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ABSTRACT

The discovery of the Higgs boson has opened a new portal to search for Dark Matter(DM).
Since DM does not interact in the CMS detector, searches rely on the missing transverse
energy in association with a visible SM particle. The final state of the Higgs boson+DM
is known as "mono-Higgs”. In this thesis, mono-Higgs analysis has been performed in
two categories; Boosted and Resolved.

In the first part of the thesis, we present a search for DM when it is produced in
association with a highly boosted Higgs boson decaying to a pair of bottom quarks using
data collected at CMS detector in 2017 and 2018, corresponding to a total luminosity of
101.3 fb~!. The Higgs boson is reconstructed using a fatjet (AKS jet), and its decay to
bb quarks is identified using the DeepDoubleB tagger algorithm. This category targets
the phase space where the DM-SM mediator mass is high. Two sensitive observables,
missing energy and mass of Higgs boson, are used for this search. Finally, we compare
observed and expected events and interpret results in terms of the upper limit in the
context of three signal models: 2HDM+a, Z’-2HDM and Baryonic-Z’.

In the second part of the thesis, we present a search for DM when it is produced in
association with a low or medium-boosted Higgs boson decaying to a pair of bottom
quarks using data collected at CMS detector in 2017 and 2018 corresponding to a
total luminosity of 101.3 f b1 Higgs is reconstructed using two narrow jets (AK4 jets),
and deepCSV algorithm is used to identify b quarks. This category targets the phase
space where DM-SM mediator mass is low. Missing energy and Higgs boson’s mass
observables are used for this search. Results are interpreted in terms of the upper limit
in the context of three signal models: 2HDM-+a, Z’-2HDM and Baryonic-Z’.

Finally, we present the combination of resolved and boosted categories results for all
three models and show a projection of this search for Run3 and HL-LHC in the context
of 2HDM-+a model.
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INTRODUCTION

The universe is vast and filled with mysteries. The most important question comes in the
mind that "What is the universe made of ?". Over the many years large number of funda-
mental particles were discovered. All these particles and interactions between them are
described very well in the theory known as Standard Model (SM) of particle physics [1-4].

At very early stage of particle physics, J.J. Thomson discovered that cathode rays are
made up of negative light charged particles called electrons[5]. He proposed a model
called "plum pudding model", in which negatively-charged electrons are floating in a sea
of positive-charge in the atom, therefore total charge is neutral. Rutherford’s experiment
of the scattering of alpha particles from a thin gold foil in 1911 led to the discovery that
an atom is made up of a solid, positively charged nucleus that is orbited by a cloud of
negatively charged electrons [6, 7]. The final piece to the atom’s puzzle was the discovery
of neutrons by J. Chadwick in 1932 [8]. Until Gell-Mann and Zweig proposed the quark
model in 1964, protons, neutrons, and electrons were considered as the fundamental
particles. According to this model, protons and neutrons consist of more fundamental
particles called "quarks". In 1968, a series of electron-proton scattering experiments by
MIT-SLAC collaboration at the Stanford Linear Accelerator Center (SLAC) in US showed
that nucleons have inner structure and they are consists of three quarks. Afterwards,
more elementary particles were discovered, the W* and Z bosons discovered in 1983 by
UA1 and UA2 Collaboration at CERN [9-13]. In 1964, three physicists "Robert Brout" and
"Francois Englert", and "Peter Higgs" proposed a mechanism in which SM particles gain
mass by interaction with a field called "Higgs field" [14, 15]. The Higgs boson, quantum
of the Higgs field, was discovered on July 2012 at Large Hadron Collider (LHC) [16,
17]. With this "last missing piece" of SM, SM theory is considered as one of the most
successful theory.
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All these discovered particles represent visible matter, a number of macroscopic observa-
tions suggests the existence of Dark Matter particles (invisible particles). The existence of
dark matter (DM) is known from a variety of astrophysical and cosmological experiments.
Although it is measured to be about 26.4% [18] of the total energy density of the Universe
via indirect observations, the exact nature of DM particles is still unknown. All we know
is that it is electrically neutral, participates only in gravitational interactions, and does
not interact with ordinary baryonic matter. These properties make weakly interacting
massive particle (WIMP) the primary candidate for DM particles.

If DM can be produced at hadron colliders, then Large Hadron Collider (LHC) is the
best place to do so. However, due to not interacting nature of the DM with ordinary
matter, it is almost impossible to detect it in the normal particle detector. DM particle
if produced in the proton-proton collisions at LHC will leave the detector undetected,
hence becomes source of large transverse momentum imbalance. DM particles can be
detected through their association with the particles from the Standard Model (SM),
denoted as X, which can be photons (), gluons (g), quarks (q), or weak bosons (Z or
W). Such interactions, which are observed at collider as particles or jets recoiling against
invisible particle are called “mono-X" interactions. Large missing transverse momentum

ETS with SM particle(s) is the common detector signature for these searches.

The SM particle X could be emitted directly from a quark as initial state radiation or
as part of a new effective vertex coupling of DM to SM. The discovery of an SM-like
Higgs boson [16, 17] extended the possibility to search the dark matter in “mono-Higgs”
final state. The Higgs boson production from initial state radiation is highly suppressed
because of the mass dependence of its coupling strength to fermions and its loop-
suppressed coupling to gluons. Hence such a signal could probe directly the structure of

the effective DM-SM coupling.

This analysis presents the search for DM produced in association with a Higgs boson,
h, decaying into a pair of bottom quarks. The Higgs boson considered is the newly
observed scalar compatible with the SM Higgs boson. The bb decay mode has the largest
branching fraction of all the Higgs boson decay channels and provide highest signal
yield. The search for dark matter using mono-Higgs channel has been performed by the
ATLAS! and CMS? Collaborations in several final states using data collected at 8 [19]

1 Details of ATLAS and CMS are discussed in chapter 4
21
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and 13 TeV [20-27]. So far, none of these searches has observed a significant excess of

events over the SM expectations.

Results are interpreted in terms of three simplified models predicting the mono-Higgs
signal following the recommendations of the ATLAS-CMS Dark Matter working group
[28]. Figure 1 shows the representative Feynman diagrams corresponding to these three

models.

In this thesis I present the work done during my journey as a PhD student. Along with
physics analysis, I also worked on CMS EPR tasks. The analysis focuses on search for
Dark Matter associated with Higgs boson and Higgs decays to a pair of bottom quarks.
Within my CMS EPR tasks, I worked as a BTV MC (Monte-Carlo) contact, I worked on
HCAL Depth studies, HBHE Noise Filter study, Jet energy response and resolution. The
thesis is organized in the chapters as following;:

Chapter 2 provides the overview of Standard Model. The fundamental particles and in-
teractions between them have been explained with lagrangian. Some points are also
discussed which Standard Model does not explain including Dark Matter.

Chapter 3 describes the evidence of DM and possible DM candidates. The DM detec-
tion methods and latest results from different experiments have been shown. mono-

Higgs channel and models for interpretation have also been discussed.

Chapter 4 describes the LHC accelerator and its experiments. Data used in this thesis
has been collected by the CMS experiment, therefore a detailed description of CMS
detector and sub-detector have been discussed.

Chapter 5 details the reconstruction of the physics objects. Only important physics ob-
jects are discussed in the details.

Chapter 6 provides information on the background samples, data, and triggers used in
the analysis, including the discussion of physical objects and the corresponding
selection criteria. Additionally, it covers the necessary corrections applied to the

simulation to enhance its alignment with the observed data.

Chapter 7 and 8 describe the boosted and resolved analyses, respectively. Chapter 9
presents the combination of the resolved and boosted analyses.

Chapter 10 presents the projection for the Run-3 and HL-LHC, while Chapter 11 provide

the summary of overall findings.



STANDARD MODEL

2.1 Overview of Standard Model

The standard model of particle physics is a consistent and computable theory that de-
scribes all the known elementary particles and their interactions at the fundamental level.
It explains three of four fundamental forces that govern the universe: strong force, weak
force and electromagnetic force. The last two forces appear very different at low energies
but above the electro-weak scale, on the order of 100 GeV, both forces would merge into a
single force: electro-weak force. Elementary particles included in the models are quarks,
leptons, gauge bosons and Higgs Boson. A key element of the theory is the Higgs field
which gives mass to vector bosons and fermions together with spontaneous symmetry
breaking. More details of forces or interactions are explained in the Sec 2.3.

2.2 Particles of Standard Model

The standard model contains all elementary particles. Based on their internal property
of spin, they can be divided into two distinct categories: fermions and bosons. Fermions
with a half-integer spin occur in two basic types called quarks and leptons, which make
up matter while bosons with 0 or 1 spin mediate the interactions between quarks and

leptons.

The standard model has a total of 12 elementary fermions along with their antiparticles.
And six fermions are quarks and six fermions are leptons. They are arranged in pairs and
form three generations such that masses of particles are in increasing order as shown in
Fig.2.1. First-generation particles and neutrinos do not decay. In the quark sector, first-row
quarks are called up-type quarks with an electric charge of 2/3 and second-row quarks

39



STANDARD MODEL
are called down-type quarks with an electric charge of 1/3. up quark, charm quark and

top quark are up-type quarks. Down quark, strange quark and bottom quark are down-

type quarks.

