reconstruction
information. The training and testing samples are combinations of MC simulations of
QCD multi-jet and fully hadronic top-quark pairs.

Figure 3.12 shows the performance of the DeepJet classification algorithm, showing
improvement compared to the DeepCSV classifier. This analysis uses the b jet tagging at
the medium fixed working point, which has a mis-identification rate of less than 1% and
around 80% b-tagging efficiency. To gain a good data-MC agreement, the events in MC
are multiplied with a event-based weight w*#8"¢ as shown in the following equation.

,wb—tagging _ H SE(pI'a mn, fl(J,’UO'l") . 6i(p'l'a mn, fl(l’UO'l")
6i(p'l'a m, fla'uo?")

i=tagged jets
H 1 — SF;(pr,n, flavor) - €;(pr,n, flavor)
1- 6j(p'1’a 7, flll'UO’l")

(3.12)

j=non tagged jets

where the scale factor SF; and the b-tagging efficiency are functions of the tagged jet’s
pr, n and flavor. Figures 7.1, 7.2 and 7.3 in the appendix show the b-tagging efficiency
maps, individually produced for each data-taking era and jet flavor.

3.3.6 Missing Transverse Momentum

The missing transverse momentum (MET) refers to the total transverse momentum that
is not detected in any CMS sub-detectors. It is typically associated to neutrinos that do
not interact with the detector materials. The missing transverse momentum is defined
as the negative vector sum of the pr of all the visible particles reconstructed via the PF
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algorithm, and the missing transverse energy is the magnitude of it:

pmrtlcles

—_—
Ilm:’SP — _ Z ?lz : (313)

As discussed in the previous section, the JES and JER corrections alter the jet py
values. Therefore, corresponding corrections are required to update the missing transverse
momentum, as shown in Equation 3.14.

Nparticles NPF jets
__) pé J
PRy = — Z - Y O ) (3.14)
. j=1

The XY correction is applied to MET ¢ and MET py in data and MC to mitigate
pileup effects and detector modulation. Modulation could arise from detector misalign-
ment, beam spot displacement, and inactive calorimeters. It increases with more pileup
interactions. The XY correction modifies the missing pr and missing ¢ values. It is a
function of the number of PVs, raw missing pr, and raw missing ¢. When it applies to
data, it also depends on the detector conditions during the data-taking era. The MET ¢
distribution is sinusoidal without the XY correction, and becomes flat after applying it.
The correction improves the data-MC agreement in the MET distributions.
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CHAPTER

Search for singly produced
Vector-Like Quarks in the
opposite-sign dilepton final state

4.1 Analysis Strategy

This analysis searches for singly produced vector-like top quarks (T) in the decay channel
T — tH (Figure 4.1), focusing on final states with two opposite-sign (OS) leptons, where
each lepton could be either an electron or a muon, jets, and missing transverse energy.
The search covers the T mass region from 600 GeV to 1200 GeV, where only "resolved”
final states are considered. In a resolved final state, the hadronization products of any
two outgoing partons do not merge into a single "boosted” object. The T signal model
is produced under the narrow-width approximation (NWA), requiring a width-to-mass
ratio less than 15%. More details about NWA can be found in section 2.2.1. The analysis
targets the process T — tH; t — bW — bqq’, where the Higgs boson decays to a
final state with two opposite-sign leptons, and the top quark decays hadronically. The
signature is dominated by H - WW — vy and H - WW; W — (7) — fv(v) decay
modes, while H — ZZ and H — 77 contribute to a small degree. Only the electrons
and the muons are considered in the final state, resulting in three different topologies:
the dimuon, the dielectron, and the electron-muon final states, accompanied by at least
three jets (one of the jets is b-tagged) and missing transverse energy. Table 4.1 lists all
the decay modes that contribute to the signal.

The data used in this analysis has an integrated luminosity of 138 fb™', collected by
CMS at /s = 13 TeV in the years 2016, 2017 and 2018, referred to as Run 2.

The analysis uses a cut-based approach. The cuts are optimized to suppress the main
backgrounds, which are low-mass Drell-Yan production for the pupu and ee channels and

43
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Table 4.1: Higgs boson decay modes contributing to the OS di-lepton signal in the process
pp— Tbq; T—t+H; t = b+ W — bqq’

H decay mode Final state Relative contribution
ee/ ep
H—> WW — Uy 80% 90%

—T1v v — v,
— 1TV, — Wvvv,v. v, v,

H— 77 — Uvvv, v, 5% 10%
H— ZZ — vy 15% 0
— TTVV — Uvvvvv, v,
— llqq’

—717qq  — Uqq'vvvv,

top quark pair (tt) production for all channels.

Figure 4.2 shows the dominant production modes of tt at the Leading order (LO) via
gluon fusion. The branching ratio of a top quark decaying into a b quark and a W boson is
almost 100 %, and the branching ratio of a W boson leptonic decay is 33 %. When two W
bosons both decay into leptons and neutrinos, the tt final state includes an opposite-sign
lepton pair, jets, and neutrinos, thus becoming a major background in the analysis.

Figure 4.3 shows Z boson production via Drell-Yan (DY) quark-antiquark annihilation
at the LO, where the Z boson decays into an opposite-sign (OS) lepton pair. The DY
process has a large production cross section, making it a significant background process
in the pp and ee channels.

The discriminating variable in the final signal extraction is the reconstructed mass
of the T candidate, labeled as myy. The reconstructed mass of the fully hadronic decay
top quark can be obtained from the tree selected jets. Due to the existence of the two
neutrinos in the Higgs boson decay, the Higgs boson cannot be fully reconstructed. This
is addressed by a partial reconstruction based on the kinematic properties of the final
state.

To maximize analysis sensitivity, the selections are optimized to target a peaking signal
shape on a smoothly falling background in the signal region. Considering that the analysis
focuses on the T mass points from 600 GeV to 1200 GeV, the signal region is defined as
men € [400,1500] GeV. Signal models are obtained by fitting the reconstructed T mass
distributions from the simulated signal events for each mass point, di-lepton channel, and
data-taking era. The background shape in the signal region is determined from the data,
with a parameterization motivated by the Monte-Carlo (MC) simulations.

The signal extraction is performed with a binned maximum likelihood fit to the my
distribution in each category of the data. The signal and background modeling, the
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Figure 4.1: Single production of T at LO

Figure 4.2: tt production at LO

systematic uncertainties, and the statistical features are taken into consideration in the
final signal extraction. The results can be found in Chapter 5.

4.2 Datasets and Monte Carlo Simulation

4.2.1 Datasets

The analysis in this thesis uses data collected during the LHC Run 2 data-taking pe-
riod from 2016 to 2018. Different single-lepton datasets with corresponding single-lepton
triggers are chosen to maximize the trigger efficiency. For the di-muon channel and the
muon-electron channel, the primary datasets named ”SingleMuon” are used. For the di-
electron channel, the primary datasets named ”SingleElectron” or ” EGamma” are used.
The data eras in CMS during one data-taking year are named with letters in alphabetical
order, such as A, B, C, and D. The 2017 B dataset is excluded in the di-electron chan-
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Figure 4.3: DY Z boson production in dilepton final state at LO

nel since there is no proper trigger. The 2016 datasets are divided into ”preAPV” and
"postAPV” due to the change in silicon strip tracker settings to address issues caused by
APV modules. Table 4.2 and 4.3 report the list of datasets used in the analysis, crossing
all years and channels.

4.2.2 Monte Carlo Simulation

Monte Carlo (MC) simulation plays a crucial role in physics analysis. In this analysis, the
selection strategy is optimized with the signal and background MC. The signal modeling
is driven by the signal MC, and the initial background shape is extracted from the back-
ground MC. The MC samples are generated using two generators: MADGRAPH [59] and
POwWHEG. The hadronization, parton showering, and particle decay simulation are pro-
cessed with PYTHIA 8 [60]. The detector simulation is provided with GEANT4 [61] [62].

The signal MC pp — Thq is initially generated at the leading order (LO) with the
MADGRAPH generator (V5.2.6.5). The T is produced via the electroweak (EW) interac-
tion associated with a b quark as shown in the Feynman diagram (Figure 4.1). In the
generator, the T decays into a Higgs boson and a top quark, under seven mass hypotheses
ranging from my = 600 GeV to myp = 1200 GeV. The generator-level T width in the
signal MC is set to 10 GeV; thus, I'/my = 1 %, which is consistent with the NWA.

The hadronization, parton showering, and the Higgs boson decay are performed by
PyTH1A8.24. Higgs boson decay mode specification and generator-level filters are inserted
in the configuration. Higgs bosons from the generator are forced to decay to W boson
pairs, Z boson pairs, or 7 pairs, since they are the only decay modes significantly con-
tributing to the opposite-sign final state. H — WW is the dominant Higgs boson decay
mode in the analysis, while H — ZZ and H — 77 contribute to a smaller degree. The
generator-level filter requests at least two leptons (electrons or muons) in one event; each
lepton must pass the pr > 5 GeV and |n| < 2.5 requirements. The motivation of the
lepton number requirement is to increase the MC production efficiency. In a typical sig-
nal event, there are exactly two leptons in the final state from the Higgs boson decay.
Although sometimes additional leptons decaying from b jets are found at the generator
level, they usually are soft leptons, with pr below the analysis threshold and beyond the
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generator-level filter threshold. The existence of those leptons will however change the
total number of leptons counted at the generator level. Around 50 % signal events have
an additional lepton from the b hadron decay in t — bW. To include those events, it
is necessary to ask for at least two leptons at the generator level instead of asking for
exactly two leptons. Table 4.4 lists the signal MC samples for all the data-taking eras.

Background MC samples are utilized for selection optimization and initial background
shape parameterization. The tt MC samples are generated at next-to-leading order (NLO)
using POWHEG, and the Drell-Yan MC samples are generated by MADGRAPH at the lead-
ing order. To ensure sufficient MC statistics, the Drell-Yan modeling combines thirteen
Drell-Yan MC samples spanning various Hp and lepton pair mass regions, where Hry is
the scalar sum of the py values of all jets in one event. Since the next-to-leading order
for Drell-Yan processes also contributes to the background, a correction factor, calculated
with generator-level information, is adopted to scale the event rate, as discussed later.
Apart from the main background MC samples, the MC samples for sub-leading back-
ground processes are used for background study, namely single top, ttW, ttH, and ttZ.
All the background MC samples used in the analysis are listed in Table 4.4, associated
with their expected cross sections.

