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Chapter 1: Introduction

Particle physics investigates the fundamental constituents of the universe, a quest that has
evolved over millennia from the ancient Greek philosophy of atomism.

Substantial advancements in understanding the basic components of matter occurred in
the 19" and 20" centuries. Early nuclear physics experiments identi ed electrons, protons, and
neutrons as key subatomic particles. The discovery of the electron by J. J. Thomson in 1897,
through experiments with cathode rays, marked the beginning of a profound exploration into
the subatomic realm. This was followed by Ernest Rutherford's gold foil experiment, which
con rmed the existence of the proton [1], and James Chadwick's identi cation of the neutron in
1932 [2].

In the 1960s and 1970s, deep inelastic scattering experiments at the Stanford Linear
Accelerator Center (SLAC) involved ring high-energy electrons at protons. These experiments
revealed the internal structure of protons [3, 4], showing that they are composed of point-
like constituents. Further investigation indicated that protons and neutrons are composed of
qguarks, bound together by gluons, which mediate the strong force. These ndings supported
the development of Quantum Chromodynamics, which describes the interactions between quarks
and gluons.

These efforts culminated in the development of the Standard Model (SM) of particle physics,



a theoretical framework that harmonizes three of the four fundamental forces—electromagnetic,
weak, and strong interactions—and classi es all known elementary particles. It posits three
generations of fermions, each consisting of a charged lepton (electron, muon, tau), a corresponding
neutrino, and a pair of quarks (up and down; charm and strange; top and bottom). This results
in six leptons and six quarks, each with an antiparticle. Additionally, the SM includes gauge
bosons (W, Z, , g) with spin-1, which mediate the three fundamental forces. The cornerstone
of the SM is the Brout-Englert-Higgs mechanism, which postulates the existence of a scalar
eld known as the Higgs boson. This mechanism is responsible for spontaneous electroweak
symmetry breaking, enabling vector bosons to acquire mass. The scalar Higgs boson transfers
mass to fermions via the Yukawa interaction, with the exception of neutrinos, since right-handed
neutrinos do not exist within the framework of the SM, and are required for the Dirac mass term.

The SM represents a monumental achievement in our understanding of the fundamental
phenomena of the universe. It is also a predictive theory, with numerous predictions con rmed
by particle physics experiments. By the early 21st century, all elementary particles predicted
by the SM had been observed, with the exception of the Higgs boson. Figure 1.1 illustrates the
timeline of particle discoveries in the history of particle physics. A theoretical overview of the
SM is provided in Chapter 2.

Discovered in 2012 by the ATLAS and CMS collaborations [6, 7], the Higgs boson represents
a milestone in particle physics, af rming the success of the SM. However, the SM is not a
complete theory of fundamental interactions, leaving several signi cant problems unresolved.

Firstly, the SM does not encompass the gravitational force, failing to explain why gravity
is signi cantly weaker than the other fundamental forces. Additionally, the SM does not clarify

why there are only three generations of fermions. A major shortcoming of the SM is its inability
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Figure 1.1: Timeline of particle discoveries. Figure is adapted from Ref. [5].

to account for the small but nonzero masses of neutrinos, which was dicovered through the
neutrino oscillation experiments [8—10]. Many experiments are investigating the neutrinoless
double beta decay [11, 12], which could reveal if neutrinos are Majorana fermions, meaning
neutrinos would be their own antiparticles. If neutrinos are Majorana fermions, a neutrino would

gain mass through interaction with its antiparticle and would not require interactions with the

Higgs boson to acquire mass.

The SM also fails to describe dark matter and dark energy. Cosmological evidence, such as
galaxy rotation curves [13, 14] and gravitational lensing [15—17], indicates that ordinary matter
comprises only 5% of the universe, while dark matter accounts for 27% and dark energy for
68%. However, there is no potential candidates for dark matter in the SM. There are three well-
established ways to search for dark matter: the direct production and detection from collider
experiments; the direct detection of nuclear recoil from the galactic dark matter halo; and the

indirect detection through cosmic rays resulting from dark matter annihilations.



Given that these fundamental questions persist, it is widely believed that the SM is part of
a broader theory.

Experimental progress is crucial in driving theoretical advancements. The early 1900s saw
a revolution in our understanding of subatomic particles with Wilson's invention of the cloud
chamber, as noted by Cecil Powell: “the whole conception of the world of atomic physics
was strengthened and illuminated.” Carl D. Anderson's addition of a strong electromagnet to
the chamber bent the paths of charged particles, which led to the discovery of the positron,
the rst observed antimatter particle. The passive “wait and see” approach with cosmic rays
was insuf cient to satiate the growing curiosity about subatomic particles. In 1929, Ernest
Lawrence invented the cyclotron, the rst particle accelerator. Innovations in magnet technology,
particularly superconducting magnets, enabled the construction of powerful accelerators capable
of propelling particles to unprecedented energies. At these high energies, colliding particles can
generate rare particles, providing exceptional platforms for particle physics research.