Standard Model of Elementary Particles

three generations of matter interactions [ force carriers
(fermions) (bosons)
| Il 1
mass =2.2 MeVic? =128 GeVlc? =173.1 GeVic? 0 =124.97 GeVic?
charge % ¥ ¥ 0 0
spin | ¥z u Yz C Yz t 1 9 0 H
up charm top gluon higgs
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Figure 2.1: Elementary particle of standard model [29]

All quarks carry a color charge, and they are combined to form color-neutral compos-
ite hadrons particles such as protons and neutrons. Each generation also consists of a
massive lepton particle and extremely light neutrino. Leptons carry -le electron charge
and neutrinos are neutral. The first-generation consists of the electron(e) and electron
neutrino (v.), the second generation consists of muon (#) and muon neutrino (v,), and
the third generation consists of tau (1) and tau neutrino (v;). The lepton interacts via elec-
tromagnetism and weak force while neutrinos interact via the weak force due to a lack of
electric charge. Each force is carried by gauge bosons also known as the force carriers or
intermediate particles. The chargeless photons y mediate the electromagnetic interaction,
the eight flavours of massless and electrically neutral gluon ¢ mediate the strong force,
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and the charged W* and neutral Z bosons mediate the weak interaction. The Higgs bo-
son, spin-0 particle, is the excitations of the Higgs field that gives mass to fundamental
particles. The list of particles that mediate the forces is given in Table 2.1. And the list of
particles that interact via electromagnetism, and weak and strong forces are given in the
Table 2.2.

Table 2.1:

Particle Mass[GeV] | Charge[e] | EM | Weak | Strong
photon(y) | 0 0 Yes | No No
W+ 80.38 +1 No | Yes No
Z 91.19 0 No | Yes No
gluon(g) | O 0 No | No Yes

The list of force carriers (gauge bosons), their mass, charge, and the force they

mediates. Masses are obtained from Ref [30].

Particle ‘ Mass ‘ Charge(e) ‘ EM ‘ Weak ‘ Strong
Quarks
up (u) 2.2 MeV +2/3 Yes | Yes Yes
down(d) 4.7 MeV -1/3 Yes | Yes Yes
charm(c) 1.28GeV | +2/3 Yes | Yes Yes
strange(s) 95 MeV -1/3 Yes | Yes Yes
top(t) 173.2 GeV | +2/3 Yes | Yes Yes
bottom(b) 418 GeV | -1/3 Yes | Yes Yes
Leptons
electron(e) 0.511 MeV | -1 Yes | Yes No
muon() 106 MeV -1 Yes | Yes No
tau(1) 1.777 GeV | -1 Yes | Yes No
electron neutrino(v,) | - No | Yes No
muon neutrino(v,) - 0 No | Yes No
tau neutrino(vy) - No | Yes No

Table 2.2:

A list of fermionic particles of the

Masses are obtained from Ref [30].

standard model, their masses and charge.
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2.3 Gauge Symmetry and Fundamental Interactions

Gauge theories are important field theories that explain the dynamics of elementary
particles. The SM is a gauge quantum field theory, in which particles are characterized
by quantum field excitations and interactions by continuous gauge symmetry group. A
symmetry is a property of a theory in which a quantity is preserved when subjected to
specific transformations. The interaction of SM is defined by the SU(3) x SU(2) x U(1),
where SU(3) gauge group describes the strong interaction and the color symmetry, SU(2)
gauge group describes the weak interaction and the isospin symmetry, and U(1) gauge
group describes the electromagnetic interaction and the hypercharge symmetry. The
combination of weak interaction and electromagnetic interaction is represented as SU(2)

x U(1), known as electroweak interaction.

The Gauge principle can be understood from quantum electrodynamics (QED). This the-
ory describes phenomena of electrically charged particles and their interactions.

A Lagrangian density £ defines the dynamics of a physical system in general. If i is Dirac
field with spin 3, electric charge q and mass m, then Lagrangian density for QED can be

written as :

L= 9(x)(@0,y" —m)ip(x) 21)

where 7#(€0123) are Dirac matrices. For a phase change y(x) — e?y(x) the lagrangian
is invariant, this is called global U(1) symmetry. If the phase change depends on the
space-time then equation is not invariant due to the presence of derivatives:

px) = Wy(x) (e Pyp(x)) = eV @y (x) +idugb(x)y(x))  (22)

In order to assure invariance of the Lagrangian £ under local phase transformations, an
additional term is required to compensate for 0,6 (x) term. This can be done by modifying
the derivative as:

D, =0, —iqA, (2.3)

where the new field A, is transformed as A, — A, + %SHG(x) under gauge transforma-

tions. The new Lagrangian becomes :

L=¢@iDuy" —m)y (2.4)
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This contains a term of gA,y"1, which represents an interaction between the field 1
and the new vector field A,. This new field is a physical photon field where photon is
massless. So by demanding local U(1) gauge symmetry, interaction has been generated.
If we add kinetic term of the photon field, full Lagrangian of QED can be written as:

Lamp = FDA" — m)p — L Fu(x)FX(x) @5)

where the field tensor F,, (x) defined as

2.3.1 Quantum Chromodynamics

In Quantum chromodynamics (QCD) U(1) gauge group is replaced by SU(3) group of
phase transformations on the quark color fields. The free Lagrangian of QCD is

Lacp = §(iv"9, —m)q (2.7)

where g denotes the quark field.
In order to make Lagrangian invariance under local gauge transformations, the modified

covariant derivative is defined as

-
Dyq = (3 — igs 7 Gju(x))4, (28)

where g; is the strong coupling constant, A, are the SU(3) generators and Gj;(x) represents
the eight gluon fields(a = 1,2, 3....). And gluon field transforms under SU(3) as

G2 (x) = Gi(x) — glsayoa(x) T £ (x) Gpe () 2.9)

where f*¢ are real constant, called the structure constants of the SU(3) group.
The final gauge invariant QCD Lagrangian with a gauge invariant kinematic energy term
is

£ = 4(i9"3 — m)q — 837" Aa0) G} — 5 Gl " 2.10)
The additional term gs(77%A.q)Gj, in the Lagrangian shows interaction between colored
quarks q and vector gluons G, with coupling constant g;.
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2.3.2 Electroweak Interaction

Based on the SU(2) xU(1) symmetry group, electroweak interaction describes an interac-
tion between quarks and leptons. In order to assure invariance of the Lagrangian under
phase transformations, the modified covariant derivative corresponding to SU(2) x U(1)

is
. ;Y
D,f = (9, — igTiW,, —ig EBM)J( (2.11)

where g and g’ are the gauge coupling constants of the weak and the EM interaction.
T; = % (i = 1,2,3) are SU(2) generators and % is U(1) generator.
The physical gauge bosons are obtained from the mixing of electroweak eigenstates,

called mass eigenstates

Wt = é(w;, TiW,) (2.12)
ZM = cosB W, — sinfy By, (2.13)
Al = sinfw W5 + cosb By, (2.14)
where 6y represents Weinberg angle and sinfy = %.

An important note here is that the electroweak gauge group SU(2)x U(1) under local
symmetry has massless gauge boson. So symmetries in the standard model requires the
massless gauge bosons. On the other hand, the bosons mediating the weak force have
been found to be massive in the experiment [11, 31]. The solution to this problem is

spontaneous symmetry breaking. It is discussed in the next section.

2.3.3 Higgs Mechanism

In order to obtain the mass of the gauge boson, the concept of spontaneous symmetry
breaking (SSB) has been introduced. If the interactions of a system respect the symmetry
but the system’s ground state does not, the symmetry is said to be spontaneously broken.
To obtain SSB, a new field is introduced in addition to the SM lagrangian.

L= (D'¢)"(Dug) — V(¢) (2.15)
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Figure 2.2: Higgs potential [32]

where ¢ represents a complex scalar filed and V' (¢) is its potential, and D, is same as Eq.
2.11. New field must give mass to the W* and Z° bosons and let the photon be massless.

So, we need at least 3 additional degrees of freedom. A new field having 4 degrees of

o+ 1 [¢' +ign
- - (2.16)
’ (qbo) V2 (¢3+i¢4)

The potential V(¢) is written as

freedom is written as :

V(p) =12 (¢'p) + A(p9)? (2.17)

In order to ensure the presence of a ground state, A is required to be > 0. Fig. 2.2 (left)
shows minimum of potential at ¢ = 0 for > > 0, and for > < 0 Fig. 2.2 (right) shows

minimum at : )

tp— M 1
where v is the vacuum expectation value(VEV) of the field ¢. The SSB is achieved in
second case. The selected ground state is:

9o = % (0) (2.19)
U
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Expanding the field around the minima, we get:

1 0
= 2.20
V2 (v + h(x)) 220

where h denotes the physical Higgs boson. After taking this expression for field ¢ and
solving the kinematic part of Eq 2.15, we get mass terms for the electroweak bosons of
Egs 2.12 and 2.13. At tree level, the predicted masses are

gy 2 St (2.21)

mW:7/ mz =10

while the photon is massless.
The interesting feature of this field is that it also produces the mass terms needed for
fermions. The masses are generated via the Yukawa coupling between the fermion fields
and the Higgs field.
£=Y —gL(®l ok + Frw]) (2.22)
f

where g{, represents the Yukawa coupling constants for fermions. The fermion masses
are given by:

vgy
= oY 2.23

2 (2.23)

The potential term in Eq 2.15 gives a mass term of the form p?h? for the leftover degree

mg

of freedom of the field, and this is known as the Higgs boson particle.