4.3 Events Selection and Signal Reconstruction

4.3.1 Trigger

To achieve high selection efficiencies for target signal decays, the trigger strategy is to
combine two lepton triggers in each channel, including a low pp single-lepton trigger
with an isolation requirement and a high py single-lepton trigger without an isolation
requirement. Table 4.5 lists the trigger combinations used in the pp and ey categories,
and Table 4.6 lists the ones used in the ee category.

The py threshold for the low-py muon trigger is 24 GeV or 27 GeV, depending on the
data-taking year. The pp threshold for the high-pr muon is 50 GeV in all years. The
electron triggers are analogous to the muon triggers. The low pr single electron triggers
with the isolation requirement have py thresholds of 27 GeV or 32 GeV. The high py
triggers without the isolation requirement have py thresholds of 115 GeV.

In general, the low pr triggers increase the signal acceptance of online selection by
including signal events with low pr leptons. The high pr triggers include high pr objects,
which can fail the isolation requirement applied in the low ps trigger. As a result, the
single lepton triggers and the resulting offline py cuts do not entail a significant loss of
signal efficiency.

The offline trigger efficiency for this analysis is estimated centrally in CMS via the
tag-and-probe technique. The tag-and-probe method is based on a two-object system
consisting a "tag” and a "probe”. The tag and the probe are produced in pair through
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2016 HIPM Dataset Run range

/SingleElectron/Run2016B* 273150 275376
/SingleElectron/Run2016C* 275656 276283
/SingleElectron/Run2016D* 276315 276811
/SingleElectron/Run2016E* 276831 277420
/SingleElectron/Run2016F* 277932 278807

Integrated luminosity (SL trigger) 19.67 b1
2016 post Dataset

/SingleElectron/Run2016F* 278769 278769
/SingleElectron/Run2016G* 278820 280385
/SingleElectron/Run2016H* 281613 284044

Integrated luminosity (SL trigger) 16.98 fb~1
2017 Dataset

/SingleElectron/Run2017C* 299368 302029
/SingleElectron/Run2017D* 302030 302663
/SingleElectron/Run2017E* 303818 304797
/SingleElectron/Run2017F* 305040306460

Integrated luminosity (SL trigger) 36.75 fb~!
2018 Dataset

/EGamma/Run2018A* 315257 316995
/EGamma/Run2018B* 317081 318310
/EGamma/Run2018C* 319337 320065
/EGamma/Run2018D* 320500 325175

Integrated luminosity (SL trigger) 59.83 fb~!

Table 4.2: /EGamma and /SingleElectron primary datasets used for the dielectron chan-
nel.
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2016 HIPM Dataset

Run range

/SingleMuon/Run2016B*
/SingleMuon/Run2016C*
/SingleMuon/Run2016D*
/SingleMuon/Run2016E*
/SingleMuon/Run2016F*

273150 275376
275656 276283
276135 276811
276831 277420
277932 278807

Integrated luminosity (SL trigger)

19.67 tb~!

2016 post Dataset

/SingleMuon/Run2016F*
/SingleMuon/Run2016G*
/SingleMuon/Run2016H*

278769 278808
278820 280385
281613 284044

Integrated luminosity (SL trigger)

16.98 fb~!

2017 Dataset

/SingleMuon/Run2017B*
/SingleMuon/Run2017C*
/SingleMuon/Run2017D*
/SingleMuon/Run2017E*
/SingleMuon/Run2017F*

297047 299329
299368 302029
302031 302663
303824 304797
305040 306462

Integrated luminosity (SL trigger)

41.48 b1

2018 Dataset

/SingleMuon/Run2018A*
/SingleMuon/Run2018B*
/SingleMuon/Run2018C*
/SingleMuon/Run2018D*

315257 315789
317080 319310
319337 320065
320500 325175

Integrated luminosity (SL trigger) 59.83 fb~!

Table 4.3: /SingleMuon primary datasets used for the dimuon and the electron-muon

channels.
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Signal

TprimeBToTH_M-!_AtLeast2L_LH_TuneCP5_13TeV-madgraph-pythia8

Background Cross section (pb™")
TTTo2L2Nu_TuneCP5_13TeV-powheg-pythia8 88.29
DY JetsToLL_M-4to50_HT-70to100? 314.8
DY JetsToLL_M-4to50_HT-100t02002 190.2
DY JetsToLL_M-4to50_HT-200t04002 42.27
DY JetsToLL_M-4to50_HT-400t06002 4.05
DY JetsToLL_M-4to50_HT-600toinf? 1.216
DY JetsToLL_M-50_HT-70t01002 140.0
DY JetsToLL_M-50_HT-100t02002 139.2
DY JetsToLL_M-50_HT-200t04002 38.4
DY JetsToLL_M-50_HT-400t06002 5.174
DY JetsToLL_M-50_HT-600t0800% 1.258
DY JetsToLL_M-50_HT-800t01200? 0.56
DY JetsToLL_M-50_HT-1200t025002 0.13
DY JetsToLL_M-50_HT-2500toinf? 0.003
ST_tW _top_5f_inclusiveDecays_TuneCP5_13TeV-powheg-pythia8 39.65
ttWlets? 0.21
ttHToNonbb_M1252 0.59
ttZJets? 0.86

1600, 700, 800, 900, 1000, 1100, 1200
2 _TuneCP5_13TeV-madgraphMLM-pythia8

Table 4.4: MC samples names used in the analysis
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Figure 4.4: Single muon trigger efficiency plot from CMS [63].

Year

single p trigger

2018

HLT IsoMu24 or HLT_Mub0

2017

HLT IsoMu27 or HLT_Mub0

2016

HLT IsoMu24 or HLT_Mub0

Table 4.5: Triggers for ppu and ep channels of each year. "HLT” is short for high-level
trigger, the numbers ”Mu” are py thresholds for muons, and ”Iso” is short for isolation.

the same process, so they share similar physics properties. Strict selection criteria ap-
ply to the tag to ensure purity. The probe objects are used to measure the trigger
efficiency. Efficiency is measured as the ratio of probes passing the trigger to the total
number of probes. Here, the tag-and-probe system uses muon pairs or electron pairs
from Z boson decay produced in the DY process. Figure 4.4 shows an example of the
trigger efficiency as a function of muon pp and 7. The trigger efficiency is calculated as
e = (IsoMu24 || Mu50)/(Tight ID & PFIsoTight). The denominator indicates that the
calculation applies to muons passing both the tight ID and tight isolation requirements.
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Year Triggers

2018 HLT_Elel115_CaloldVT_GsfTrkIdT or HLT _Ele32_WPTight_Gsf

2017 HLT_Elel115_CaloldVT_GsfTrkIdT or HLT_Ele32_ WPTight_Gsf_L1DoubleEG

2016 HLT _Elel15_CaloldVT_GsfTrkIdT or HLT _Ele27 WPTight_Gsf

Table 4.6: Triggers for the ee channel of each year. "HLT” is short for high-level trigger,
the numbers after "Ele” are py thresholds for electrons, and ”WPTight” refers to the
isolation requirement at the tight work point. ”CaloldVT_GsfTrkIdT” indicates that the
trigger uses electron ID, which favors high efficiency over purity, based on deposited energy
information in ECAL and HCAL and on the matching of ECAL clusters to tracker tracks.

4.3.2 Basic Selection

As the first part of the offline selection, basic selections provide initial suppression of
the background and select the physics objects for signal reconstruction. These selections
must be tighter than the online selections in triggers. The detector acceptance, due to
geometry, should also be taken into consideration. Based on these concerns, the basic
selections are developed as follows.

In each event, there must be exactly two OS leptons and at least three jets. At least
one of the jets must be medium b-tagged.

Muon candidates are required to have pr > 30 GeV, || < 2.4, tight ID, tight
isolation, and pass the selection on the significance of the 3D impact parameter
(s3p < 3) to ensure production comparable with the primary vertex.

Electron candidates are required to have pp > 35 GeV, |n| < 2.5, tight ID, and pass
an impact parameter selection applied on the transverse and longitudinal planes:
dyp < 0.05 cm and d, < 0.1 cm in the barrel region; dy < 0.1 cm and d, < 0.2
cm in the endcap. Electrons in the transition region between the barrel and end-
cap of ECAL (1.444 < |n| < 1.566) are vetoed to avoid areas with low-quality
reconstruction.

The AK4 jet candidates are required to have py > 30 GeV, || < 2.5, and pass
tight ID. The jets with pp < 50 GeV need to pass the loose pile-up ID. A veto
applies to the jets lying in the overlap region, defined as a cone of AR(j, u/e) =
VAN, n/e)? + Ap(j, p/e)? < 0.4 around a selected lepton.

To remove contributions from di-lepton mass resonances in the low-mass region, the
invariant mass of the lepton pair is required to be my > 12 GeV.
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e To further reject background events, the scalar sum of all jets pp in one event is
required to satisfy Hp > 80 GeV.

e The HEM issue in 2018 is caused by several broken HCAL modules in —3.2 < n <
—1.3 and —1.57 < ¢ < —0.87 regions. It affects a small fraction of the data collected
in 2018. The jets and electrons in the affected 7-¢ region during the affected data-
taking period are vetoed.