Many renowned colliders were constructed in thd"2thd 21" centuries, contributing
to signi cant discoveries. Figure 1.2 illustrates the center-of-mass energies of various particle
colliders. For instance, the antiproton was discovered at the Bevatron at Lawrence Berkeley
National Laboratory in 1955. The charm quark's discovery in 1974 resulted from experiments
at the SLAC and Brookhaven National Laboratory. The gluon was con rmed at the Deutsches
Elektronen-Synchrotron in 1979. Both tAdboson and th&/ boson were discovered using the
Super Proton—Antiproton Synchrotron (&) in 1983. The top quark was identi ed in 1995 at
Fermilab's Tevatromp collider. Presently, the Large Hadron Collider (LHC) stands as the world's
largest particle collider. The particle collision data are analyzed to test the SM and nd hints for

physics beyond the SM (BSM). The analyses in this thesis used the data from proton-pppton (
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collisions recorded at the CMS experiment, a multi-purpose detector at LHC, in the years 2016,

2017, and 2018. The LHC apparatus and CMS experiment are discussed in Chapter 3.

Figure 1.2: Center-of-mass energy of particle colliders versus year.

Two experimental approaches are commonly used to study particle physics: precision
measurements and searches for new particles.

The Higgs eld is the rst observed fundamental scalar eld, and the study of its properties
is particularly intriguing because the electroweak sector can be predicted precisely due to its
simplicity and small couplings [18]. There are only 7 (+1) free parameters in the electroweak
sector for one fermion generation: two gauge couplings g &nthg two parameters? and
in the Higgs potential, and masses of fermiomg my, me (andm _). The large amount of data
recorded from 2016 to 2018 at LHC and the unprecedented center-of-mass energy of 13 TeV
provide a prime opportunity to study rare physics processes in more detail.

One of these rare processes is the production of Higgs boson pair (HH), which is an
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important process to directly probe the Higgs boson self-coupling (n the SM, the is

fully determined by the other parameters, with a strength proportional to the squared value of

Higgs boson mass. Therefore, measuring theould be a direct test of SM. Experimentally,

the measurement of is characterized using its deviation from the SM value, expressed as
= = gu. This parameter serves as a model-independent probe of BSM physics [19-21],

as these models often predict adifferent from one.

A theoretical overview of HH production is given is Section 2.2, and the experimental
evidence has not been proven yet due to its small cross section. pp todlisions, the primary
HH production mechanisms are the gluon-gluon fusion (GGF HH), vector boson fusion (VBF
HH), and vector boson associated (VHH) production. Chapter 4 presents the rst search for
VHH production with CMS data and provides complementary results to those obtained from the
GGF HH and VBF HH production modes.

The single Higgs porduction channels can also probe the Higgs boson self-coupling indirectly
through the electroweak corrections. Furthermore, they are useful to constrain the Higgs boson
couplings to the fermions and vector bosons, reducing the degeneracy in a global t. Improved
precision on the Higgs boson self-coupling is achieved through the combination of single Higgs
production channels and HH production channels, as discussed in Chapter 5.

There are many compelling BSM theories which attempt to provide explanations to the
open questions of the SM. Usually these theories hypothesize new particles, which ultimately
decay to SM particles [22—-24]. By searching for these new particles with unique topological
features, evidence for a given BSM phenomenon can be established. Chapter 6 shows the search
for a new particleX that decays into 8 boson and a photon, focusing on the leptdMdoson

decays.



Chapter 2: Theoretical Background

The Standard Model (SM) of particle physics [25-31] is a theoretical framework that
describes all known fundamental particles and their interactions through electromagnetic, weak,
and strong forces. It stands as the most successful theory to date in explaining the behavior of
subatomic particles.

In this chapter, a theoretical overview of the SM is given in Section 2.1. In the context of
this thesis, Section 2.2 provides an overview of the phenomenology of the Higgs boson in the

hadron collider.

2.1 The Standard Model

The SM describes three of the four fundamental forces within the framework of renormalizable
guantum eld theory. These include the strong, weak, and electromagnetic interactions, which
are encapsulated by &UJ(3)c SU(2). U(1)v local gauge symmetry. Each of these gauge

symmetries corresponds to a fundamental interaction.

* TheSU(3)c symmetry corresponds to Quantum Chromodynamics (QCD), which describes

the strong force. This force is mediated by gluons.

* The combinedSU(2). U(1)y symmetry represents the uni cation of the weak and



electromagnetic forces. This uni ed electroweak interaction is mediated bywthew ,

andZ bosons (for the weak force) and the photon (for the electromagnetic force).