The electroweak bosons and elementary fermions obtain their mass by interacting with

the Higgs field. This process is known as the Higgs mechanism [33-35]

24 The SM Lagrangian

The SM Lagrangian is formed by the combination of the various elements outlined in the
preceding sections:
Lsm = Locp + Lewk + Lriges + Lyukawa (2.24)

where Locp and Lewg describe the strong sector and the electroweak sector, respectively.
LHigqs describes the Higgs potential, which provides the mass terms for the electroweak
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bosons with SSB. Ly, k., takes into account the interactions between the Higgs field and

fermions, and provide mass terms for fermions.

2.5 Open Points of Standard Model

As stated at the beginning of this section, the SM has proven to be a successful theory, but
it is considered incomplete. There are still some open points that SM does not explain. A

short summary is given below:

¢ Dark Matter: Cosmological observations indicate that SM explains about 5% of en-
ergy of the universe [18, 36]. About 25% of energy is unseen, which interacts weekly
with SM. Yet the SM does not offer any candidates for dark matter. Therefore, an
extension of the SM theory is required to explain the existence of dark matter. In
this thesis, detailed studies of dark matter searches are presented.

¢ Neutrino masses: In standard model, neutrinos are massless, while various experi-
ments [37, 38] found a contradictory result with observation of neutrino oscillations.

¢ Matter anti-matter asymmetry: The SM predicts that matter and anti-matter should
have been created in an equal amount in the early stages of the universe. But the
universe is made up of mostly matter. Yet, there is no mechanism in the SM to
explain the matter and anti-matter asymmetry.

¢ Gravity: The standard model explains the electroweak and the strong forces, but it
does not describe gravity, which is the fourth fundamental force.

¢ Hierarchy problem: The Hierarchy problem refers to the large difference between
the Higgs boson mass O( 100GeV) and the Planck mass O( 10'7). Fig. 2.3 shows the
loop-level correction diagram, which needs to be considered for the tree-level mass.
This gives following correction term to the mass:

Am? — 87/;/\2
where A represents the coupling parameters to the respective fermion and A rep-
resents the energy scale above which the SM theory expected to no longer valid.
If A is Planck mass, this huge term needs to cancel in order to arrive at the ob-
served mass of 125 GeV at the electroweak scale. Such effect is not considered to be
a reasonable feature of a theory, and in the literature this called fine tunning.
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Figure 2.3: Loop-level correction to the mass of the Higgs boson by a fermion.



DARK MATTER

A large number of cosmological observations and measurements from various scales
point to the existence of an invisible matter called dark matter, which interacts through
gravitational force. These observations are based on the gravitational effects of dark mat-
ter on astrophysical objects. The most recent result from Plank experiment[39] indicates
that our universe contains 4.9% of ordinary matter, 26.8% of dark matter and 68.3% of
dark energy. It is still unknown whether dark matter is made up of particles and whether
it interacts with baryonic matter via forces other than gravity. There have been various
books and articles written that go into great detail describing the various pieces of evid-
ence for dark matter. This chapter provides a brief overview of the most compelling and
well-known ones, followed by a list of the main DM candidates and a brief description of
the current detection techniques.

3.1 Evidence of Dark Matter

The first evidence was claimed by Fritz Zwicky in 1933 [40, 41], when he observed that
measured velocities of galaxies in the Coma cluster are too high to keep them stable. This
shows that there is additional non-luminous matter in the cluster.

This observation was supported by Vira Rubin et al. [42, 43] in 1970 with their meas-

urement of rotation of galaxies.

3.1.1 Rotational Curves

The observation of rotation curves of galaxies, particularly spiral galaxies, provides the

most convincing evidence of DM. In galaxies, most of the visible mass is clustered at the
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center of the galaxy. From Newtonian mechanism, the velocity v of an object at a distance
r from the galactic center can be described by

v(r) = (3.1)

where G is gravitational constant and M(r) is total mass contained in a sphere of a radius r
and integrated mass M(r) can be written as M(r) = 47t [ p(r)r?dr. The density profile p(r)
decreases as one moves away from the galactic center, and the total mass M(r) becomes
constant within the radius r sphere. As a result, the velocity is expected to decrease as
a function of \iﬁ However, the observed velocities far from the center are approximately
constant, a phenomenon called the flat rotation curve. This is shown in the Fig. 3.1.

The observations show that the galaxy’s mass distribution is continuous with radius like
M(r) « r, which cannot be explained by gas alone outside the luminous part of the
galactic disk. This gives strong evidence of spherical halos around the galaxies, which
consists of invisible matter, known as Dark Matter.

3.1.2 Gravitational Lensing and Bullet Cluster

According to Einstein’s general theory of relativity, A Gravitational lensing is a mass
distribution between a distant light source and an observer that bends the light around
the mass distribution, travelling towards the observable. If gravitational lensing is strong
and the source of light and observable are perfectly aligned, this leads to a ring structure
called the Einstein ring. If gravitational lensing is week, this results in a small shape
distortion around the outer region. The angular radius of Einstein’s ring is related to
mass through the formula [45]:

4GM (Ds — Dy)
= 2
GE \/ C2 DSDL (3 )

where 0 is Einstein angular radius, M mass of the lens, D; distance to lens and Ds
distance to source. Astronomers use gravitational lensing to weigh clusters of galaxies.

Second strong evidence of DM comes from the bullet cluster [46]. An image of a bullet
cluster is shown in Fig. 3.2, which is composed of two clusters of galaxies that collided
and moved apart. The red color shows hot gas observed by Chandra X-ray Observatory
and the blue color shows the major part of mass measured using gravitational lensing.

The major components of this cluster of galaxies are stars and gas. The stars of galaxies are
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Figure 3.1: The rotation curve of galaxy NGC 6503 [44]. The dark matter halo contri-
bution is shown by dashed-dotted line. The expected velocity of an object is
shown by dashed line. Dotted line represents gas velocity.

not greatly affected by collisions. The hot gases interact via electro-magnetic interaction,
and they slow down with respect to stars. The visible mass of the cluster is composed of
galaxies and gases, but from gravitational lensing it comes out that major part of mass is
separated from the gas. This shows that there is invisible matter which does not interact
with visible matter via electro-magnetic.

3.1.3 Cosmic Microwave Background

The Cosmic Microwave Background (CMB)[47] is the study of radiation that originated
from the early universe. The universe was incredibly hot and dense in the earliest seconds
following the Big Bang. When the universe had expanded sufficiently and the temperat-
ure dropped enough, the atoms could be formed, and the photons could decouple and
travel freely (called photon decoupling). These photons reach the Earth at microwave
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Figure 3.2: "The gravitational lensing map (blue), overlaid over the optical and X-ray
(pink) data of the Bullet cluster" [45].

wavelengths. Since they are Big Bang remnants, they provide knowledge about the cre-
ation of the universe and the formation of matter. The CMB is isotropic, corresponding
to a black-body radiation of 2.7K. However, the CMB spectrum shows slight temperat-
ure variations. When simulating the universe, these anisotropies are used to predict its
matter concentration. With the use of this knowledge, the Planck collaboration has made
predictions about the universe’s composition of baryonic matter, dark matter (DM), and
dark energy [39]. The results show that just 26.8% of the universe is made up of Dark
matter, with the remaining 68.3 % being dark energy and 4.9% visible matter.

3.2 Dark Matter Candidates

Despite the fact that Dark Matter exists, very little is known about its physical nature.
The DM theories may be divided into three categories based on the relativity of the DM

particles, each of which makes a different prediction.

¢ Cold Dark Matter: In this scenario, the DM candidates were non-relativistic when

they decoupled with ordinary matter. This occurred during the "freeze-out" process,
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an early stage of cosmic evolution. This theory has strong support from measure-
ments of the CMB radiation and the structure-formation process in galaxy clusters.

¢ Warm Dark Matter: It’s also plausible that the DM particles were relativistic at the
time of the decoupling between DM and ordinary matter, but gradually cooled
down in step with the expansion of the universe and turned out to be non-
relativistic. The galaxy density may be predicted with reasonable accuracy by this
theory [48], and sterile neutrinos are the most plausible candidates for warm dark

matter.

¢ Hot Dark Matter: If the DM particles are light (<1 eV), the cosmic expansion cannot
cool them down to a non-relativistic state. The well-known example of hot dark
matter is neutrinos, which have almost zero mass. However, simulation shows that
neutrinos alone can not account for the inferred DM mass density in the galaxies
[49].

The Cold Dark Matter (CDM) hypothesis is currently the most popular DM hypothesis.
In recent decades, a variety of CDM theories and DM candidates have been proposed, as

discussed below:

¢ Axions: Axions [50, 51] are interesting DM candidates because they can explain
the strong CP problem. These particles are predicted to have extremely weak coup-
ling to photons and negligible mass. Their cosmological and astrophysical measure-
ments set bounds on axion mass,10~%V < m, < 10~2eV [51].