Figures 4.5, 4.6, and 4.7 show distributions of a few basic kinematic variables from
signal and background MC after the basic selection. MC corrections discussed in the
following section 4.3.3 are applied to these distributions. All the distributions from back-
ground processes in Table 4.4 are included: tt, Drell-Yan, ttV, and single top productions.
The signal distributions are from three representative mass points (600 GeV, 900 GeV,
and 1200 GeV) after the basic selection, additionally requiring the leptons to stem from
H — WW decay. In each plot, the total number of events (n) from each signal or back-
ground process is scaled according to the integral luminosities (L) and the theoretical
cross-section (o), defined as n = Lint - 0 - Nagter selections/Mno selection-

From the distributions of the numbers of jets and b jets, one can infer that the signal
process has more jets or b jets than the background processes. In the pr distributions
of the leptons and jets, objects from the signal have higher pr than those from the
background, because the signal decay products are initially from the heavy particle T.
Besides the basic kinematic distributions, two variables, namely the invariant mass of the
lepton pair and the AR between the two leptons, show characteristic features resulting
from the Higgs boson decay [64]. As the Higgs boson has spin 0 and its daughter W
bosons have spin 1, the charged leptons from their decays appear preferentially in the
same hemisphere [65]. Therefore, the AR(l,1) values from the signal are smaller than
those from the background. Due to the same reason, the my variable from the signal
populates mostly in the low mass region below my /2. The AR(l,1) variable is sensitive to
the Higgs boson py, resulting in difference between T mass points: In general, the signal
distributions from high T mass points have smaller AR(l,[) values than those from low
T mass points. Meanwhile, as my; is Lorentz invariant and depends only on the W decay
process, its distribution remains unchanged among the different T mass points.

4.3.3 MC Corrections

To mitigate the MC mismodeling effect and improve data-MC agreement, a series of
corrections is applied to all the MC samples used in this analysis. Some corrections
modify the values of the kinematic variables, while others are applied as event-based
weights.

As introduced in the physics object section 3.3, the JES correction adjusts the mean
value of the jet pr distribution, and the JER correction modifies its resolution. As a
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Figure 4.5: Distributions of kinematic variables in the ppu channel after the basic selection.
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miss

consequence, the missing transverse momentum p§*™* is modified to adopt the jet pr
corrections. The XY corrections modify MET ¢ and MET p* to reduce pile-up effect
and modulation.

A total event-based weight, which is the product of scale factors reflecting different
physics motivations, is computed for each MC event following the expression in Equa-
tion 4.1.

U)MC = SFpilc_up(nlntcraction) : SFGEN

“ Ub—tagging (plzl:‘xggcd jct’ ntaggcd jct’ f l a,vtaggcd jct)
SE* P (ph, ) - SF* " (ply, 1) - SF* 2 (ph, ")
SF P (p%, 1) - SFC ™ (i, 11°)

SF* 'h'iggcr(p’li"hig’ 772 'nig) . QR prefiring

(4.1)

top pr reweighting/ ¢t
“w (pr, P7)

The calculation of wMC includes all scale factors centrally calculated in CMS, each of
which is listed below:

e The pile-up scale factor, SFPIUP mitigates the mismodeling of the pile-up distri-
bution in MC simulations. It depends on the number of interactions generated in
one MC event.

e A b-tagging weight w488 s firstly introduced in the physics object section 3.3.5,
is computed for each event considering all tagged jets. It uses information from the
scale factor maps produced by CMS and the b-tagging efficiency maps produced by
analyzers. The full expression of w88 appears in Equation 3.12.

e The scale factors for muons and electrons include identification, isolation, and re-
construction, reduce the MC simulation bias in each term. They depend on the
working points, the data-taking era, and the py and 7 of all leptons in a single
event.

e The offline trigger scale factors (SF¢ ™8r) are obtained from the trigger scale factor
maps. These 2D maps, given as functions of pp and 7, result from dividing the
trigger efficiency maps from data by those from MC. The py and 1 values used to
determine the scale factor are from the lepton that actually triggered the event.

e The L1 prefiring scale factor, SFM Prefiring - corrects the gradual timing shift of the
ECAL and the muon systems during the 2016 and 2017 data taking. The time shift
is the side effect of the L1 rules, which forbid two consecutive bunch crossings from
firing. This causes some triggered events to be mistakenly assigned to the previous
bunch crossing.
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Figure 4.8: Estimate NLO-to-LO correction factor from DY MC

e The top quark pp reweighting only applies to tt MC samples. The woight is defined

as wtop 7r rowsighting —  [SPY(ph) - SFY(ph), where SF!(pr) = 0001500557 with
values from parton level top quark and anti-top quark. This formula describes the
ratio of the top pr measured in data with respect to the simulation from POWHEG

and PYTHIA. The overall effect of top pr reweighting is a softening of the top pr
distributions in tt MC.

In addition to wM® mentioned above, a self-developed correction factor is applied to

the DY MC samples. Although the LO DY samples provide sufficient statistics for the
analysis, their cross sections are much less accurate than those from NLO. To address
this issue, a correction is introduced to approximate the NLO-level description. This
correction is estimated by comparing the generator-level my, distributions from the LO
and NLO DY MC samples. The upper panel of Figure 4.8 shows the differential cross
sections as a function of the generator-level di-muon mass, where NLO appears in blue
and LO in red. The lower panels show the ratio of the NLO and the LO distributions.
The green arrows point out the region relevant for this analysis, 12 GeV < my < 60 GeV.
In the ratio panels, the NLO-to-LO ratio within this region is well described by a constant
factor of 1.6 + 0.02. Since this correction factor can be suboptimal for events outside the
range 12 GeV < my < 60 GeV, the following data-MC comparisons will be restricted
to it. It is especially important for the pp and ee channels, where DY dominates the
background. As expected, no major difference is observed between data-taking eras or
lepton flavors. Therefore, one correction factor of 1.6 + 0.02 will be applied for all the
up, ep and ee channels of all years.
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4.3.4 Signal Reconstruction

The reconstructed mass of the T candidate is the main discriminating variable in this
analysis. In the target signal process, the top quark decays fully hadronically. Its invari-
ant mass can be inferred from the four momenta of the three selected jets. The Higgs
boson in the target signal process decays leptonically, resulting in final states that in-
cludes neutrinos. The existence of neutrinos brings challenges to the Higgs boson mass
reconstruction.

A x? sorting algorithm is applied to select the kinematically optimal combination
of three jet candidates for the top quark reconstruction. This algorithm selects jets by
matching their reconstructed mass values to the known W boson and the top quark
mass values. It proceeds in two steps. The first step loops over all possible jet pairings
to identify the optimal combination for the W boson reconstruction. The combination
having the minimal value of x%, = (m;; — mw)? is selected, where my is the W boson
mass from PDG [66]. The second step loops over all the remaining jet candidates, and
selects the one passing the medium b-tagging working point and giving the minimal value
of x{ = (mu;; — my)?, where my is the top quark mass from PDG.

The Higgs boson reconstruction method is developed for the Higgs boson decay modes
that share a similar topology with H — WW — ¢fvv. The neutrinos in the final state
are considered as a single invisible part and later combined with the lepton pair to obtain
the reconstructed Higgs boson mass. The transverse momcn@)l of the invisible part is

1Y miss

assumed to be equal to the missing pr, referred to as p'v = pi™.

Because the neutrinos are decay products with high energy, they can be considered
approximately collinear with the lepton pair stemming from the same Higgs boson decay.
Thus, the azimuthal angle of the invisible part can be approximated as equal to that of
the lepton pair: 6;,, = 6. With this approximation, the longitudinal momentum of the

iss

invisible part can be calculated as pi"™* = : ;; o 1o validate this, Figure 4.9 shows the
distributions of 6y — 0, for various T mass points of signal in the pu, ey and ee channels.
The distributions approximately peak around zero. The angular variables are sensitive
to the Higgs boson momentum, so distributions from high mass T decays show smaller
variances than those from low mass T decays. No clear differences are observed across
the different lepton flavors.

The last kinematic variable is the invariant mass of the invisible part. It is approx-
imated by the mean value of its distribution obtained from the simulated signal events,
which is found to be (min,) = 30 GeV. As shown in Figure 4.10, the myy,, distribution
is found not to vary with T mass points or channels. Thus, the same mean m;,, value
applies to the reconstruction of all Higgs boson candidates in this analysis. The recon-
structed Higgs boson mass is inferred from the four momenta of the OS leptons and the
invisible part.

Figure 4.11 shows the distribution of the Higgs boson mass reconstructed using leptons
from the H — WW decay after the basic selection with the signal MC. The distribution of
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Figure 4.9: Distributions of g — 6,5 in the pp, ep and ee channels for various T mass
points. The unit on the abscissa is radians (rad).
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Figure 4.12: Reconstructed T mass from signal MC

the reconstructed Higgs boson mass peaks near the nominal Higgs boson mass at 125 GeV.
Figure 4.12 shows the reconstructed T mass distribution from signal MC, using the three
example T mass points. All the signal distributions peak around the nominal T mass
values, showing good resolution. These reconstructed T mass histograms will be used
later in signal modeling.

4.3.5 Main Selection

The main selection criteria detailed in this section are designed based on the differences in
kinematics between the signal and background processes, and optimized using the Punzi
significance [67], which is defined as €¢/+/1 + B, where € is the signal selection efficiency,
and B is the numbers of background events passing the selection. The key point of the
main selection optimization is to achieve good sensitivity by discriminating the signal from
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the background. Meanwhile, it is also crucial to ensure that the analysis is orthogonal to
other similar analyses in view of potential future combinations. Before introducing the
main selection criteria, a study of sub-processes comprising the signal is given below.