The SM describes a total of 61 elementary particles, as presented in Fig. 2.1. These particles
are categorized into two groups based on their spins: fermions and bosons. Fermions, which
include quarks and leptons, have a half-odd-integer som g) and obey Fermi-Dirac statistics.
There are six types of quarks, each with three color charges and an antiparticle counterpart.

Similarly, there are six types of leptons, each also having an antiparticle.

Figure 2.1: lllustration of the elementary particles of the SM and their properties. Figure is taken
from Ref. [32].

In contrast to fermions, bosons have an integer spi(0;1;2;:::) and obey Bose-
Einstein statistics. The SM includes 12 elementary spm 1 bosons: eight gluons, which
mediate the strong forc®y/*, W , Z, and the photon (), which mediate the weak and electromagnetic

forces, respectively. The Higgs boson is the only spm0 boson, and it is responsible for giving



mass to the other particles through the Brout-Englert-Higgs (BEH) mechanism [26, 27, 33, 34],

as described in Section 2.1.2.

2.1.1 Particles

Quarks

The SM includes six types of quarks: up (u) and down (d) quarks, which make up everyday
matter, along with charm (c), strange (s), top (t), and bottom (b) quarks. These quarks are
organized into three generations, each consisting of a doublet where the up-type quark carries
an electric charge of %e and the down-type quark carrie%e, as depicted in Fig. 2.1.

Quarks are fundamental constituents of matter and possess a unique property known as
“color charge”, analogous to electric charge in electromagnetism but associated with the strong
nuclear force described by QCD. Each quark can have one of 3 different colors, as shown in
Fig. 2.1. According to QCD, color-charged particles cannot exist in isolation, a principle known
as color con nement [35]. Therefore, only bound states of quarks, which is known as hadrons,
can be observed experimentally. Baryons are hadrons composed of three quarks, while mesons
consist of a quark-antiquark pair. The top quark, due to its exceedingly short lifetime, decays

before forming bound states.

Leptons

Leptons are also fermions. Unlike quarks, leptons are not affected by the strong nuclear
force. Instead, leptons interact through the weak nuclear force and the charged leptons also

interact through electromagnetic force [29], playing crucial roles as constituents of matter.



Leptons exhibit electric charges that can be positive, negative, or neutral. For instance,
the electron € ) carries a charge of -1, while its antiparticle, the positreh),( has a charge
of +1. Neutrinos, another type of lepton, are electrically neutral. Similar to quarks, leptons
are organized into three generations, with each generation comprising a charged lepton and its
associated neutrinoe( ¢), ( , ),and(, ). Charged leptons of different avors have distinct
masses ranging from 511 keV for the electron to 1.78 GeV for the tau lepton.

In the SM, neutrinos are assumed to have zero mass, but experimental evidence indicates

that they possess a small, nonzero mass, although this value remains unknown [8-10].

2.1.2 Fields

Quantum Electrodynamics

The Quantum electrodynamics (QED) is the relativistic quantum eld theory of electrodynamics.
It is an Abelian gauge theory with the symmetry grdudfi).

The Lagrangian of a free Dirac fermion can be written as:

I—Dirac = (X)(l @ m) (X); (2-1)

where (x) is a Dirac spinor, are the Dirac matrices.
To make the Lagrangian invariant under a loodl) transformation: (x) ! € ® (x).
The partial derivative needs to be promoted to a covariant derivativeand a new eldA is

introduced:

D =@+ieA (A () AKX -@ () (2.2)

10



wheree is the electron charge.

Substituting these terms into the Eg. 2.1, the Lagrangian can be written as:

Loep = Loirac €A (X) (X) (X): (2.3)

A gauge-invariant kinematic term should also be added to make this new eld propagating

through time and space:

L= 3F (OF (F (0= @A @A @4
So the nal Lagrangian is:
Loeo = Lo €A () (9 () SF (OF (X @25)

Usually a ne-structure constant = €?=4 is de ned to characterize the electromagnetic

coupling strength. No mass ter%mzA A is allowed in order to maintain the gauge invariance.

Quantum Chromodynamics

The QCD is a theory that describes the strong interactions between quarks and gluons. Itis
formulated as a non-Abelian gauge theory with&é(3)c symmetry group, where the subscript
C denotes the color charge, which exists in three varieties.

Following a methodology akin to QED, we start with the Lagrangian for the free fermionic

eld, as shownin Eq. 2.1. The transformation of the fermionic eld under the gauge is represented

11



by: (x) ! €9 03 (x), wheregs is a constant, ,(x) are phase factors that describe the
transformation, anelzi denotes the eight Gell-Mann matrices, corresponding to the generators of
theSU(3) group.