* Massive Compact Halo Objects: MACHOs are astronomical bodies made of ba-
ryonic matter that are condensed and non-luminous, such as black holes, neutron
stars, and planets that are not associated with any planetary systems. MACHOs
can only be seen by gravitational lensing because they produce (virtually) no ra-
diation. However, Big Bang nucleosynthesis theory and observations of the cosmic
microwave background set restrictions on the amount of baryonic matter in the
Universe, ruling out MACHOs as the dominant dark matter component.

¢ Weakly Interacting Massive Particles: These particles, also referred to as WIMPs.
They arise in BSM (Beyond Standard Model) theories, e.g. the lightest supersym-
metric particle in Supersymmetry [52]. These DM candidates are denoted by ) and
are assumed to be massive. The upper bound on mass (i,) is set at 100 TeV from
the perturbative unitarity [53]. The thermal production of WIMPs with weak scale
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cross section naturally leads to the observed DM relic abundance! Q,h? ~ 0.1, often
referred to as the "WIMP miracle’, which motivates the experimental searches.

Inelastic Dark Matter(iDM):Dark matter as a weakly interacting massive particle
(WIMP) is predicted in many extensions of the SM. In the search for dark matter, it is
assumed that dark matter particles can scatter elastically off detector nuclei. So far, there
are no unambiguous signals for a detection of DM scattering, leading to strong bounds
on WIMPs with weak scale interactions[54]. This motivates theoretical exploration of
modifications of the standard picture. For example, if dark matter is required to scatter
inelastically into a state heavier than the initial WIMP by >~ 1 MeV, typical WIMPs in
the Milky Way halo will have insufficient energy to upscatter, explaining the null results
of direct detection experiments[55]. This introduce a new model called inelastic dark
matter (iDM) model. In our analysis, we will not use this model for the search for DM.

Feebly Interacting Massive Particles (FIMPs):Another intriguing possibility gaining
attention in the scientific community for the origin of dark matter is the freeze-in
mechanism. This mechanism involves the production of feebly interacting massive
particles (FIMPs) by the Standard Model (SM) bath through out-of-equilibrium processes
[56, 57]. Freeze-in offers the appealing feature of providing viable candidates for dark
matter with a wide range of masses, from a few keV [58-60] up to the scale of the

maximum temperature of universe [61, 62].

In this analysis, the search for Dark Matter was performed under the WIMPs scenario.
The DM candidates will be restricted to WIMPs from here. Thermal (WIMP) DM, al-
though the relevant scenario for this thesis, is not the only DM scenario discussed in

recent literature[63].

3.3 Dark Matter Detection

Even though there is solid evidence that DM exists, we still know very little about the
characteristics of these particles. There are several searches that aim to detect DM particles
in order to give some information on their real nature. Depending on how they interact
with the SM particles, there are three methods to detect them: direct detection, indirect

The relic abundance of DM particle is a measure of the present quantity of DM particle remaining from the

Big Bang. From the Boltzmann equation, it is given by Q% = 3 x 10_27cm3s_1<¢7v>71,where (ov) is the

DM annihilation cross section and h is the Hubble constant.
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detection, and searches in particle colliders. In Fig. 3.3, a schematic representation of DM

Colliders

x/ \SM

|
Indirect detection

Figure 3.3: Different approaches to the hunt for DM are represented schematically. In
direct detection, DM interacts with ordinary matters such as nucleons. In in-
direct detection , DM self-annihilate or decay into Standard model particles
in outer space. In DM searches at collider, DM candidates are produced at
laboratory[64].

detection is presented.

>
A

Direct detection

3.3.1 Direct Detection

As shown in the schematic diagram 3.3, direct detection experiments look for nuclear
recoil produced by the elastic scattering of DM particles from atomic nuclei in highly
sensitive detection medium. The DM particles, coming from space, can travel through the
earth and interact with the material nucleus. If DM moves through the detector and scat-
ters off a recoiling atomic nucleus, it deposits a small amount of energy. The interaction
of DM particles with atomic nuclei depends on the cross-section of DM and nuclei (o)
and the mass of the DM particle m,. From the galaxy’s rotation curve, the velocity of DM
particles is in the order of a few hundred km/s. At this velocity, the deposited energy
in DM-nucleon scattering is in the range of 1-100 KeV with the mass of between 10 GeV
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to 10 TeV. DM-nucleon scattering is a rare process and it requires thousands of kilogram
of target material. Therefore, these experiments are built underground to reduce back-
ground from cosmic rays. Various direct detection experiments, such as DAMA [65, 66],
LUX [67, 68], PICASSO [69, 70], XENON[71, 72] and LUX-ZEPILIN(LZ)[73] placed exclu-
sion limits on cross-section and DM mass. Fig. 3.4 shows the results from direct detection

experiments on the DM-nucleon cross-section as a function of DM mass.
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WIMP-nucleon cross-section o5/[cm?]

Figure 3.4: Upper limits on spin-independent WIMP-nucleon cross section at 90 % con-
fidence level for XENONNT (represented as "this work" in black line)[74], LZ
[75] (purple lines, preprint), PandaX-4T [76] (red lines) and XENONIT [77]
(blue lines). For PandaX and LZ, dashed lines represent their published result,
for XENON results the dashed lines represent limits without a power- con-
straint applied. Full lines for each experiment represent a limit that is power-
constrained to always lie at or above the median un-constrained limit.

3.3.2 Indirect Detection

As shown in schematic diagram 3.3, Indirect experiments study look for the standard
model particles from the annihilation of DM particles. The DM particles decays into the
SM particles such as gamma rays, charged particles (electron, positron, etc) and neutri-
nos. The flux of these particles depends on the DM density. The DM density is high at
center of the galaxy, the sun, these regions are best regions to perform such search. Signal
such as gamma ray produced from DM annihilation is expected to have mono-energetic
lines in the photon spectrum. Signal would not be compatible with astrophysical gamma
rays background source. Some experiments such as HESS[78], MAGIC[79] and Fermi

Gamma-ray Space Telescope [80] look for gamma ray events like signal. Fermi telescope
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has detected escess of energetic gamma rays (1-3 GeV) from the center of Milky Way
[81, 82], results are compatible with DM particles od mass range 36-51 GeV, more data is
required to confirm. Some other experiments such as ATIC [83], PAMELA[84], AMS[85]
and Auger [86] search for charged particles produced from DM annihilation. Neutrino
telescopes are designed to detect high-energy neutrinos originating from the annihilation
of dark matter (DM) particles in the vicinity of massive objects like the Sun or the Galactic
Center. These telescopes, such as Super-Kamiokande (Super-K) [87, 88] and IceCube [89],
are typically situated underground or under ice to minimize background noise and max-
imize detection sensitivity.
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Figure 3.5: 95% CL observed and expected exclusion regions in my,eq-mpp plane for di-jet
searches and different MET based DM searches from CMS in the lepto-phobic
Vector model. Following the recommendation of the LHC DM working group
(90, 91]), the exclusions are computed for a universal quark coupling of g,
= 0.25 and for a DM coupling of gpm = 1.0. It should also be noted that the
absolute exclusion of the different searches as well as their relative importance,
will strongly depend on the chosen coupling and model scenario. Therefore,
the exclusion regions, relic density contours, and unitarity curve shown in this
plot are not applicable to other choices of coupling values or model[92].

3.3.3 Dark Matter Searches at Collider Experiment

In these experiments, DM particles are produced at a laboratory such as the Large Had-
ron Collider(LHC) from the collisions of SM particles. Due to its property, DM would
not interact with ordinary matter, it is almost impossible to detect it in a normal particle
detector. A DM particle produced in proton-proton collisions at the LHC will escape
detection and become a source of large transverse momentum imbalance. DM particles
can not be detected directly, but they can be observed if they are produced in association
with a visible standard model particle X. Such interactions, which are observed at CMS
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and ATLAS as particles or jets recoiling against invisible particle, are called "mono-X"
or EMsS + X interactions, where EX*S is called missing transverse energy. Here X can be
a jet [93, 94], photon [95, 96], vector boson [97, 98], lepton [99, 100] and heavy flavor
quark [101-103] The SM particle X could be emitted directly from a quark as initial state
radiation or as part of a new effective vertex coupling of DM to the Standard Model (SM).

S M

¢ (med)

S M

(b)

(a)

Figure 3.6: Feynman diagram for mono-X(Fig(a)) and resonance search(Fig(b)).

The DM search is performed based on beyond SM theory, such as supersymmetry and
simplified models, which are extensions of SM with DM particles. In these models,
mediators interact with SM particles and DM particles as shown in figure 3.6a. The
coupling constants are chosen to give the highest cross-section without violating any
previous results. The mediator in the models can be a scalar, pseudo-scalar, vector, or
axial vector. In addition to E?iss based (mono-X) DM searches, resonance based DM
searches are also performed in CMS and ATLAS. In resonance based DM searches, the
mediator decays into a pair of standard model particles and signal peak is expected in
the invariant mass of two visible final state particles over the SM background as shown
in figure 3.6b.