Sub-processes in the signal

The study utilizes the generator-level information of the leptons passing the basic selection
and the my < 60 GeV selection (see later for this selection cut). The signal MC generates
the pp — Thq process, including all the decay modes of the top quark and the Higgs
boson. The branching ratios of each decay mode of the top quark and the Higgs boson
follow the SM predictions. All the sub-processes contributing to the signal region are
listed below. Table 4.7 shows the percentage for each of them in the pp, ep and ee
channels. Figure 4.13 visualizes the components in the signal MC. The sum of the known
sub-processes percentages is 100%.

e T —» tH; t - bW — bqq; H - WW — {#lvv. This process dominates the
signal modeling in all channels: around 70% in the pp and ee channels; 80% in ey
channel. The selection strategy is primarily optimized for this process, and the T
mass reconstruction method benefits it the most.

e T — tH; t - bW — bqq; H - WW; W(— 7v;) — lvr,v,. In this process, a W
boson could decay into a 7 lepton, then later decays into a muon or electron and two
neutrinos. The process exhibits very similar final states and kinematic behaviors
compared to the dominant signal process.

e T —» tH; t > bW — bqq; H — 77 — llvvv,v,. This process contributes to
all channels. Thanks to the topology of its final state, the T mass reconstruction
method is valid for it.

e T — tH; t - bW — bqq; H — ZZ — llvv/qq. Since the lepton pair is from
the Z boson decay, this process only contributes to the pp and ee channels. Its
topology is slightly different from other sub-processes. As a result, the mean value
of the reconstructed T mass from this process is slightly different from that in the
H — WW /77 processes.

e T — tH; t > bW — blrv; H— WW — fuvqq. In this process, one lepton comes
from the top quark decay. The final state has a different topology compared to the
main signal process, causing a bias on the mass reconstruction. Its contribution is
less than 1% after the myg selection, and is fully removed after all main selections are
applied. This analysis is thus orthogonal to other analyses targeting this channel.
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Figure 4.13: Combinations of sub-processes in the signal MC, shown for my = 800 GeV.

Process in signal MC
T — tH

Inclusive signal MC!
L ee  ep

t - bW — bqq; H > WW — v

0% 72% 80%

t - bW — bqq; H > WW; W(— 7v,) — lvv,v,

9% 13% 9%

t - bW — bqq; H — ZZ — llvv/qq

13% 8% 0%

t —- bW — bqq; H— 77 — llvvv,v,

6% 6% 8%

t - bW — blv; H—- WW — frqq

< 1%

Table 4.7: Signal processes and their corresponding percentages in the signal MC samples.
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Main selection

The main selection in this analysis consists of four individual selections, which are applied
sequentially to the analysis after passing the basic selection. Figure 4.14, 4.15, and 4.16
shows the distributions of four variables used in the main selection. Each subplot shows
the distribution after all previous cuts have been applied.

e The first selection requires mg < 60 GeV, where my is the invariant mass of the
OS lepton pair. Due to the property of the H — WW process, the myg distribution
from the signal dominates the lower region comparing to the distribution from tt
process. Moreover, the cut reduces the Drell-Yan process whose distribution peaks
near the Z boson mass in the pp and ee channels. Both main background processes
are effectively reduced after this selection. Since my, distribution remains unchanged
cross the T mass points, the selection works well in the entire search range.

e Secondly, the selection AR, (b%, ¢) > 2 is applied, where b is the b-tagged jet
used for the top quark reconstruction. In the signal process, the lepton and the
b-tagged jet stem from different mother particles. On the other hand, in the tt
process, the lepton and the b-tagged jet emerge from the same top quark decay.
This requirement will thus reduce the tt background. Figure 4.17 shows that the
variable A Rpmin(b, £) is not correlated with the reconstructed T mass myy. Thus,
requiring ARy, (b4, £) > 2 does not sculpt the background shapes, making it a good
selection criterion.

e The third selection is AR(b', W') < 2.5, where W' is reconstructed from the two
jets forming the W boson candidate. In signal, the hadronically decaying top quark
originates from a heavy mother particle, so its decay products are naturally colli-
mated. There is no hadronically decaying top quark in any of the main background
processes. This selection thus suppresses both tt and Drell-Yan background pro-
cesses.

e The last selection is St > fi(mum), where fi(mum) is shown in Equation 4.2. Sy
is defined as the scalar sum of the Higgs boson py and the top quark pp. The
T particle is a heavy resonance, so its decay products tend to have much higher
pr than those from the background processes. However, the reconstructed T mass
is correlated with the pp of T decay products, and thus with Sy, as visible in
Figure 4.18. Setting a fixed threshold for St would sculpt the falling background
shape and create a background bump that brings difficulty in signal extraction and
decreases analysis sensitivity. To mitigate this effect, the St threshold is chosen as
a function of myy instead of a fixed value.

Fa(mm) = 72.9 4 0.18muy + 6.07 - 10 "m3y; — 3.47 - 10" "my, (4.2)
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Figure 4.14: The variables used for main selections in pu channel. The plots show the
distributions of my, dRuyin(b,¢), AR(b', W*) and St before applying requirements on

them.

This sliding St selection maintains a constant fraction of selected events span-
ning the whole signal region. This constant fraction is optimal as determined by
Punzi significance, using the signal (my = 700 GeV) and the background MC. The
St function is parameterized by fitting the St points from background MC (Fig-
ure 4.19). Thus, the background selection efficiency becomes independent of myy.
Figure 4.20 shows the my; background shapes before and after the St selection. The
background shape after the selection remains the same as the one before, showing
a smooth failing shape in the signal region. Most importantly, the background is
significantly suppressed by the St selection.

To show the influence of each selection criterion for each channel, the cut-flow tables
are presented here (Tables 4.8, 4.9, and 4.10). Each cut-flow table begins with the event
yield after the basic selection and ends with the number of events retained after the full
selection. The percentage retained of each background component is also computed to
further motivate the selection criteria. In the signal columns, several extra lines show
the effect of the trigger selection on the signal efficiency. The background is derived from
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cuts all background! | DY tt GEN Signal? (900 GeV)
no cut - - - 120

trigger - - - 98%

basic cuts 45288 18890 26398 | 94%

mye < 60 GeV 10.1% 4.3% 14.3% | 84%

ORmin(b%,0) > 2 | 4.5% 3.0% 5.6% | 70%

OR(V", W) < 25| 2.3% 1.3% 2.9% | 5%

St cut 1.1% 0.83% 1.3% | 44%

full selection 499 157 342 53

1 Only tt and DY are taken into account
2 Requesting two muons from Higgs and T decays. The signal event rates are scaled
according to 1 pb of cross-section and the integrated luminosity of the 2018 dataset.

Table 4.8: Cut-flow table for the 2018 pu channel

the MC samples scaled to the 2018 integrated luminosity. Additionally, the signal events
in these tables are from the four known sub-processes in T — tH; t — bW — bqq, as
introduced in section 4.3.5. The signal event rates are normalized to 1 pb of cross-section
and the 2018 integrated luminosity. The selection efficiency does not significantly change
among T mass points or data-collecting eras.

Figure 4.21 shows the distributions of the discriminating variable myy in the three
channels after all selections. The background is obtained from MC samples scaled with the
theoretical cross-sections and the 2018 luminosity. The signal distributions corresponds
to three representative T mass points. Each signal is scaled with a cross-section of 5
pb instead of 1 pb to improve the presentation. Thanks to the well-designed selection
criteria and mass reconstruction method, the signal shapes peak over the smoothly falling
background in each channel in the signal region.

4.3.6 Data-MC Comparisons

The MC-based background modeling is used for selection optimization and initial pa-
rameterization of the background. To validate this approach, MC-data comparisons are
performed in the pp, ep and ee channels of Run 2. For the ep channel, the comparison
is done after the basic selection. For the pp and ee channel, due to the NLO-to-LO DY
weighting, it is done after the basic selection and the my, < 60 GeV selection. In these
plots, the signal is negligible compared to the enormous background without applying all
selections.
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cuts all background! | tt GEN Signal? (900 GeV)
no cut - - 195

trigger - - 90%

basic cuts 33459 33417 | 84%

mye < 60 GeV 12.6% 12.5% | 5%

ORmin(0%,0) >2 | 5.1% 5.0% | 65%

OR(b*, W) < 2.5 | 2.7% 2.7% | 55%

St cut 1.3% 1.3% | 44%

full selection 437 432 86

1 Only tt is taken into account
2 Requesting an electron and a muon from Higgs and T decays. The signal event rates are
scaled according to 1 pb of cross-section and the integrated luminosity of the 2018 dataset.

Table 4.9: Cut-flow table for the 2018 ep channel

cuts all background! | DY tt GEN Signal? (900 GeV)
no cut - - - 125

trigger - - - 89%

basic cuts 20383 8533 11850 | 60%

mee <60 GeV 7.9% 3.6% 11.1% | 53%

ORmin(b%,0) >2 | 3.6% 26% 4.4% | 46%

OR(b", W) < 2.5 | 2.0% 1.2%  2.5% | 38%

St cut 1.1% 0.85% 1.2% | 33%

full selection 221 73 148 41

! Only tt and DY are taken into account
2 Requesting two electrons from Higgs and T decays. The signal event rates are scaled
according to 1 pb of cross-section and the integrated luminosity of the 2018 dataset.

Table 4.10: Cut-flow table for the 2018 ee channel
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Figure 4.21: myy distributions of the the pu (upper left), ep (upper right) and ee (bottom)
channels after all selections.
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Figure 4.22, 4.23, and 4.24 show the data-MC distributions of mg, AR(¢, ), ARy (b, €),
AR(b,W), Sy, and missing pp. The upper panels display the stacked MC distributions
and the data points, while the lower panels show the ratios of data to total MC back-
ground. The error bar of each data point shows the statistical uncertainties, defined as the
square root of the data events in each bin. The gray shadings represent the combination
of systematic (see the next section for more details) and statistical uncertainties. Different
background processes play different roles in these distributions: tt and DY dominate the
background, single top makes a minor contribution, and ttV and VV are negligible com-
pared to the other processes. All the corrections mentioned in Section 4.3.3 are applied
to the MC samples. In general, the distributions show good data-MC agreements within
uncertainties.

4.4 Signal and Background Modeling

In the signal region, the observed data consist of both background and potential signal.
To extract the signal from data, it is essential to build accurate models for both the signal
and the background. Signal models aim to describe the signature of the search target T.
Background models are built to predict the background distributions in the signal region.
In this analysis, the signal models are obtained by fitting the myy distribution from signal
MC. The background models are derived from data, with a parameterization motivated
by MC. Before building the models, all corrections are first applied to mitigate the biases
from detector effects and theoretical calculations.

4.4.1 Signal Modeling

The signal models are obtained by fitting the myy distributions from signal MC after the
full selection.

The key features of a signal shape are from the theoretical prediction of the T particle.
The T mass hypothesis corresponds to the mean value of a peaking signal shape, and the
NWA results in a small width compared to the experimental resolution.