In order to make the Lagrangian “locally” invariant, the partial deriva@eneeds to be

promoted to the covariant derivative ():

a

D =@+ igsta; (2.6)

and dedicated gauge elds are introduced with the transformation rule:

G*! G+ gf ™ P(\)G° + @ *(x); 2.7)

whereG? represent eight gluon elds arfcf® are the structure constants of the group that must

C

. . a b .
satisfy the commutation rulg:-; -] = if 2.

The QCD Lagrangian is written as follows:
a 1

Loco = Lpirac  Gs > G, ZFa F&; (2.8)

whereF, = @G?® @G? + gf 3*GPG¢ is the eld strength tensor. The coupling constagnt
determines the strength of the interaction and is often rede ned asg2=4 .

QCD has successfully explained numerous intriguing phenomena. For example, due to
gluon self-interactions, the force between quarks does not diminish with increasing distance.
Instead, it intensi es as the quarks move apart with the resulting consequence that attempting to

separate quarks leads to an increasing amount of energy being stored in the gluon eld. When this

12



energy reaches a critical threshold, it becomes more favorable to generate a new quark-antiquark

pair from the vacuum, thereby preventing isolated quarks from existing independently.

Electroweak Theory

The electroweak theory uni es the electromagnetic and weak nuclear forces under the
gauge symmetry groupU(2). U(1)y. A key challenge in developing a uni ed theory lies in
explaining experimental evidence of parity violation. Consequently, interaction terms are treated
differently for left- and right-handed fermion elds.

The quarks and leptons form a left-handed doublet and a right-handed singlet. For example,
each generation of lepton forms:

0 1
o
L, = % g; and r: (2.9)

L

Likewise for quarks, using the rst generation consisting of u and d quarks as an example:
0 1
uL
QL = % §; Ug;and dg; (2.10)
d

To write it in a more general form, we useand °to represent either the neutrino and

charged lepton or the up- and down-type quark elds. The left-handed and right-handed states

13



are de ned using the gamma matrix i © 1 2 3[36, 37]:

01 0 1
L=125%§:%L§ (2.11)

0 0
L
1+ °
RE (2.12)
1+ °
0= 5 0 (2.13)

Analogous to the QED and QCD cases, in order to keep the Lagrangian invariant under the

gauge transformation 8U(2). U(1)y, the derivatives need to be promoted in this way:
DL =@ igzW (x) ig¥B (x); (2.14)

Dr=@ ig%.B (x); (2.15)

with g andg®regulating the strength of the interactiors.is the generator of th8U(2). group,
andy; is the hypercharge.

Hence, the Lagrangian can be written as:
L= (i D) .+ w(i D) r+ 3G D)3 (2.16)

where the mass terms are omitted to preserv&thg), invariance. A kinetic term for the gauge

elds has to be introduced as well:

B B : (2.17)
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The elds strength tensors WandB  are de ned to be:

B =@B @B (2.18)

W' = @w' @W'+ glkwiwk (2.19)

where % is the Levi-Civita tensor.
The newly introduced elds are usually combined to represent the physical elds corresponding

to the vector bosons. The Whosons are de ned to be:

W

191—é(w1 iW 2): (2.20)

Since theZ boson and the photon share the same quantum numbers, such as charge and
spin, they can mix. This mixing is characterized by a speci ¢ parameter known as the mixing
angle. The parameterization is shown below:

0

1 0
A§:%coswsmW§% § (2.21)
Z

sin ,, COS

where  is Weinberg weak-mixing angle:

COSw = p———— (2.22)
9> +(99)?
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The Brout-Englert-Higgs Mechanism

A crucial element missing from the strong interactions and the electroweak Lagrangian
discussed so far is the mass term. Introducing explicit mass terms would violate gauge invariance,
posing a signi cant problem for massive gauge bosons likeihe andZ bosons, as well as
fermions. The SM addresses this challenge through the BEH mechanism [26, 27, 33, 34]. This
mechanism preserves gauge invariance while accounting for the observed masses of gauge bosons
and fermions by breaking the electroweak symmetry.

The BEH mechanism incorporates a complex scalar eidto the SM Lagrangian. This

complex scalar eld is ailsU(2) doublet possessing four degrees of freedom:

0 1
1 1+ 2
= p—2 (2.23)
3t i 4
with the scalar potential:
1,X 1 X
V()=5 % DL O D (2.24)
i=1 i=1

The shape of the scalar potential is shown in Fig. 2.2. Without loss of generality, the

vacuum state can be chosen to be 0 1
1 BO
= p— § : (2.25)
2
1 1
v=2Z224+2 4 2.2
2 4 (2.26)

To minimize the potentia¥ ( ) and break the symmetry at the minim&,< Oand > 0
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are required. Therefore we have the solution:

v — (2.27)

And v is the vacuum expectation value (VEV).

Figure 2.2: Schematic illustration of the Higgs potential. Figure is taken from Ref. [38].