Fig. 3.5 shows the latest DM searches results from CMS collaboration. 95% CL observed
and expected exclusion regions in mpyeq — mpMm plane for di-jet searches and different
E%‘iss based DM searches is shown. Here, my,4 represents the mass of the dark matter
mediator, and mpy represents the mass of the dark matter itself. The best sensitivity is
given by dijet search. However, results depends on coupling constant, lepton coupling is
set to zero here. Fig. 3.7 shows comparison of dijet and dilepton resonance results after
introducing lepton coupling.
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Figure 3.7: 95% CL observed and expected exclusion regions in mpeq-mpym plane for di-
jet and di-lepton searches from CMS in the Vector model. Following the re-
commendation of the LHC DM working group ([90, 91]), the exclusions are
computed for a universal quark coupling of g, = 0.1, lepton coupling ¢; = 0.01,
and for a DM coupling of gpy = 1.0. It should also be noted that the absolute
exclusion of the different searches as well as their relative importance, will
strongly depend on the chosen coupling and model scenario. Therefore, the
exclusion regions, relic density contours, and unitarity curve shown in this
plot are not applicable to other choices of coupling values or model[92].

3.4 mono-Higgs signature

The discovery of Higgs boson [16, 17, 22] has opened a new portal to search for DM
particles. The final state of the Higgs boson + ETis known as "mono-Higgs". The
mono-Higgs has an advantage over the mono-X. The SM particle X could be emitted
directly from a quark as an initial state radiation or as part of a new effective vertex
coupling of DM to SM, but the Higgs boson production from initial state radiation is
highly suppressed because of the mass dependence of its coupling strength to fermions
and its loop-suppressed coupling to gluons. Hence, such a signal could probe directly
into the structure of the effective DM-SM coupling.

This search can be carried out in five Higgs decay modes: H — bb,H — vy, H— ZZ,
H — WW, and H — 77 . In this thesis, we present an analysis searching for dark matter
production in association with the SM Higgs boson decaying into a pair of bottom
quarks. The advantage of bb channel is that it has the highest branching ratio, so this
channel is more sensitive than other channels. At 13 TeV, mono-Higgs searches have
been performed for all decay modes: bb [25, 26], ZZ, WW, 77 [27] and Tt with 2016
CMS data taking. No significant excess is observed over the SM background in any of
the five decay channels or in their combination. Fig. 3.8 shows the upper limit plot from
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the combination of all decay channels for Z’-2HDM (left) and baryonic Z’ (right) models
[104]. The best limit is set by bb for high mass phase space. However, H — 7 seems

better in low mass phase space.
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Figure 3.8: The upper limits at 95% CL on the observed and expected ¢/c*" for the Z’-
2HDM (left) and baryonic Z’ (right) model for the five individual decay modes
of the Higgs boson, and for their combination [104]. The distributions are
shown as a function of m/, for ma= 300 GeV (Z’-2HDM) and m,= 1 GeV (ba-
ryonic Z’ model). The inner and outer shaded bands show the 68 and 95% CL
uncertainties in the expected limit, respectively.

This analysis is performed in the H — bb channel with 2017 and 2018 CMS data. In
order to improve sensitivity in low mass phase space, the resolved category has been

added to the analysis. Because the boosted and resolved categories target different phase

spaces, high mass and low mass, respectively, a combination of both will have the power

to exclude large phase spaces of the model if no excess of events is found. Details will be

discussed

in the coming sections.

3.5 Signal Model

The interpretation of dark matter signal is performed with three benchmark simplified
models: 2HDM+a, Baryonic-Z' model, and Z’-2HDM model.
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3.5.1 2HDM-+a

2HDM stands for "Two Higgs Doublet Model". It is an extension of the Standard Model
of particle physics, where instead of one Higgs doublet, there are two Higgs doublets.
This leads to the existence of five Higgs bosons, instead of one in the Standard Model.
The "a" in 2HDM+a stands for "pseudo-scalar, spin-0 mediator". It refers to the mediator
particle that connects the dark matter and the Standard Model particles. In this model,
the dark matter particle is assumed to be a fermion, and it interacts with the Standard
Model particles through the pseudo-scalar mediator.

2HDM+a[105, 106] is a type-1I two-Higgs-doublet model (2HDM) containing an addi-
tional pseudo-scalar boson. The Type-II 2HDM couples the up-type quarks to one Higgs
doublet, and the down-type quarks and charged leptons to the other. In 2HDM+a, the
coupling of the new spin-0 mediator to SM gauge bosons is strongly suppressed, hence
this model becomes interesting for this analysis.

The model has several parameters, which are as follows:

e v = /0% + v3: the vacuum expectation value of the Higgs field
1 2 P g8

¢ tanp: the ratio of the vacuum expectation values of the two Higgs doublets, which
determines the strength of the couplings of the Higgs bosons to fermions and gauge
bosons.

e my: the mass of the CP-even neutral Higgs boson that is heavier than the SM-like
Higgs boson.

* my: the mass of the light CP-even Higgs boson (SM-like Higgs boson).

* (mp ,m,): the masses of the two CP-odd Higgs bosons(mass of heavier pseudoscalar,
lighter pseudoscalar).

* mpy-=: the mass of the charged Higgs bosons.

* m, : the mass of dark matter candidate.

¢ sinf: (0) is the mixing angle between the two CP-odd Higgs bosons.

* «: the mixing angle between the CP-even scalars h and H.

* y,: the coupling strength between the dark matter particle and the mediator.

* A3, Ap1, Ap2: The quartic couplings among the CP-odd and CP-even Higgs bosons.
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Following parameters are constrained in this model:

* cos(p — 0)=0: this is constrained by Higgs coupling strength measurements, called
alignment limit of the 2HDM[107].

* my = my+ = Mag: to ensure the stability of the vacuum, the masses of the neutral

Higgs bosons are related by myy = mp+ = map.

As (0) is the mixing angle between the two pseudoscalar mediators (a,A) hense, both

mediators couple with dark matter particles as shown in a term from lagrangian:

— iy, (Asinf + acosf) xysx

(3.3)

The Feynman diagram for the signal process is shown in Fig. 3.9, depicting both the

gluon-gluon fusion and bb-initiated processes.

Figure 3.9: Left: feynman diagram for gg fusion process. Right: feynman diagram for bb

initiated process. Both processes give rise to a Higgs +

miss
ET

signature

In this search, the parameters have been selected based on either benchmark points sug-

gested in reference [108] or through scanning. We have chosen A3 = Ap; = Apy = 3 as given
in the Ref. [106] and fixed the mass of Dark Matter at 10 GeV.

For the free parameters, several scans have been performed in this analysis, which are

outlined in Tables [ 3.1

,3.2,3.3].

Fixed parameters
Range
sinf tanf m,[GeV] m, [GeV]
200 | 400 | 600 | 800 | 1000 | 1200 | 1600 | 0.35 | 1 150 10
mp [GeV] 400 | 600 | 800 | 1000 | 1200 | 1600 | 0.35 | 1 250 10
600 | 800 | 1000 | 1200 | 1600 | 0.35 | 1 350 10

Table 3.1: Phase space for m, and mp scans
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Fixed parameters

Range
sinf | m, [GeV] | ma [GeV] | m, [GeV]
tanf (0511524 |8]20|50 0.35 | 150 600 10
0.35 | 250 600 10

Table 3.2: Phase space for tanp scan

63

Fixed parameters
Range
tanf | m, [GeV] | ma [GeV] | m, [GeV]
sinef | 0.1 [ 020304 [05]06[07]08]09]1 |20 600 10

Table 3.3: Phase space for sinf scan
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Figure 3.10: Feynman diagram for Z'’ 2HDM (left), and for Baryonic Z'(right). Both pro-
cesses give rise to a Higgs + ET"° signature

q h

3.5.2 Baryonic-Z’ Model

The feynman diagram on the Fig. 3.10(right) shows the production mechanism for the
baryonic-Z’ model [109], where the Z’ is a vector boson mediator and can radiate a Higgs
boson before decaying to a pair of Dirac fermionic dark matter particles. In this case, the
baryonic gauge boson Z’ arises from a new U(1), baryon number symmetry. The stable
baryonic states in this model are the candidate DM particles. A baryonic Higgs boson (hg)
is introduced to spontaneously break the new symmetry and generate the Z’ boson mass
via a coupling that is dependent on the hB vacuum expectation value. The Z’ couplings to
quarks and DM are proportional to the U(1)z gauge couplings. There is mixing between
hg and h, allowing the Z’ to radiate an SM-like Higgs boson and results in SM-like Higgs
boson decays.
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In this model, the mediator-DM coupling(g,) is fixed to 1 and the mediator-quark coup-
ling (g,) is fixed to 0.25. The mixing angle between the baryonic Higgs boson and the
SM-like Higgs boson is set to 0.3 and the coupling between the Z’ boson and SM-like
Higgs boson is proportional to the mass of the Z" boson. For both models, the SM-like
Higgs boson is assumed to have a mass of 125 GeV. Details on the choice of the para-
meters are given in [28]. Parameter values used in this analysis are given in the Table
3.4.

m, [GeV] Mz,[GeV]

1 100 | 200 | 500 | 1000 | 1500 | 2000 | 2500 | 3000 | 3500
50 100 | 200 | 350 | 650 | 800

100 200 | 500 | 1000 | 1500 | 2000 | 2500 | 3500

150 200 | 300

200 500 | 1000 | 1500 | 2000 | 2500 | 3500

400 500 | 1000 | 1500 | 2000 | 2500

600 1000 | 1500 | 2000 | 2500

800 1000 | 1500 | 2000 | 2500

Table 3.4: Signal mass points used to generate official signal samples.