The experimental resolution from detector effects significantly modify the signal shapes.
By using fully reconstructed events simulated considering the CMS detector conditions,
the detector effects are largely accounted for. Applying all the corrections mentioned in
Section 4.3.3 further improves the simulation of the signal shapes.

Considering all the effects in the analysis procedure, as shown in Section 4.12, the
signal distribution results in a smeared and shifted peaking shape compared to its original
shape from the theoretical prediction.

To precisely model the signal behavior, individual fits are performed on signal distri-
butions from all T mass hypotheses, data-taking eras, and channels (up, ey, and ee).
The probability density function (pdf) is chosen to be a double-sided Crystal Ball (DSCB)
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Figure 4.23: Data-MC comparison for the ey channel in full Run 2.
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This function is composed of a Gaussian core, a left-sided power-law tail, and a right-
sided power-law tail. There are six free parameters in one DSCB function: my is the
mean of the Gaussian core, oy is the standard deviation of the Gaussian core, ag and o,
represents the positions where to switch from the Gaussian to the power-law tails on the
right and left sides, n;, and ny are the exponents shaping the power-law tails.

Figure 4.25 shows the results after fitting the myy distributions with the DSCB func-
tion, taking T mass points of 600, 800, and 1000 GeV in the 2018 ppu channel as examples.
Each signal distribution is obtained after all analysis selections and corrections, with the
total number of events normalized to one. The fitting results show that the DSCB function
describes the signal well.

4.4.2 Background Modeling

To estimate the SM background in the signal region, in principle two possible approaches
could be considered: MC-based modeling and data-driven modeling. The MC-based
method uses the normalized SM background MC distributions in the signal region. This
method heavily relies on the accuracy of the MC simulations, so they must be verified in a
validation region. The data-driven method uses pure data from a control region to model
the background. In a control region, the background shape is expected to be proportional
to the background in the signal region. Using a data-driven background avoids potential
mismodeling from MC simulation. Many analyses use a hybrid method for background
modeling, where some background components are modeled with MC and the rest are
derived from the control region data.

In this analysis, the background is extracted from data. Unlike a pure data-driven
method, background modeling is directly extracted from the signal region data, rather
than a control region. As shown in Figure 4.21, the background has a smoothly falling
shape in the mass region relevant for this analysis (400 GeV < myy < 1500 GeV). The
initial background shape is determined by MC simulation in the signal region. The MC
study indicates that the background can be parameterized by a monotonically decreasing
function with exponential-like properties. In the signal extraction fit, the normalization
factor and the parameters in the background PDF are freely floated to gain the final
background shapes.
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Figure 4.25: Signal models obatined from the myyy distributions, taking the T mass points
600, 800 and 1000 GeV in the 2018 pp channel as examples.
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Two pdfs (Equation 4.5) are included in the background model. The first one, labeled
as fo, is the exponential of a second-order polynomial in the logarithm of myy. The
second one, labeled as f;, is the exponential of a second-order polynomial of myy, and is
chosen as an alternative function mainly for extracting the systematic uncertainty from
the background pdf choice. In both functions, myy is associated with a constant m,. It
has been chosen to be 650 GeV solely to reduce the correlation between the two variable
parameters (a; and ap).

My}

1) + ay(log m“‘f)} (4.5)

(& C

Jo(me; a1, a0) = CXP{(Ql(IOg
filme; ar,00) = CXP{(Otl(mtu —m,) + (M — m(:)z)}

Figure 4.26 shows the results of fitting the background MC myy distributions with the
two pdfs, showing pu, ep and ee in all data-taking eras. In the upper panels, the black
dots represent the MC simulation background, the red curves denote fy, and the blue
curves denote f;. The lower panels show the differences between the fitted results and
the MC background. Overall, the two functions fit the background well. These fitting
results, as shown in Table 4.11, are the initial parameterization of the background models.
During the signal extraction, the two PDF candidates are implemented using the discrete
profiling method later introduced in Section 4.5.2. All the parameters, including the pdf
index and the normalization factor, are floated and derived from the signal region data.

4.5 Statistical Models

4.5.1 Observation Models and Likelihoods

The observation model, M (r, 5), defines the probability for any set of observations given
specific values of the input parameters. All the knowledge about signal and background
modeling from Section 4.4 is implemented. The input parameters in the observation
model can be roughly divided into two types: the parameter of interest and the nuisance
parameters. The former type is the quantity measured by an analysis, and the latter type
includes the parameters that affect the model expectation but are not of direct interest
in the measurement. In this analysis, the parameter of interest is the signal strength
of T production, labeled as r. The signal strength can be derived from the number of
expected events (n®P) under the signal-plus-background hypothesis, which is written as
neP = r. n’:fg:nl + npye. A set of nuisance parameters, labeled as 0, consists of the
background modeling parameters, the background normalization factors, and auxiliary
parameters representing systematic uncertainties. The likelihood,

— —

Lu(r, 0) = pu(data; r, 6) (4.6)
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Figure 4.26: Fit background my distributions with two PDF's.
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fo fi
(05] (69)] (851 a9
2018 ppe | 1102 4.437 | 0.490 -0.778

ep | 1.620 5.769 | 0.755 -1.060
ee | 0.687 3.894 | 0.375 -0.663
2017 pp | 2.678  5.352 | 0.376  -0.708
ep | 1.558 5.748 | 0.735 -1.05

ee | 0.852 4.052 | 0.402 -0.693
2016 preAPV | pp | 1.421 5.115 | 0.434 -0.708
ep | 1.929 5.745 | 0.778 -1.063
ee | 0.995 3.883 | 0.418 -0.673
2016 postAPV | pp | 1.310 4.486 | 0.511 -0.789
ep | L.757 5.875 | 0.770 -1.080
ee | 1.302 4.173 | 0.508 -0.744

Table 4.11: MC background fitting results.

is the probability of observing the data given the observation model M. In this analy-
sis, the myy distributions from data are presented in binned histograms. Background and
signal models are parameterized by PDF functions. The full observation model consists
of twelve channels, combining three lepton flavor categories (uu, ey and ee) and four
data-taking eras (2018, 2017, 2016 post APV and 2016 pre APV). Equation 4.7 shows
the expression of the parametric likelihood on binned data,

Z = [ [ [] Poisson(ng?; nGP(r, 6) [ ] pelye; 0e) (4.7)
¢ b (&

where ¢ indexes the channel, b indexes the data histogram bin, and e indexes the
nuisance parameters. The first term shows the primary likelihood, which is a product
of the likelihoods in all bins and channels. Each likelihood is the Poisson probability of
observing n%* events with an n_," expectation. The second term shows the auxiliary
likelihood, which is a production of auxiliary terms arising from nuisance parameters
representing systematic uncertainties. The form of p, in each auxiliary term depends
on the type of systematic uncertainty, which is sorted by how it affects the observation
model. For each p, term, y, represents the measured parameter, and 6, is the measurement
from the previous observation. Systematic uncertainties affecting the signal model can be
divided into rate and shape uncertainties. The shape systematic uncertainties change the
shapes of signal models, while the rate systematic uncertainties vary the expected yields
of signal.
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Specifically, the rate uncertainties are modeled using a lognormal distribution as the
auxiliary term, as shown in the following equation,

Pe(Ye; 0e) x ! Cxp(—w> (4.8)

0.k 2K2

In a lognormal distribution, the logarithm of the variable follows a normal distribution
with the width k. Effects from each rate-uncertainty source are quantified using ”up”
and ”"down” ratios. These ratios compare the yields for a +1x or —1k deviation to the
previously measured nominal yield.

The auxiliary terms of shape uncertainties use a Gaussian distribution, and can be
written as: o )

Pe(ye; 0e) o Cxp(%> (4.9)

In the Gaussian constrained terms, the mean value (y.) is set to 0, and the width (o)
is set to 1. Shape uncertainties affect the fitting parameters in the signal model, such
as my in Equation 4.4. For each parameter affected by a shape uncertainty, the up and
down variations are obtained by fitting the signal distributions with +1¢ variations. The
ratios between the up or down parameters and the nominal parameter are implemented
in the auxiliary terms.

4.5.2 Systematic Uncertainties

Systematic uncertainties arise from experimental and theoretical effects, and are imple-
mented in the statistical model by the auxiliary terms. To study the impact of each
systematic uncertainty on signal modeling, histograms are filled using myy signal MC
distributions with one 'up’ and ’down’ standard deviations after all analysis cuts. The
variations are done by floating the scale factor corresponding to the specific systematic
uncertainty, while keeping the others at their nominal values. The effects due to sys-
tematic variations are quantified by fitting the distributions for all T mass hypotheses,
data-taking eras, and channels (pp, ep, and ee), respectively. All systematic uncertainties
related to signal modeling in the analysis are discussed below.

The JES uncertainty has both rate and shape effects on signal modeling. To estimate
its influence, the four momentum values of all jets in all events are scaled up or down by
one standard deviation. Figure 4.27 shows that the JES variations shift the mean values of
the myy peaks, resulting in shape and rate effects due to changes in jet four momentum. In
each plot, two standard deviations are applied instead of one to improve the presentation.
The blue points show the distribution with two standard deviations down, the red points
show the distribution with two standard deviations up, and the black points show the
nominal myy distribution. To estimate the shape effect, each distribution is individually

fitted with a DSCB function 4.3. Two fractions are calculated as (mg" —mgominal) /mhominal
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Figure 4.27: Systematic uncertainty study of the JES correction with signal MC after all
analysis cuts, taking 2018 uu, ep, and ee channels under my = 600 GeV hypothesis as
examples.

and (mpominal _ ppdown) /pppominal where mgP mdovn  and maominal are from the three fitting

results. The larger fraction of the two is implemented in the statistical model. Modifying
the jet four-momentum also changes the fraction of events passing the selection, thereby
explaining the rate effect. The rate effects are quantified by comparing event numbers
(n", ndown  and prominal) in the up, down, and nominal distributions. The rate effect
from up variation is calculated as (n"P — prominal) /pnominal " anq from down variation it is
(ndown _ puominal) /pnominal ~ Galeylations for both shape and rate effects are implemented
in the statistical model using one nuisance parameter per data-taking era.