The small perturbation around the minima can be written as:

0 1
1 0
= 9—2% § ; (2.28)
v+ H(X)
whereH (x) is the Higgs eld.
Together with the covariant derivative:
01

i 0 0
(D YD = :—ZL(O v)[gEW' + %B ]2% § + H interaction terms (2.29)
Y
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the BEH term can be written as:

Leen =(D )(D ) V() (2.30)
_ N H 1 H 1 _
=MiW "W (1+ V)2+ E|v|§z Z (1+ V)2+ E(@H)2 V(); (2.31)
V()= ?H?*+ vH‘°’+ZH4 = (2.32)

where the quadratic term ( 2H ?) represents the mass term of the Higgs boson:

mi = 22=2v?% (2.33)

The masses of the/ and theZ bosons are:

gv gv
My = = my =
W 7 2cos w

(2.34)

The masses of fermions can be obtained through interactions with the Higgs eld through

Yukawa couplings. They can be written as:
H %
Ly= my (1+ 7); wherem; = s p—é (2.35)

The mass of fermion ig; and it is proportional to the strength of the Yukawa coupling$ &énd
VEV (V).
In the SM, the interactions of the Higgs boson with other particles are shown in Fig. 2.3

and the allowed interactions of the Higgs boson itself are shown in Fig. 2.4.
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Figure 2.3: Feynman diagrams of Higgs boson interactions with other particles.

Figure 2.4: Feynman diagrams of Higgs boson interactions with itself.

2.2 The Higgs Boson at the LHC

Since the discovery of the Higgs boson, the focus of the high-energy physics community
has expanded to include precise measurements of its properties [39, 40]. Data from the CMS
experiment during Run 2 (2016—2018, 138phave enabled numerous measurements of Higgs
boson properties. The couplings with tBeandW bosons are measured with a precision better
than 5%, the couplings with thequark and lepton are measured with a precision of approximately
10%, and the coupling to the bottom quall s measured with a precision of about 20%, as

presented in Fig. 2.5.
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Figure 2.5: Measured coupling modi ers of the Higgs boson to fermions and heavy gauge bosons,
as function the of fermion or gauge boson mass. Figure is taken from Ref. [39].
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2.2.1 Kappa Framework and Effective Field Theory

The kappa framework was introduced in 2012 to investigate the coupling structure of the
newly discovered Higgs-like particle [41]. The free parameters in this framework are denoted by
kappa () factors. The deviation of the observed coupling strengt from the SM predicted

coupling strength (°M) is quanti ed as:

obs

= (2.36)

In Fig. 2.5, the parameters and  are the coupling modi ers for couplings of fermion and
vector boson, respectively, within the kappa framework. Thus, when the observed properties of
the 125 GeV boson align with those expected for the SM Higgs boson, these parameters are unity
( =1).

To incorporate the latest SM predictions for Higgs cross sections, which include higher-
order QCD and electroweak corrections, while simultaneously allowing for potential deviations
from the SM coupling values, the predicted SM Higgs cross sections are typically adjusted with
scale factors ;. Depending on the production processcan be factorized with respect t@

and . For example, in the vector boson associated production (VH) process:

|
<o
3

= 2 (2.37)

<w
<

The kappa framework is able to characterize deviations from the SM predictions in a

simple way. This framework operates under the assumption that only one single SM-like Higgs
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boson near 125 GeV exists. It does not make speci ¢ assumptions about additional new physics
states, such as other Higgs bosons. Therefore, while the kappa framework is highly useful, it is
insuf cient for exploring more general types of deviations from the SM predictions.

To address this limitation, the Standard Model effective eld theory (SMEFT) framework
extends SM with higher-dimension operators that encapsulate potential new physics effects.
Rather than searching directly for new particles, SMEFT is used to investigate new types of
interactions that are not present in the SM. These interactions are “effective” because their
underlying mechanisms are unknown. New physics scenarios generally manifest through these
new interactions, with different theoretical models leaving distinct signatures within the SMEFT
framework. This approach allows for a more comprehensive exploration of potential deviations
from the SM [42]. The nal constraints within this framework can either be directly on the
SMEFT coef cients, which de ne the strength of the higher-dimension operators, or on the cross
sections of selected benchmark scenarios. These benchmarks are chosen to represent speci ¢ new
physics models or particular deviations from the SM, providing a concrete context for interpreting
experimental results.

In the context of this thesis, results are expressed using the kappa framework.

2.2.2 Higgs Self-coupling

The SM predicts the Higgs boson self-coupling through terms in the Higgs potential in the
Eq. 2.32, such as the trilinear terrg H * and the quartic term:H*. In the SM, zand 4, are
determined a%"iz, wheremy, is the Higgs boson mass ands the vacuum expectation value of

the Higgs eld.
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The Higgs boson self-coupling can be directly probed through searches for Higgs boson
pair (HH) production, an endeavor that is extremely challenging due to the small production
cross section. According to the SM, the probability of observing Higgs boson pair production
in pp collisions at the LHC is approximately 1000 times smaller than that of producing a single
Higgs boson.