3.5.3 Z’-2HDM Model

In the 2HDM model of Ref [110], a type-2 Higgs doublet is assumed, where ®,, couples to
up-type quarks and ®; couples to down-type quarks and leptons. The gauge symmetry
of the SM is extended by U(1)z, with a new Z’ gauge boson. In this 2HDM model, only
®,, and right-handed up-type quarks (ug) are charged under the U(1), while ®,; and all
the other SM fermions are neutral.

After electroweak symmetry breaking, the Higgs doublets attain vacuum expectation val-

ues v, and vy, and in unitary gauge, the doublets are parametrized as
—H*sinB
vg — hsina + Hcosa — iA%sinp

1 —H"cosp
@, = —
V2 vy + heosa + Hsina + iA%osp,

D,y =

Sl
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where h,H are neutral CP-even scalars, H* is a charged scalar, and AY is a neutral CP-odd
scalar. In this framework, tanf = v, /v;, and « is the mixing angle that diagonalizes the
h-H mass squared matrix. This model also contains an additional scalar singlet ¢ that
leads to spontaneous symmetry breaking. The « is assigned to be a« = B - 71/2, in the
limit where the h has SM-like couplings to fermions and gauge bosons, and tanf > 0.3
as implied from the perturbativity of the top Yukawa coupling.

The model is described by five parameters:

¢ the pseudoscalar mass MAO

the DM mass m,

the Z'mass My

e tanf

the Z’ coupling strength g.

The kinematic distributions were checked in 2015 analyses for each of masses MAO, My
and tanp, and it has been shown that only the masses MAO and MZ affect the kinematic
distributions. Hence, g, and tanp are fixed at 0.8 and 1.

Parameter values for this model used in this analysis are given in the Table [3.5].
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Table 3.5: Signal mass points used to generate official signal samples.



THE LHC AND CMS EXPERIMENT

The data used in this analysis has been produced by the Large Hadron Collider(LHC)
through proton-proton collisions with a center of mass energy of 13 TeV. The CMS
experiment at the Large Hadron Collider collected data during Run 2 from 2016 to 2018.
For this analysis, we are using the data from 2017 and 2018 because the analysis using
the 2016 data has already been published.

This chapter provides an overview of the LHC and the CMS experiment, explaining how
the data used in this analysis was produced and collected. The chapter is divided into
two parts. In the first half of the chapter, the details of the LHC have been discussed. This
includes information about how the LHC accelerates particles, the collisions of protons,
the amount of data collected (luminosity), and a concept called "pileup" where multiple
collisions occur in a single event. We also talk about the different experiments conducted
at the LHC. The second part of the chapter focuses on the CMS detector. We explain how
the CMS detector is set up in a coordinate system, the different sub-detectors that make
up the CMS detector, the triggers used to select interesting events, and the data quality
monitoring (DQM) process to ensure the data’s integrity and reliability.

41 The Large Hadron Collider

The LHC [111, 112] is the largest and most powerful collider in the world, and it is
situated at European Organization for Nuclear Research (CERN), on the border between
France and Switzerland. It is a 27 km ring in circumference and lies 100 m under the
Earth (50-175 m), as shown in Fig. 4.1. The LHC is designed for proton-proton collisions
at a maximum center of mass energy of /s =14 TeV with instantaneous luminosity
10%* cm~2s~!. LHC accelerates not only protons but also heavy ions such as lead (Pb)
and Xenon (Xe) for heavy ion studies. Lead-Lead(Pb-Pb), Lead-Xenon(Pb-Xe) and Xenon-
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Figure 4.1: Schematic view of CERN accelerator complex [113]

Xenon(Xe-Xe) collide at /s =5.02, 8.16 and 5.44 TeV. Particles collide at four different
crossing points where the detectors are placed. The details of the detector have been
discussed in Sec 4.1.1. The LHC’s goal is to search for new physics and test the predictions
of different theories or models of particle physics, such as SM and BSM.

4.1.1 LHC Experiments

There are four crossing points on the ring where four experiments take place: A Tor-
oidal LHC ApparatuS(ATLAS)[114], Compact Muon Solenoid (CMS)[115], A Large Ion
Collider Experiment(ALICE)[116], and a Large Hadron Collider beauty (LHCb)[117]. AT-
LAS and CMS experiments are the two biggest experiments and general-purpose detect-
ors to study new physics. Two independently designed detectors are important to the
cross-confirmation of any new discoveries. LHCb is designed to understand the differ-
ence between matter and anti-matter by studying b quarks and CP violation [118], and
ALICE is designed to study heavy-ion physics and the physics of strongly interacting
matter, leading to the formation of a new state of matter called quark-gluon plasma [119].
In addition to the main LHC experiments, there are other experiments that focus on
specific tasks. These experiments are TOTal Elastic and diffractive cross-section Measure-
ment (TOTEM) [120], Large Hadron Collider forward(LHCf)[121], Forward Search Ex-



4.1 THE LARGE HADRON COLLIDER

peRiment(FASER)[122], and Monopole and Exotics Detector At the LHC(MoEDAL)[123].
TOTEM performs proton structure and inelastic cross-section studies; LHCf performs the
measurement in the beam direction and provides an estimate of the energy of ultra-high
energy cosmic rays, FASER studies light and extremely weekly interacting particles; and
neutrinos and MoEDAL aims to detect magnetic monopole and highly ionising stable

massive particles.

4.1.2 Journey of protons; acceleration to collision

The journey of proton particles goes through the accelerator complex at CERN 4.1. It is a
chain of machines that accelerate particles to increasingly higher energies. Each machine
boosts the energy of a beam of particles before injecting it into the next machine in the
sequence, and the last element in the chain is the LHC.

First, hydrogen atoms are stripped of their electrons. They are then propelled to the
linear accelerator LINAC4. Protons gain 50 MeV of energy and are then fed from LINAC4
into the Proton Synchrotron Booster (PSB), which increases the energy of protons to 1.4
GeV and separates protons into bunches. The protons are then passed to the Proton
Synchrotron (PS) and gain energy of 26 GeV. Protons are then sent to the Super Proton
Synchrotron (SPS) where they are accelerated up to 450 GeV. After the SPS, protons are
finally injected into the beam pipes of the LHC. It takes 4 minutes and 20 seconds to fill
each LHC ring and 20 minutes to reach its maximum energy of 6.5 TeV. Each beam with
2800 proton bunches circulates in the opposite direction with a spacing of 25 nanoseconds
apart, and 3 x 10'* protons are supplied to each beam in the LHC.

The LHC uses 1232 liquid helium-cooled superconducting dipole magnets to achieve the
final energy of protons. Each magnet length is 15m, with a peak dipole field of 8.3T. And
492 quadrupole magnet of length 5-7 m is used to focus the beam.

4.1.3 Luminosity

Luminosity is a very important parameter at CMS. The higher luminosity means more
probability of observing rare events in the collisions. The luminosity - a measure of how
many collisions are occurring in the detector- is related to the number of events observed
by an experiment. There are two kinds of luminosity: instantaneous luminosity and in-
tegrated luminosity.
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The instantaneous luminosity L that characterizes an accelerator is defined as the number

of collisions per unit cross-sectional area of beams and per unit time:

_ NMiNompf
A

where N; and N, represent the number of particles in two bunches colliding at a

L (4.1)

frequency f, n, represents the number of bunches in each beam, and A represents the
area of the two bunches in the beam.The LHC is designed to operate with an incredibly

high instantaneous luminosity of L = 1034 cm? s~ 1,

Integrated luminosity is the accumulation of instantaneous luminosity over a period of
the time. It can be defined as:

£:/Mt (4.2)

The integrated luminosity of a detector is measured in units of fb~' and represents the
total amount of data collected. More integrated luminosity indicates that a physical pro-
cess with smaller cross section is accessible in the given period of time.

Every year, CMS collects more luminosity during the data taking-periods. CMS integrated
luminosity delivered during the data collection period in runs I (2010-2012) and II (2015-
2018) is shown in Fig. 4.2(a). In this analysis, 2017 and 2018 data collected by CMS is
analyzed, and Fig. shows integrated luminosity for 2017 and 2018.

4.1.4 Events at LHC

For any specific physics process, the number of events can be calculated using two main
parameters: the integrated luminosity(£) recorded by the detector and the cross-section
of the physics process(cyrocess)- It is defined as

N = »C‘Tprocess (43)

In proton-proton collisions, interesting physics processes like Higgs physics and BSM
(beyond the standard model) are projected to suffer from low production cross-section.
The predicted cross-section for certain significant SM processes at proton-proton and
proton-antiproton colliders is shown in Figure 4.3. From the Figure, Higgs production
cross-section is lower than vector boson (Z/W) production cross, but the cross-section
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Figure 4.2: (a) Total Integrated luminosity delivered to CMS from LHC during Run I and
Run II data taking [124]. Total Integrated luminosity recorded and validated
by CMS is shown in (b) and (c) for physics analysis [125].
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increases when the center of mass energy increases. Because of this, the colliders tend to
increase the center-of-mass energy and luminosity so that the event rate can be increased.
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Figure 4.3: Standard model cross-section at the Tevatron and LHC colliders [126].