The JER uncertainty has rate and shape effects on the signal models. As mentioned
in Section 3.3.4, the JER correction modifies the resolution of the jet momentum mea-
surement, thus affecting the width of the myu distributions in signal. The up and down
variations are handled by adjusting the sjgr values in the JER correction calculation
(Equation 3.10, 3.11) for each jet. As in the JES systematic study, the systematic effects
from JER uncertainty is obtained by fitting the distributions in Figure 4.28. The JER
uncertainty changes the o values while fitting the signal MC distributions to the DSCB
function. The shape effect of JER is quantified by a fraction calculated with a;,"’/ down
and of°™inal - The rate effect is obtained by comparing the number of events with and
without the JER variations. Both fractions are introduced into the statistical model via

a nuisance parameter for each data-taking era.

Ten separate uncertainties related to b-tagging are applied to the analysis, combining
jet flavors (b/c jets and light jets), data-taking eras (2018, 2017, 2016 post, and 2016 pre),
and correlations between eras (correlated and uncorrelated across all eras). To study each
of the ten uncertainties, up and down variations are applied by adjusting the b-tagging
scale factor in the b-tagging weight calculation (Equation 3.12). Figure 4.29 shows the
effects caused by the systematic variations. The shape effects due to b-tagging systematic
uncertainties are negligible compared to JES and JER, hence only rate uncertainties are
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Figure 4.28: Systematic uncertainty study of the JER correction with signal MC after all
analysis cuts, taking 2018 pupu, ep, and ee channels under my = 600 GeV hypothesis as
examples.

applied.

The estimation of the integrated luminosity leads to a cross section uncertainty of 0.6 —
2%. It can be further broken down into five uncertainties: three uncorrelated uncertainties
for the three data-taking years (2016, 2017, and 2018), one correlated uncertainty for all
three years, and one correlated uncertainty for 2017 and 2018. They all have rate effects
because they influence the expected signal events.

Lepton identification, isolation, and single lepton trigger uncertainties have rate effects.
Figure 4.30 shows the up and down variation distributions for the electron ID systematic
uncertainty study, and Figure 4.31 shows the distributions to study the muon ID and
isolation systematic effects. The shape effects from lepton-related systematic uncertainties
are negligible. Only rate effects are implemented in the statistical models.

Pile-up reweighting has a rate effect on signal modeling. The effects are quantified by
varying the pile-up scale factors separately for all the data-taking eras.

Level 1 ECAL and muon prefiring are addressed using an event-based weight that
corrects a gradual timing shift in the ECAL and muon systems. It has a rate effect on
signal modeling.

QCD-scale uncertainties from the renormalization and factorization scales in the ma-
trix element generators have a rate effect, while the shape effect is found negligible for this
analysis. To quantify the effect, the renormalization factor and the factorization factor
are varied by factors of 0.5, 1 and 2, yielding nine combinations and nine weights. The
standard deviation of the sum of the scaled weights is taken as the uncertainty.

The parton distribution function uncertainty has a rate effect. The systematic effect
is estimated using 101 sets of event-by-event weights corresponding to the 101 different
parton distribution functions, including one function used by signal models and 100 al-
ternative ones. The uncertainty is quantified by the standard deviation of all the weights
from different parton distribution functions.
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Discrete Profiling Method

To account for systematic uncertainties arising from the choice of background pdf, the
discrete profiling method [68] is applied. In this method, multiple pdf candidates are
included in the background model, each is labeled with an index. One of them will be
selected by the computing tool to determine the signal strength, while others are used to
estimate the systematic uncertainty. The index of the active pdf in the fit is referred to
as a discrete nuisance parameter. It is profiled by looping through all possible pdf index
values and identifying the pdf that provides the best fit. To quantify the goodness of the
background fit, A is defined in Equation 4.10, where for the i** bin in the binned data,
n2" is the observed and ;" is the expected number of events from the background PDF:

i

A=2 Z ng® — no® 4 P In (nf®s /nP) (4.10)

In the profile scan, for each background PDF choice, the variable A is scanned over the
signal strength (). For example, Figure 4.32 displays the A scan curves, with each curve
representing a background PDF as indicated in the legend. The red curve, which gives
the global minimum A value, is used as the chosen fit to measure the signal strength.
The blue curve is then profiled as the alternative fit to derive the systematic uncertainty
from the choice of background PDF. The solid black line, referred to as the ”envelope”,
represents the lower boundary of the red and blue curves in the plot. By reading the
68.3% and 95.4% intervals on r from the envelope curve, the systematic effect brought by
the alternative background PDF function is taken into consideration.

4.5.3 The maximum likelihood method

The signal strength of T production is measured using a maximum-likelihood method.
Given the observed data, it finds the most probable parameterization of the statistical
model, including the parameter of interest (r) and the nuisance parameters (), that max-
imize the likelihood. The procedure is usually done by numerically solving the likelihood

equations 4.11, where the logarithm is applied due to technical reasons.

oln.% =
~m =0 ze€(r0) (4.11)

4.5.4 Statistical tests

Based on likelihood models and the observed data, statistical tests provide rules for ac-
cepting or rejecting a hypothesis, usually a null hypothesis. They are used to estimate
parameters, determine the significance of new-physics discoveries, and set limits to ex-
clude certain parameter phase spaces. A "test statistic”, as a function of the observed
data, is required for the statistical test. In this analysis, the negative logarithm of the
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likelihood ratio is chosen as the test statistic for limit setting and the goodness of fit tests,

as shown in Equation 4.15.
ZLu
tox —lo 4.12
o(Ze) (4.2
The result of a statistical test is evaluated using a p-value, which is the probability of

observing data at least as extreme as the actual observation. For a certain test statistic
distribution D), the p-value can be obtained by the integration in Equation 4.13.

tobs
p= Dydt (4.13)

Jtmin

If the p-value is smaller than 0.05, the hypothesis is rejected.

To ensure the statistical model fits the data well, a goodness-of-fit (GOF) test is
performed. The GOF test uses the log likelihood ratio function in Equation 4.14 as the
test statistic, and is based on the binned data.

tsaturated = —2In (M> (414)

«gsaturatcd

The likelihood in the nominator is from the fit to the observed data or the pseudodata
under the null hypothesis. The likelihood in the denominator comes from the saturated
model, which is an alternative hypothesis that matches the prediction and the observation
in each bin. A saturated model typically needs as many parameters as there are data bins.

The result of a GOF test is a p-value calculated based on the toy model distribution and
the observed data. The toy distribution of #g,rateq 18 Obtained by generating pseudodata
from the likelihood model, and a tg,yrated Value is calculated with the observed data under
the null hypothesis. The fit is considered a good fit under the null hypothesis when the
p-value is bigger than 0.05. The GOF test results for the analysis are presented in the
next chapter.

4.5.5 Upper limits setting

In the absence of a signal in the data, upper limits are set to exclude some parameter
phase spaces. The limits are computed using the modified frequentist confidence level
(CL) criterion [69] [70] with the asymptotic approximation [71]. The test statistic for
limit setting is a modified likelihood ratio:
ZL(r) I
—21n m) 7 <0

te={-2m(58) 0<i<r (4.15)

0 7>r
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where 7 is the signal strength from the maximum likelihood fit. If 0 < 7 < 7, the
denominator in the logarithm is the maximum likelihood. If # > r, the test statistic is
set to 0, ensuring phase spaces outside the chosen confidence interval are not excluded.
For 7 < 0, the r value in the denominator is set to 0 so that no negative limits are set.
In the search for new physics processes, upper limits are estimated using Equation 4.16,
where CL is typically 95%; ps;p and p, are p-values computed with the test statistic in
Equation 4.15. The calculation of p,,; is under the signal-plus-background hypothesis,
while the p, calculation assumes the null-hypothesis. As a conclusion, the phase spaces
with the signal strength higher than the upper limit are excluded, since they have smaller
p-values than the threshold corresponding to the given confidence level.

Psib (1 - cL) (4.16)
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Figure 4.29: Systematic uncertainty study of b tagging corrections with signal MC after
all analysis cuts
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Figure 4.30: Systematic uncertainty study of the electron ID correction with signal MC
after all analysis cuts, taking 2018 ep and ee channels under my = 600 GeV hypothesis
as examples.

Figure 4.31: Systematic uncertainty study of the muon ID and isolation corrections with
signal MC after all analysis cuts, taking 2018 ep and pp channels under mp = 600 GeV
hypothesis as examples.
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Figure 4.32: Profile scans for the two PDF fits and the envelope obtained from the fits.
On the y-axis, —2AIn.Z is twice the negative of the logarithm of the likelihood ratio
function, and is equal to A defined by Equation 4.10. Note that the plot shows the fits to
the MC background; thus, it is not used to extract systematic uncertainty. This is only
an exercise to illustrate the discrete profiling method.
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CHAPTER

Results

This chapter presents the results of searching for T production in the T — tH decay mode
in the final states containing two opposite-sign leptons. As discussed earlier, the analysis
combines three lepton-flavor categories and four data-taking eras, yielding 12 channels.
For each channel, signal models are built under seven T-mass hypotheses. The results are
determined by a joint likelihood-based fit combining all channels using a single common
signal strength parameter. The CMS COMBINE tool [72], a software framework built
on RooFit [73] and RooStats [74], is used to build likelihood-based statistical models,
perform statistical tests, and determine results.

The following information is input to COMBINE to build the statistical model. For sig-
nal modeling, the T signal distributions across all channels are parameterized using DSCB
functions (Equation 4.3). The fitting results describing the signal shapes are implemented
in the statistical model as fixed parameters. The expected signal events for each channel
are normalized to a cross-section o(pp — T)%(T — tH) of 1 pb. Thus, the signal strength
in the measurement results is converted to the cross section o(pp — T)%(T — tH). For
background modeling, all the parameters in the background functions (Equation 4.5), the
background normalization parameters, and the index of the active function are imple-
mented in the statistical models as floating parameters. All the systematic uncertainties
are included in the statistical model through nuisance parameters. The observed data are
presented as binned histograms of m,y across all channels.