The importance of the Higgs boson self-coupling measurements is multifaceted:

Veri cation of the Standard Model and probing new physics. The electroweak sector of
the SM is theoretically precisely de ned and allows for high-precision tests. Being a cornerstone
prediction of the SM, the precise measurement of the Higgs boson self-coupling provides a direct
test of the SM's accuracy. And deviations from the predicted value would suggest BSM physics.

Understanding the Higgs potential The structure of the Higgs potential underlies the
mechanism of electroweak spontaneous symmetry breaking, which endows other SM particles
with mass. Accurate measurement of the self-coupling can elucidate details and enhance our
understanding of the dynamics in this process.

Connection to electroweak baryogenesisAccording to the SM, in the early universe,
when temperatures were signi cantly higher, the Higgs potential had its lowest energy state at
a eld value of zero, rendering all known particles massless due to unbroken symmetry. As the
universe cooled to temperatures below the electroweak stale (L00GeV), the Higgs eld
transitioned to a new minimum at a non-zero value. This led to spontaneous symmetry breaking
and mass generation for other particles. The baryon asymmetry might have been generated
during this phase transition through electroweak baryogenesis (EWBG) mechanisms [19-21].
For EWBG to occur, the phase transition must be a violent, out-of-equilibrium event accompanied
by massive entropy production. The Higgs boson self-coupling in uences the dynamics of this
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phase transition, impacting the generation of baryon asymmetry. Moreover, the Higgs boson
self-coupling is essential for understanding the stability of the vacuum. Signi cant deviations
from the SM predictions could indicate that our universe is in a metastable vacuum, as shown in

Fig. 2.6.

Figure 2.6: The Higgs potential considering different higher-order corrections. Figure taken from
Ref. [43].

Given these reasons, measuring the Higgs boson self-coupling with high precision is one
of the most crucial tasks that the particle physics community aims to achieve. Chapter 4 describes
the measurement of the Higgs boson self-coupling through a new HH production channel, highlighting
how this channel enhances sensitivity within certain ranges of the Higgs boson self-coupling due
to constructive interference. Chapter 5 presents the latest results on the Higgs boson self-coupling
measurement, achieved through the statistical combination of single Higgs boson measurements
and HH searches. This approach provides the strongest experimental constraint without making
assumptions about other Higgs couplings, utilizing CMS Run 2 data.
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2.2.3 Single Higgs Production

In pp collisions at the LHC, the cross sections of the main production mechanisms for a
single Higgs boson (H) are depicted in the left plot of Fig. 2.7, while the corresponding Feynman
diagrams are shown in Fig. 2.8. These production channels include gluon—gluon fusion (GGF),
vector boson fusion (VBF), Higgs-strahlung (VH), and associated produdtibin bH, tH).

The plot on the right of Fig. 2.7 displays the branching ratios as functions of the Higgs boson
mass, withH ! bb being the dominant decay channel, followed y! WW, H ! qgg,

H! , and others.

Figure 2.7: SM Higgs boson production cross sections as a function of the center-of-mass energy
(left) and the Higgs boson decay branching ratios as a function of the Higgs boson mass (right).
Plots are taken from Ref. [44].

2.2.4 Higgs Boson Pair Production

A notable milestone in the study of Higgs properties is the search for HH production, as

this provides an optimal channel for probing the Higgs boson self-coupling.
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Figure 2.8: Leading order diagrams for Higgs boson production.

In pp collisions at the LHC, the main HH production mechanisms are analogous to single
Higgs production channels but involve two Higgs bosons in the nal state. The leading channel is
GGF HH, followed by the VBF HH channel, vector boson associated production (VHH), and top
guark associated production (ttHH). Their cross sections are summarized in Table 2.1. The SM
cross section for VHH production is; iy = 0:865" 5. fb, computed at next-to-next-to-leading
order (NNLO) in QCD [44, 45], which is approximately half that of VBF HH production.

The search for HH production at the LHC has a substantial history. In the CMS collaboration,
HH production was initially studied with théd andbb  nal states using Run 1 data [46, 47].

In subsequent years with early Run 2 data, additional nal states sulh asbb , bbb, and
bbV Vwere explored. More recently, HH searches using the full Run 2 dataset have encompassed

most HH decay channels. However, due to the low cross section, for a signi cant period only the
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GGF HH and VBF HH channels were extensively studied, investigating various combinations of

Higgs boson decayldH ! xxyy.

The leading-order (LO) Feynman diagrams for GGF HH are depicted in Fig. 2.9, while the

LO Feynman diagrams for VBF HH are shown in Fig. 2.10.