4.1.5 Pile-up

At the Large Hadron Collider (LHC), proton collisions do not happen with individual
protons but rather with bunches of protons colliding simultaneously. Due to the substan-
tial number of protons involved in each collision, multiple interactions can take place
within the CMS detector. Consequently, particles stemming from the primary interaction
(the interaction of interest) are recorded along with particles originating from additional
interactions, known as pileup interactions.

In order to separate out interesting particles from a large number of particles produced
in the pileup interactions, advanced techniques have been used at CMS. The distribution
of pileup interactions in CMS during Run-2 is shown in Fig. 4.4.

The classical approach to mitigate the pileup uses CMS tracker system, which can identify
the charge particle interaction vertex and remove charged particles from pileup vertices.
This method fixed 60% of the pileup energy because 60% of particles from proton-proton
collisions are charge particles. The remaining energy from the neutral particles, assuming
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Figure 4.4: Distribution of the average number of interactions per crossing (pileup) for pp
collisions [124].

that neutral particles are distributed uniformly in the detector. CMS has a new approach
called PileUp Per Particle Identification (PUPPI), where neutral particles originating from
pileup are also estimated (Fig. 4.5). The technique is shown in Fig. 4.5, where neutral
particle from the interaction of interest is typically aligned with charged particles ori-
ginating from the interaction of interest, while neutral particle originating from pileup
vertices are more uniformly distributed in all directions. So based on its surrounding
charged particles, neutral particle from pileup collision can be identified.

4.2 The CMS Experiment

The Compact Muon Solenoid (CMS) is a general-purpose detector to operate at the Large
Hadron Collider (LHC) at CERN. This chapter describes the design and sub-detectors of
the CMS detector. CMS is installed about 100 meters underground between Lake Geneva
and the Jura mountains.

The CMS detector is designed with the following requirements to meet the goals of the
LHC Physics program:
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Figure 4.5: Sketch of an interesting interaction happening together with a pileup interac-
tion in the detector. The particles coming from the pileup interaction should
be removed. The two steps of the pileup removal are depicted.
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Figure 4.6: A cutaway diagram of the CMS detector with all of the principal components
labelled. This detector configuration was used for the 2017-18 data taking
years, where the coverage of the pixel detectors in the silicon tracker were
upgraded. Image taken from Ref. [127].
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¢ Good muon identification and momentum resolution over a wide range of momenta
and angles, good dimuon mass resolution (=~ 1% at 100 GeV), and the ability to

determine the charge of muons with pr <1 TeV without ambiguity.

¢ Good charged-particle momentum resolution and reconstruction efficiency in the
inner tracker. Efficient triggering and offline tagging of 7’s and b-jets, requiring
pixel detectors close to the interaction region;

¢ Good electromagnetic energy resolution, good diphoton and dielectron mass resolu-
tion (= 1% at 100 GeV), wide geometric coverage, 0 rejection, and efficient photon
and lepton isolation at high luminosities.

* Good missing-transverse-energy and dijet-mass resolution, requiring hadron calo-

meters with a large hermetic geometric coverage and with fine lateral segmentation.

A high-field solenoid, a full-silicon-based inner tracking system, and a homogeneous
scintillating-crystals-based electromagnetic calorimeter are the main distinguishing fea-
tures of CMS.

4.2.1 Coordinate System

The standard coordinate system is used by CMS. The origin is centered at the nominal
collision point inside the experiment, and x-axis points radially inward toward the center
of the LHC, and y-axis points toward the skype, and the z-axis points along the beam

direction as shown in the Fig. 4.6. The azimuthal angle, called ¢ is measured in the x-y

LHCb

N
— ALICE ATLAS

Figure 4.7: The CMS Coordinate system [128].
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plane, ¢ = 0 is corresponds to the positive x-axis. The polar angle, called 6, is measured in
y-z the plane where 6 = 0 corresponds to the positive z-axis. However, peudorapidity,,
is used more often than polar angle 0, because it is invariant at the limit of momenta
much larger than the mass of particle. It is defined as

n= —ln(tan(g)) (4.4)

where 0 is polar angle. 7 = 0 represents particles lying on the perpendicular x-y plane and
n = *oo represents particle lying in a direction parallel to the beam axis. The transverse
momentum pr and transverse energy are computed on x-y plane using x, y components.
According to momentum conservation law, the particle’s pr should be the same before
and after the collision; if there is an imbalance of energy, it is referred to as "missing
transverse energy" (E7** ) and measured in the transverse plane.

Another common variable used to denote the angular separation between two particles

AR = /A2 + A¢? (4.5)

is defined as

4.2.2 The Tracking System

The silicon tracker is the first sub-detector located in close proximity to the interaction
point. As a result, it necessitates a highly radiation-resistant material. With a diameter
of 2.5 m, total length of 5.8 m, and pseudorapidity range of |r| < 2.5, this tracking sys-
tem enables the precise measurement of charge and momentum for all charged particles
as they emanate outward from the collision point. Its design aims to minimize energy
loss encountered by the particles when traversing through matter. By reconstructing the
trajectories of charged particles originating from the collision point, except for tracks
stemming from the decay of short-lived particles, the tracker facilitates the identification
of primary and secondary vertices with exceptional precision [129].

The tracking system is comprised of two components: the silicon pixel sub-detector posi-
tioned at the inner radius, and the silicon strip sub-detector located at the outer radius.
Figure 4.8 provides a comprehensive overview of the CMS tracker system, illustrating its
subsystems: Pixel, Tracker Inner Barrel (TIB), Tracker Inner Disks (TID), Tracker Outer
Barrel (TOB), and Tracker Endcaps (TEC).



4.2 THE CMS EXPERIMENT

N N N \NNNYVYYVYCYYYYY S S
N -1.4 -1.2 -1.0 -08 -06 -04 -0.2 00 0.2 04 0.6 0.8 1.0 1.2 1.4 7/
- 1.6 . NN . 16
g 1o} : :
soa ] UL L
90| ’ E TOB E ’
801 Y0 | | 207
70 \22 : : 22/
Go_ L e e ™ ™ 1 ot
50l 24 E—TlD':r ____________ 1: TID"'_‘: 247
w2 LI mF===== IR B
sl T28 tec I TTLLL L) == — = == T ItECe 28—
== ==="= T
20' L____L_‘ ___________ l_J____J
101 pixep! i==11
e -300 -200 -100 6 100 200 \’(500)
z(cm

Figure 4.8: Schematic cross-section through the CMS tracker in the r-z plane [129]

4.22.1 The silicon pixel sub-detector

The silicon pixel detector serves as the initial sub-detector positioned near the interaction
point, comprising four Barrel Pixel (BPix) layers encircling the beam-pipe, along with
three endcap disks (EPix) in each end-cap region, as depicted in figure 4.9.

During operation, silicon pixels are connected in reverse-bias. As charged particles tra-
verse through the pixels, the silicon’s electrons transition from the valence to the con-
duction band of the semiconductor, resulting in small currents. These currents are then
amplified by the electronics. If these amplified currents meet the trigger condition, the
corresponding data is transmitted to the data acquisition (DAQ) system. Otherwise, if no
trigger is received, the data is overwritten.

In order to precisely reconstruct particle tracks and determine their momentum, it is
crucial to accurately ascertain the particle’s origin, whether from a primary or secondary
vertex. This becomes particularly significant for identifying decays involving b quarks
and 7 leptons, as they possess lifetimes allowing them to travel several millimeters from
the primary vertex before decaying. The pixel detector plays a vital role in distinguishing
these secondary vertices from the primary collision points.

However, as time progresses, the pixel detector experiences a degradation of resolution
due to radiation damage. To maintain its high performance, a "Phase Pixel Upgrade"
was conducted during the technical stop at the end of 2016 [130, 131]. The pixel upgrade
phase involved the addition of a fourth layer in the barrel and a third disk in the end-cap,
enhancing the pixel detector’s capabilities.
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Figure 4.9: View of the CMS silicon pixel sub-detector geometry. In the middle there are
three layers of the barrel pixels, and on either end of the barrel are three end-
cap disks[132].

4.2.2.2 The silicon strip sub-detector

Following the silicon pixel sub-detector, and continuing beyond the tracker, is the strip
sub-detector. This particular system employs modules consisting of silicon microstrips
instead of pixels. The strip sub-detector encompasses various components, including 10
cylinder layers in the barrel region encircling the pixel sub-detector: a four-layer Tracker
Inner Barrel (TIB), a six-layer Tracker Outer Barrel (TOB), and 24 disk-shaped endcap
modules, with 12 located on each end of the barrel cylinders. Specifically, there are three
disk-shaped Tracker Inner Disks (TID) and nine disk-shaped Tracker Endcaps (TEC). The
coverage extends to || < 1.6 within the barrel region and || < 2.5 in the end-cap region.
The operation principle of the silicon strip detector modules is similar to that of the pixel
modules. The transverse momentum resolution for tracks ranges from 0.7% to 1.5% for
track momenta between 1 GeV and 100 GeV, respectively.

4.2.3 Electromagnetic Calorimeter

The electromagnetic calorimeter (ECAL [133]) starts after the tracking system. The pur-
pose of the ECAL in the CMS experiment is to measure and precisely reconstruct the
energy of electromagnetic particles, such as electrons and photons. CMS has a scintillat-
ing crystal calorimeter that provides good energy resolution due to the fact that almost all
of the energy of photons and electrons is deposited within the scintillating crystal volume.
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CMS ECAL is made of lead tungstate (PbWOy) crystals. The lead tungstate crystal has a
high density, a small Moliére radius' and a short radiation length, and this makes a very
compact calorimeter system.