In CMS, the signal region data is accessible only with permission to unblind. Before
unblinding, the analysis strategy should be shown to be optimal and validated with non-
signal-region data and Asimov data. The Asimov data is toy data generated from the
statistical model, used for statistical validation rather than the signal region data. An
Asimov dataset contains simulated signal and background events, with the expected signal
strength set in the configuration. After unblinding, the analysis strategy is frozen, and
the signal region data is accessible. Tests are performed both before and after unblinding
to validate the analysis methods and the statistical models.

93
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Figure 5.1: Bias test at myLg =600 and 1200 GeV combining all channels in Run 2 with
Ttruth = 1 or () assumptions.

5.1 Statistical model validation

5.1.1 Bias tests

The bias tests are done with Asimov datasets to verify the statistical model and the fitting
procedure before unblinding. Firstly, an Asimov dataset is generated assuming the signal
strength is a known value (r4uh), typically 0 or 1. Secondly, a maximum-likelihood fit is
performed on the Asimov dataset to obtain the signal strength (rf;) and its uncertainty
(04it). A pull value is thus calculated from Pull = (ryun — 7pit) /0 it By repeating the
procedure hundreds of times, a distribution of the pull values is generated. If there is
no bias in the statistical model or the fitting procedure, the pull distribution should be
Gaussian with mean 0 and standard deviation 1. The potential bias is defined as the mean
value when fitting the pull distribution to a Gaussian function. The statistical model is
considered unbiased, as the potential bias is less than (.14, leading to a change in total
uncertainty of less than 1%. Figure 5.1 shows the bias test results with 7,4, equal to 0 or
1, under the T mass hypotheses of 600 GeV or 1200 GeV. Each distribution is fitted with
a Gaussian function, and the potential bias results agree with the no-bias expectation.
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5.1.2 Goodness of fit tests

As discussed in Section 4.5.4, the GOF tests are performed to determine whether the null
hypothesis should be accepted based on the observed data. In this analysis, the GOF
tests use the signal-region data and are performed after unblinding. Figure 5.2 shows
the GOF tests using the binned myy data distributions; each plot shows a upu, ey, or ee
channel combining full Run 2. In each plot, the stacked distribution is from hundreds of
toys generated under the null hypothesis, and the blue arrow is from fitting the observed
data. The p-values indicate that the data are well fitted by the statistical model under
the null hypothesis.

5.1.3 Impact plots

To study the effects of nuisance parameters on the parameter of interest, impact plots
are generated using Asimov data before unblinding and observed data after unblinding.
The impact is calculated by measuring the signal strength shift (Ar) when varying a
nuisance parameter by 1 standard deviation, up (+10) and down (—10). The remaining
nuisance parameters are fixed at their nominal values while studying the impact of a
single nuisance parameter. In each plot, each column shows the impact information of a
nuisance parameter, including the fitting results with uncertainties, the pull values, and
the Ar values. The pull values are defined by (6 — 6;)/o; or (0 — 6;)/\/o,2 — 02, where 0
is the best-fit value, 6; is the input nominal value, o; is the input uncertainty, and o is
the uncertainty from fit. The pink and blue bars represent the signal-strength shifts Ar,
while the nuisance parameter varies up and down by lo. The nuisance parameters are
ordered by their impact on signal strength, from top to bottom.

Figure 5.3-5.8 are impact plots at three T mass points (600 GeV, 900 GeV and 1100
GeV), generated with Asimov datasets assuming a signal strength equal to 0 or 1. In the
plots with Asimov datasets generated with a signal strength of 0, the impacts from signal-
modeling systematic uncertainties are suppressed as expected. In the plots with Asimov
datasets assuming a signal strength of 1, the nuisance parameters with the greatest impact
are from the background modeling and statistics, especially at the lowest T mass points,
600 GeV. When moving to higher T mass points, such as 1100 GeV, the impact from
background modeling decreases, and the effect from the jet energy scale uncertainties in
the signal modeling becomes more visible. In general, the Ar bars are symmetric, and
the pulls meet expectations, indicating good fit quality.

Figure 5.9 and 5.10 are impact plots after unblinding at 600 GeV and 1200 GeV mass
points. The largest impacts are from background modeling in both plots, which agree
with the Asimov impact plots. At the 600 GeV mass point, the background normal-
ization parameters have a leading effect on the signal strength, since the background is
relatively high in the corresponding mass region. The background shape parameters and
the jet energy scale uncertainty from signal modeling show big impacts at 600 GeV. At
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Figure 5.2: GOF tests with signal region data in Run 2, showing pu, ey, and ee channels
from left to right.
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Figure 5.3: Impact plots with Asimov dataset (signal strength r=1) at 600 GeV mass
point combining full Run 2.

the 1200 GeV mass point, the background is lower, so that the background shape pa-
rameters and the JES in signal become the major impacts, while the impact from the
background normalization factors is slightly reduced. Among the background modeling
nuisance parameters, those from the ep channel have the largest impact, indicating that
the ey channel has the best sensitivity compared to the ee and pp channels. No asym-
metric Ar bars or unexpected pulls are observed in these plots.

5.2 The myy distribution in the signal region

The signal region data distributions of the main variable, myy, are presented after un-
blinding, associated with the fitting results under the null hypothesis. In Figure 5.11,
three plots show the distributions and fitting results in three channels from ee, pp and ep
in Run 2. In the upper panel of each plot, the data points are from data, and the green
curves show the background shapes from the background-only fits. The lower panels show
the pull, which is defined as (npata —nyit) /0, Where 0% = 03, — 07, Additionally, signal
shapes under T-mass hypotheses of 600 GeV, 900 GeV, and 1200 GeV are shown in the
upper panels as reference. Each signal shape is from MC with all corrections applied and
is normalized to a cross-section of 1 Pb. In general, the data shows very good agreement
with the background-only hypothesis, as previously shown in GOF tests.

5.3 Limits on VLQ production

No significant excess of events is observed at any of the investigated mass points from
600 GeV to 1200 GeV. The data support the null-hypothesis (background-only), which
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Figure 5.10: Impact plots after unblinding at 1200 GeV mass point combining full Run
2.

is used to set 95% CL upper limits on the T production cross section times branching
ratio o(pp — T) - Z(T — tH), assuming SM Higgs branching fractions. Upper limits
are computed using the statistical method discussed in Section 4.16, with the likelihood
model constructed as described in Section 4.6.

Figure 5.12 shows the upper limits for the cross section o(pp — T) - Z(T — tH) in
three OS dilepton channels (ee, pp, and ep). In each plot, there is an ”Expected” dashed
line with a yellow and blue error band, an ”Observed” black line, and a gray dashed line
with an error band. The ”Expected” line is computed with the Asimov dataset, showing
the median upper limits at a CL of 95%. The yellow and blue bands show the 1- and
2-standard-deviation intervals around the median upper limit values. The ”Observed”
black points are from signal-region data and show the upper limit results. All upper limit
results from the observation are within the 2 standard deviation band, except one mild
excess at 700 GeV in the ee channel due to statistical fluctuation. The gray dashed line
shows the theoretical prediction assuming I'/ms = 5% and Br(T — tH) = 25%. The
strongest limits are obtained from the ey channel, due to flavor combinatorics as well as
the reduction of Drell Yan background.

Figure 5.13 shows the upper limit results combining all channels in full Run 2. All
results from observation agree with the null hypothesis within 2 standard deviations.
Table 5.1 summarizes the upper limit results in Run 2, including the observed limits, the
expected limits with error bands, and the theoretical predictions. The combined limits
range from 2 pb at 600 GeV to about 0.1 pb at 1000 GeV. The observed limits are in
good agreement with the expected limits within the uncertainty bands.

Figure 5.14 from [10] presents the published results of searching for a single vector-like
top quark and their combination in Run 2, setting 95% CL upper limits on the single T
production cross section. This analysis presents the first results from a search for T — tH
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in opposite-sign dilepton final states, where electrons and muons are treated as leptons.
The results will be combined with other T-decay channels. The overall sensitivity of the
analysis is comparable to that of other similar channels searching for T — tH.
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Mass points (GeV) 600 700 800 900 1000 1100 1200
s ep, ee in Run 2 | Observed | 2.007 0.738 0.633 0.304 0.127 0.262 0.287
Expected | 1.625 0.727 0.450 0.303 0.225 0.183 0.177
1o up 2331 1.038 0.649 0.430 0.326 0.262 0.254
20 up 3.167 1.428 0.902 0.597 0.451 0.371 0.349
1o down | 1.155 0.515 0.303 0.213 0.158 0.129 0.126
2 0 down | 0.863 0.384 0.220 0.148 0.112 0.094 0.093
ep in Run 2 Observed | 2.343 0.860 0.599 0.336 0.162 0.323 0.319
Expected | 2.129 0.863 0.534 0.384 0.277 0.222 0.215
1o up 2986 1.232 0.778 0.565 0.409 0.334 0.306
2 o up 4.034 1.705 1.094 0.788 0.570 0.477 0.427
1o down | 1.523 0.618 0.360 0.271 0.193 0.155 0.152
2 0 down | 1.147 0.465 0.252 0.195 0.139 0.113 0.113
ppin Run 2 Observed | 2.906 1.649 1.984 1.255 0.734 0.540 0.466
Expected | 4.189 1.863 1.206 0.716 0.606 0.495 0.499
1o up 5.675 2.649 1.735 1.044 0.876 0.726 0.731
2 o up 7.358 3.627 2376 1.456 1.212 1.040 1.029
1o down | 3.024 1.319 0.851 0.500 0.422 0.344 0.349
20 down | 1.996 0.982 0.631 0.366 0.312 0.253 0.256
ee in Run 2 Observed | 6.149 5.153 1.644 0.549 0.407 0.602 0.784
Expected | 3.680 2.298 1.523 0.807 0.606 0.499 0.524
1o up 5132 3.297 2.148 1.141 0.886 0.743 0.751
2 0 up 6.906 4.537 2934 1.561 1.263 1.049 1.017
1 o down | 2.668 1.642 1.090 0.575 0.426 0.346 0.363
2 0 down | 2.041 1.221 0.821 0.432 0.315 0.258 0.264
Theory Nominal | 0.875 0.443 0.229 0.126 0.073 0.043 0.027
1o up 1.106 0.567 0.296 0.164 0.095 0.057 0.036
1 o down | 0.707 0.355 0.182 0.099 0.057 0.034 0.021

Table 5.1: Observed and expected limit values on the production cross section o(pp —
T)%(T — tH) in Run 2.
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CHAPTER

Summary

The thesis presents an analysis searching for a vector-like top quark decaying into a top
quark and a Higgs boson, in a final state containing two OS leptons, jets, and missing
transverse momentum. The T search focuses on the T mass hypotheses from 600 GeV to
1200 GeV, assuming that the T signal has a narrow width. The integrated luminosity of
the data utilized by the analysis is 138 fb ™', collected by the CMS experiment during the
LHC Run 2. Cut-based selection criteria are optimized to suppress the SM background.
The main discriminating variable, the reconstructed T mass, is computed using a partial
reconstruction algorithm under the neutrino kinematic assumptions. No significant signal
is found, and the observed data agree well with the null hypothesis. Upper limits at 95 %
confidence level on the T production cross section times the branching fraction of T — tH
are set, ranging from 2 pb at a T mass of 600 GeV to about 0.1 pb at 1000 GeV.