Table 2.1: Cross sections and uncertainties of different HH production modes [44, 45, 48, 49],
where PDF is the parton distribution functiony is the strong coupling constant, amd is the
top quark mass.

Production mode Cross section (fb) Scale uncertainty +Dfuncertainty m; uncertainty

GGF HH 31.05 +2:2%= 5:0% 3% +4%= 18%

VBF HH 1.726 +0:03%= 0:04% 2:1% —
ZHH 0.363 +3:4%= 2:7% 1:9% —

W* HH 0.329 +0:32%= 0:41% 2:2% —

W HH 0.173 +1:2%= 1:3% 2:8% —
ttHH 0.775 +1:5%= 4:3% 3:2% —

Figure 2.9: Feynman diagrams contributing to HH production via gluon-gluon fusion mechanism.
The left and right diagrams are triangle diagram and the box diagram.

The plot on the left of Fig. 2.11 shows the total cross sections for the primary HH production
channels as a function of the center-of-mass energy, while the plot on the right depicts the cross

section variation with respect to the Higgs boson self-coupling modier = gy .
As depicted in Fig. 2.11, the cross sections for GGF HH and VBF HH reach minima when
is close to one. This effect arises due to destructive interference between the LO Feynman
diagrams as approaches one. Consequently, the cross sections for both processes are highly
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Figure 2.10: Feynman diagrams contributing to HH production via vector boson fusion
mechanism.

Figure 2.11: Total cross sections for the main HH production chann@is @atlliders. Figures
are from Ref. [50].
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sensitive to the value of . Any deviation of from one can signi cantly increase the total
cross sections and alter the kinematics of HH.

The plot on the left of Fig. 2.12 illustrates the contributions of the triangle, box, and
interference terms to GGF HH production in the SM. Destructive interference, which can change
sign and become constructive for negative values ofplays a crucial role. This interference

affects the distribution ofyy, as shown in the plot on the right.

Figure 2.12: Distributions of the box, interference, and triangle components that contribute to the
SM GGF HH signal are shown on the left. Timgy shapes with different coupling hypotheses
are shown on the right. Plots are taken from Ref. [51].

The destructive interference also occurs between the Feynman diagrams in Fig. 2.10. With
some approximation [52], the matrix element can be written as:

4my, 1 1 mZ  6m? 2m?
+ +  — + + others; 2.38
vZo £ mZ 0 m{ vZ 8§ mj V2 (2.38)

wheref, 0, and$ are Mandelstam variables.

Near the HH production threshold, we can asséme4m? , f'= 4 = 0. It gives rise to:

2
2mg
\V4

M =g (3 (2.39)
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So these terms cancel each other and lead to small cross section arosidd

The VHH channels share the same subproceds &f ! HH with VBF HH and are
related by crossing symmetry. The formula also applies to VHH production. In the VHH channel,
close to the threshold for HH production, whére 4m? andf = & = (my + my)?, we have
§=4m?,f'= 4= (my + my)2 It gives rise to:

2
2my,
v2

4m?

M =
g My (My +2my)

( +1+ ); (2.40)

which results in constructive interference, making the VHH channel unigque and intriguing for

further study. More details about the VHH channel will be discussed in the dedicated Chapter 4.
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Chapter 3: The CMS Detector at the LHC

In this chapter, an overview of the Large Hadron Collider (LHC) is provided in Section 3.1.
The LHC accelerates protons and collides them at four designated points, each hosting a distinct
experiment. This thesis focuses on data collected from one of these experiments, namely the
Compact Muon Solenoid (CMS) experiment. Section 3.2 offers detailed information about the
CMS experiment, including descriptions of its various sub-detectors. Following this, Section 3.3
discusses the algorithms employed for the reconstruction and identi cation of physics objects

within CMS.

3.1 The Large Hadron Collider

Operated by the European Organization for Nuclear Research (CERN), the LHC is the
most powerful and largest particle accelerator in the world, situated near Geneva on the border
between France and Switzerland [53, 54]. Spanning a circular tunnel with a circumference
of approximately 27 kilometers, the LHC is buried at depths ranging from 45 to 170 meters
underground. The LHC accelerates protons to nearly the speed of light using high-frequency
electric elds and superconducting magnets. It is designed for proton-prpmrcollisions at
four points along its ring, each equipped with a major detector. ATLAS, CMS, ALICE, and

LHCb [55-58]. ATLAS and CMS are general-purpose detectors initially designed for the Higgs
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boson search and now utilized for precise measurements of Standard Model (SM) parameters,
characterization of Higgs boson properties, and exploration of physics beyond the SM at the TeV
energy scale. ALICE specializes in heavy ion physics, while LHCb focusésjoark studies.