The T decay channel in this study is the first time to be searched for at CMS, and
the upper limit results are comparable to those of T’s search in other decay modes. The
analysis combines three channels, puu, ey, and ee, while the ey channel provides the best
sensitivity due to flavor combinations and reduced DY background. The results aim to be
combined with other channels searching for T to improve the sensitivity of VLQ search.
The current single T search in the OS dilepton final state has already shown good perfor-
mance, and the analysis still has significant potential for future study. For instance, more
data can be included to reduce statistical uncertainty, and a machine learning approach
to event selection can improve discrimination between signal and background.

Furthermore, VLQ searches are a promising topic at the HL-LHC [10], where the ex-
pected integrated luminosity will reach 3000 fb™' and particle identification technology,
especially for boosted objects with high momenta, will be improved. According to the
simulation-based study in Ref. [75], the pair production of T in HL-LHC could be discov-
ered up to a T mass of 1440 GeV with a significance of five standard deviations at CMS.
If such a model does not exist, the T mass below 1775 GeV from pair production will
be excluded at 95% CL. In any case, the future VLQ study will enrich the knowledge of
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1. Introduction

The standard model (SM) of particle physics has been proven to be a successful theory by
many experiments. Nevertheless, there are many open questions that cannot be answered within
the SM framework, such as the hierarchy problem and the origin of neutrino masses. To address
these questions, fermions beyond those of the SM are hypothesized, including vector-like quarks
(VLQs) and vector-like leptons (VLLs).

The VLQs are hypothetical quarks for which the left- and right-handed chiral components
transform in the same way under the SM electroweak group. Their production cross section
depends on the coupling between the VLQ and the SM particle. They can be produced singly or
in pairs at the LHC and have been extensively searched for by the CMS experiment [1]. The pair
production of VLQs proceeds typically through the strong interaction, as shown in the upper plots
in Figure 1. The single production of VLQ can occur through a t-channel exchange of a W or Z
boson via electroweak interaction, as shown in the lower left plot in Figure 1. In presence of vector
bosons beyond the SM, the single VLQ production might also proceed through a W’ boson via
new interactions, as shown in the lower right plot in Figure 1.There are usually four types of VLQs
considered, named T, B, X, and Y. The allowed decay modes for each of them are:

TobWH THtZ T—HtH (D)
B—-tW~, B—bZ, B — bH
Xs5/3 = tw™, Ya/3 > DW™

The VLLs are color-singlet counterparts of the VLQs. They can appear as either SU(2)
doublets, (E, N), or as singlets, E, where E is the electrically charged and N is the neutral state. In
the singlet models, the VLLs can be produced in pairs via the electroweak interaction, pp — EE. In
the doublet models, they can be produced in pairs through the process pp — EE/NN, or produced
in association, pp — EN/NE. An E or N particle decays into a SM neutral boson and a lepton,
following the decay modes below:

E — Z¢, E — H¢ (2)
N — W¢

We present the latest analyses searching for VLQ and VLL in proton-proton collisions at a
center-of-mass energy of 13 TeV at the CMS experiment in Run 2 (from 2016 to 2018). Section 2
introduces a VLL search with long-lived particle decays, Section 3 presents three analyses searching
for singly produced VLQs, and Section 4 shows the combination results.

2. Search for VLLs

The analysis searches for pair-produced vector-like 7 leptons named 7’ [3], which decay into
SM tau leptons (7) and long-lived pseudoscalars (a-). The a,s are beyond standard model (BSM)
particles. The 7’ are produced via s-channel electroweak process with a Z boson or a photon. In
the signal process, a 7/ decays into Tar, then the a, decays into two photons via a 7’ loop diagram
after a few meters of traveling from the interaction point (Figure 2). The final state consists of
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q\

Figure 2: Feynman diagrams showing the productions of VLL, decaying into a, and 7. Figure from Ref. [3].

hadronically decaying tau leptons 7, and displaced photons, which create particle showers in the
CMS muon detector system. The discriminating variable is N5, which refers to the number of
reconstructed muon detector hits in a cluster representing the shower. The signal clusters produce
a large number of reconstructed hits compared to the background clusters, as can be seen in the left
plot of Figure 3. The analysis is categorized into drift tube and cathode strip chambers, according
to the two parts of the CMS muon detector in which the clusters are searched for. No excess of
data above SM predictions is observed. Upper limits at the 95% confidence level (CL) are set on
the VLL production cross section, as a function of the VLL mass (mvyrr) and the a. lifetime (c7,).
The mass of a is assumed to be 2 GeV. As shown in the right plot of Figure 3, the observed VLL
mass exclusion is set at around 690 GeV, depending on the a, lifetime assumption.

3. Search for VLQs

The first VLQ analysis searches for single production of T or Y, decaying into a W boson
and a bottom (b) quark, where the W boson decays into a lepton and a neutrino [4]. Six event
categories are defined based on the combination of b-tagged jets and the lepton information in the
final states. The discriminating variable is the VLQ invariant mass reconstructed using the recursive
jigsaw algorithm [5]. A neural network multiclass classifier is developed to suppress backgrounds
dominated by W+jets, #7, and single top production. Each background shape is modeled by fitting
the MC simulated background distributions. The left plot in Figure 4 shows the VLQ invariant
mass distribution in one of the six categories. No signal is observed. Upper limits at the 95% CL
on the coupling parameter «xw are set, as shown in the right plot of Figure 4. The results provide the
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Figure 3: Left: Number of reconstructed hits in signal region of the drift tube category in signal region;
Right: 95% CL observed upper limits on the VLL production cross section. Figures from Ref. [3].
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Figure 4: Left: mp. distribution in signal region after the maximum likelihood fit; Right: The 95% CL
observed upper limits on the VLQ coupling parameter. Figures from Ref. [4].

most stringent limits on single production of Y/T — bW, and exclude the hypothesis from Ref. [9]
for the coupling in the (B, Y) doublet by the preferred electroweak fit.

The second VLQ analysis targets single production of T decaying to a top quark and a neutral
scalar boson [6], where the top quark decays leptonically and the neutral scalar boson decays into a
b quark-antiquark pair. The neutral scalar boson can be an SM Higgs boson or a new BSM particle
labeled as ¢. The main variable for signal extraction is the reconstructed T mass, where the ¢
boson is reconstructed as a large-radius jet. 16 regions, including 8 signal regions, are defined
based on the top quark tagging, the b-jet tagging, and the number of forward jets. The left plot in
Figure 5 shows the distributions of the reconstructed mass of the T candidate in one of the signal
region categories, where the data shows good agreement with the background-only hypothesis. A
multiclass boosted decision tree is trained for top tagging to discriminate the signal from the main
background, including tt, W+jets, single top, and QCD multi-jets. No excess is observed in the
signal region, and the data agree with the background-only hypothesis. Upper limits are set at the
95% CL on the T production cross-section times the branching ratio of T— t¢ — bfvbb, as a
function of T mass and ¢ mass, as shown in the right plot of Figure 5. In case the neutral scalar
boson is an SM Higgs boson, the T mass hypothesis below 1200 GeV is excluded assuming a singlet
T quark of resonance width I" of 5% of the mass.

The third VLQ analysis searches for T — tH/Z in all-hadronic final states [7]. The main
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Figure 6: Left: Reconstructed mass of the T candidate in the signal region; Right: The 95% CL observed
upper limits on the T production cross section combining all channels in Run 2. Figures from Ref. [7].

observable is the T candidate mass reconstructed from five jets, which are selected by matching
their reconstructed mass to the known top quark and Higgs boson mass values. The cut-based event
selection criteria are optimized for the low-mass and high-mass regions, respectively, suppressing
background mainly rarising from QCD multijet and tt production. The background model is derived
from data in the relaxed b-tagging region. The left plot in Figure 6 shows the reconstructed mass
distributions of the T candidate with results from fits under the background-only hypothesis. No
statistically significant signal is found. Upper limits are set at 95% CL on the T production cross-
section combining the all-hadronic channels from the T — tH and T — tZ modes in Run 2, as
shown in the right plot of Figure 6.

4. Combination of VLQ and VLL searches

The review paper [8] summarizes the current CMS searches for new fermions, including VLQs,
VLLs, and heavy neutral leptons, in Run 2. The left plot in Figure 7 shows the combination of
several searches targeting pair produced vector-like b quarks, setting 95% CL upper limits on the
production cross section of BB, assuming a B — tH branching fraction of 100%. The right plot in
Figure 7 shows the combination of several single vector-like top quarks searches in three T decay
modes, setting upper limits on the T production cross-section. Additionally, the discovery potential
for new fermions at the High-Luminosity LHC is discussed in the paper.
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