Constructed between 1998 and 2008, the LHC was built in the same tunnel that previously
housed the Large Electron-Positron collider. This tunnel has an internal diameter of only 3.7
meters in the arched sections between each sector, making it dif cult to install two completely
separate proton rings, which presented signi cant design and installation challenges for the LHC.
To address these challenges, a twin-bore magnet arrangement is used to house two proton beams
within a single structure. Its superconducting magnets, cooled to 1.9 Kelvin using super uid
helium, include 1232 dipole magnets capable of producing up to 8.33 Tesla magnetic elds with
currents up to 12000 A, enabling proton energies up to 7 TeV.

Commissioned in 2008, the LHC achieved its rst high-enguggollision at 7 TeV center-
of-mass energy on March 30, 2010. Since then, it has facilitated numerous groundbreaking
discoveries; the most notable discovery was the detection of the Higgs boson in 2012. Over the
years, the LHC has progressively increased its luminosity as depicted in Figure 3.1. It relies on
sophisticated cryogenic systems to maintain ultra-low temperatures and advanced data processing
capabilities to manage vast quantities of collision data.

The LHC accelerates proton beams to energies up to 7 TeV and lead ions to energies up to
2.76 TeV per nucleon. Achieving these energies involves a meticulous sequence of steps within
the CERN accelerator complex, as depicted in Figure 3.2. For proton acceleration, the process
begins with the extraction of protons from hydrogen atoms. These protons enter LINAC4, where
they are initially accelerated to 160 MeV. They then progress through a series of accelerators: the

proton synchrotron booster, the proton synchrotron (PS), and nally the super proton synchrotron
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Figure 3.1: Cumulative delivered and recorded luminosity versus timegjocollisions at
LHC [59].

(SPS). At these stages, their energies increase sequentially to 2 GeV, 26 GeV, and 450 GeV,
respectively. Before entering the LHC, the proton beam is split into two parallel beamlines using
fast kicker magnets and further accelerated to the nal energy level required for LHC collisions,
achieved through high-frequency radio frequency cavities.

One of the key parameters of a collider is instantaneous luminbgjty [61]. This is
directly related to the production rate of any interaction process:

dN

E - I—ins‘c: ; (31)
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Figure 3.2: The accelerator complex at CERN [60].

where is the cross section of the process. The: is given by

_ Ngnbfrev r

I-inst: - 4 . F; (32)

whereNy, is the number of particles per bunah, is the number of bunches per beaim,, is

the revolution frequency,, (E=m) is the relativistic factor of the protons, is the normalized
transverse beam emittance, is the beta function at the collision point, aRdis the geometric
luminosity reduction factor due to the crossing angle at the interaction point. The total number
of produced physics events over a period of timare calculated with the integrated luminosity
Lint :

N= Lin = Linst: dt (3-3)
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Some important design parameters are shown in Table 3.1.

Table 3.1: Nominal parameters of the LHCpp collisions.

Parameter De nition Design
v 5 Center-of-mass energy 14 TeV

t Bunch separation 25ns

Np Number of bunches 2808

Np Number of protons per bunch  1.180'
frev Revolution frequency 11245 Hz

Beta function at the IP 0.55m

n Transverse emmittance 3.75n

Instantaneous luminosity is typically measured in units of sn', representing the rate
of collisions per unit area per second. Integrated luminosity, on the other hand, is commonly
expressed in units of inverse femtobarns Hpor picobarns (pb'), re ecting the total number
of collisions accumulated over time. Figure 3.3 presents a stack plot of the number of interactions
per bunch crossing for each year of data taking. The mean interaction rate increases annually.
While numerous interactions occur per bunch crossing, typically only one proton-proton interaction-
related to the primary physics process of interest (hard scattering)-is considered, with the additional
interactions (pileup) being predominantly soft collisions.

The results presented in this thesis are basegpeollision data collected by the CMS
experiment at a center-of-mass energyp o = 13 TeV, corresponding to a total integrated

luminosity of 138 fb *recorded during the Run 2 phase of the LHC.

3.2 The Compact Muon Solenoid Detector

The CMS detector, situated approximately 100 meters underground at interaction point ve

of the LHC, is a general-purpose instrument designed for a wide range of physics studiggusing
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Figure 3.3: Mean number of interactions per bunch crossing [59].

collisions at high energies and instantaneous luminosities [56]. The name “CMS” derives from

its three primary features:

 despite its 14000-tonne weight, this detector is compact, with a diameter of only 15 m and
alength of 21 m. Compared to ATLAS, another general-purpose detector at the LHC, CMS

is almost double the weight but has only half the size;

* the detector is speci cally designed for precise muon detection. The muon detection
system takes up approximately 80% of the total volume. The muon path is measured by
tracking its position through the muon detection system and combining this information

with measurements from the CMS silicon tracker.

* the detector has an extremely powerful solenoid magnet, generating a magnetic eld of 3.8
Tesla, which is about 4000 times stronger than a typical refrigerator magnet, over a vast
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