CMS ECAL consists of 76,832 lead-tungstate crystals as shown in Fig. 4.10 with a
preshower in front of the endcap crystals (Fig. 4.11). Avalanche photodiodes(APDs) are
used in the barrel (EB), and vacuum photodiodes are used in the endcap (EE). The use of
high-density crystals has allowed the design of a calorimeter which is fast, has fine gran-

ularity and is radiation resistant, all important characteristics in the LHC environment.
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Figure 4.10: The CMS Electromagnetic Calorimeter [134]
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Figure 4.11: CMS ECAL [133]

1 It is the radius of a cylinder containing on average 90% of the shower’s energy deposition, and defined as
Rpr = 0.0265X((Z +1.2), where Z is atomic number and X is radiation length

79



80

THE LHC AND CMS EXPERIMENT

The ECAL barrel (EB) covers the pseudorapidity range |17| < 1.479. The crystals are
organized into supermodules, and each supermodule contains 1700 crystals, 20 along
¢ and 85 along 1. The crystals have a truncated pyramid shaped with some variation
in n position. To avoid cracks aligned with particle trajectories, they are mounted in
a quasi-projective geometry, so they are tilted with a small angle (3°) with respect to
the nominal interaction vertex, in both the 1 and ¢ projections. Each crystal has a font
face of about 0.0174x0.0174 in 7 — ¢ or 22 x 22mm? and rear face of 26 X 26mm?, font
face matches with Moliere radius of 22 mm. The crystal has a total thickness of 26
radiation lengths, corresponding to 23 cm in length. This length limits fluctuations in the

longitudinal shower leakage of high-energy electrons and photons.

The ECAL endcap (EE) covers a pseudorapidity range of 1.479 < |y| < 3.0. The longitud-
inal distance between the interaction point and the endcap envelope is 315.4 cm, which
includes a 1.6 cm shift toward the interaction point when the 4 T magnetic field is turned
on. The endcap is made up of identically shaped crystals grouped into machanical units
of 5 x 5 supercrystals(SCs) consisting of a carbon-fibre alveola structure. The crystals
and CSs are set up in a rectamgular x — y grid, with the crystals pointing at a focus 1300
mm beyond the interaction point. Each crystal has a front face of 28.62 x 28.62mm?, rear
face of 30 x 30mm? and a length of 220 mm, corresponding to 24.7 radiation length.

One of the design goals was to detect Higgs boson decays to pairs of photons (H — 7).
A scintillating crystal calorimeter’s high energy resolution enhances this capability. The
CMS ECAL energy resolution has been measured on a supper [135], can be defined as :

28%5 o) (12%
VE VE

where E is in GeV. A resolution of 0.5% was achieved for electrons with 120 GeV

OE

(Fr=(

) @ (0.3%) (4.6)

energy. The scintillator light from the crystals is captured by a photodiode. This data is
transported off the detector via optical fibres to the readout and trigger system.

4.2.4 Hadron Calorimeter

The CMS detector is designed to investigate a wide range of high-energy phenomena in-
volving a variety of final state signatures. The Hadron Calorimeter(HCAL[136]) detectors
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are particularly useful for detecting hadron jets, neutrinos, and other exotic particles with
apparent missing transverse energy.

The HCAL is made up of alternating layers of dense material, usually made of brass
(as absorber) and plastic fluorescent scintillator (acts as an active material). When a
hadron passes through the brass it creates a shower of secondary particles, such as pions
and muons, which in turn create a cascade of lower-energy particles. These particles
interact with the scintillators, causing them to emit light which is then detected by
photodetectors. The amount of light detected by the photodetectors is proportional to
the amount of energy deposited by the hadron in the HCAL. By summing up the signals
from all the layers, the total energy of the hadron can be determined with high precision.
The HCAL is also designed to be hermetic, which means that the detector is designed
to fully surround and enclose the interaction region where particle collisions occur, so
that it can detect all the hadrons produced in the collision. The CMS HCAL detector is
shown in longitudinal view in Fig. 4.12.

The HCAL is divided into four parts: the Hadron Barrel (HB), the Hadron Endcap (HE),
the Hadron Outer (HO), and the Hadron Forward (HF) detectors.

The HB is composed of two half-barrels that cover the region |y| < 1.3. It consists of 18
layers of brass absorber interleaved with plastic scintillator tiles. The HE, located outside
the HB, covers the range 1.3 < |y| < 3.0. It also consists of brass absorber plates, but the
scintillator tiles are replaced with wavelength shifting (WLS) fibers that are read out by
hybrid photodiodes (HPDs).

The HO is located outside the magnet coil and covers the region |77| < 1.3. It is designed to
improve the energy measurement in the barrel region by sampling the energy deposited
in the tail of the shower that penetrates the HB. The HO consists of one layer of scintillator
tiles placed behind the outermost layer of the HB absorber.

The HF is located in the forward region and covers the range 3.0 < |y| < 5.0. It is
composed of steel absorber plates, with embedded quartz fibers that collect Cherenkov
light from the shower particles. The Cherenkov light is detected by photomultiplier tubes
(PMTs) located at the end of the fibers.

4.2.5 The Muon System

As the name "The Muon System" tells that this part of the detector is designed to have the

capability of reconstructing the charge and momentum of muons very well at the LHC.
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Figure 4.12: CMS HCAL [137]

The CMS muon detector [138] detects muons with precise energy measurement over a
large energy range and at high luminosities. A schematic view of the muon detector is
shown in Fig. 4.13.

The muon detector covers the pseudorapidity range of || < 2.4. There are four stations
of gas-ionization muon detectors installed outside the solenoid and sandwiched between
the layers of the steel return yoke. It is divided into three sub-detectors: Drift tube (DT)
chambers, cathode strip chambers (CSC), and resistive plate chambers (RPC). DT recon-
structs and identifies muons in the # regions of |y| <, and CSC detects muons in the
1 regions of 0.9 < |y| < 2.4, and both chambers are complemented by RPC covering the
pseudorapidity range of |#| < 1.6. The important characteristic of the DTs and CSCs sub-
system is that they provide good position resolution. The RPCs produce a fast response,
with good time resolution but coarser position resolution than the DTs and CSCs. In
muon detector, three different 7 regions are defined, barrel region (|| < 0.9), overlap (0.9
< |n] <1.2), and endcap (1.2 < || < 2.4). Muon reconstruction is also performed using
the all-silicon inner tracker, electromagnetic calorimeter (ECAL), hadronic calorimeter
(HCAL), and outer hadronic calorimeter (HO).

In muons measurement, the most important part is a magnetic field configuration choice.
A high-field Solenoid provides large the magnetic flux to saturate a sufficient amount of
steel in the return yoke. This provides efficient muon measurement up-to pseudorapidity
of || <24.
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Figure 4.13: CMS Muon system [138]

4.2.5.1 Drift tubes

DT system consists of 4 stations. They are cylindrical; the first three inner cylinders have
60 drift chambers, the last cylinder has 70 drift chambers, and around 1172000 sensitive
wires are used in the drift chamber to track the muons in the barrel muon system.

The wire has a length of around 2.4 m in the chamber, it is measured in an r — ¢ projection,
and it is constrained by longitudinal segmentation of the iron yoke. The maximum drift
path is 21 mm, and the drift time is 380 ns in a gas mixture of 85% Ar + 15% CO,. Each
DT chamber is made of 3 or 2 superlayers, as shown in Fig. 4.14, and each SL is made of 4
layers of rectangular drift cells staggered by half a cell. As we can see from the figure, in
the 2 outer SLs, the wires are parallel to the beamline and provide a track measurement in
the magnetic bending (r — ¢) plane. In the inner SL, wires are orthogonal to the beamline
and measure the z position in the direction of the beam. The fourth station does not
have this third z measurement. Therefore it measures only the ¢ coordinate. A muon
emitted from the interaction point encounters a ¢ measuring SL, then passes through
the honeycomb plate before crossing the z-measuring SL and the second ¢ measuring
SL. A muon may only pass through two stations instead of the maximum four due to
discontinuities in design.
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Figure 4.14: CMS Drift tubes [134]

4.2.5.2 Cathode strip chamber

Cathode strip chambers(CSCs) are used in endcap disks with a pseudorapidity range of
0.9 < |y| < 2.4, where the magnetic field is not completely smooth, and particle rates are
high. There are four stations, namely ME1, ME2, ME3, and ME4. The chambers are placed
perpendicular to the beamline and interspersed between the magnetic flux return plates.
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Figure 4.15: CMS Cathode strip chamber [138]
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CSCs are multiwire proportional chambers, and each chamber has six anode wire planes
and seven cathode panels with strips. Wires that run azimuthally define the radial co-
ordinate of a track. On cathode panels, strips are milled and run lengthwise at a constant
width (A¢). The CSCs can operate in large, noneven magnetic fields and at high rates,
and they provide precise space and time information. The CSCs fast detector is suitable
for triggering because of its closely spaced wires.

wire plane (a few wires shown)
cathode plane with strips

\ muon
cathode

......... \........wires
cathode

Ne
o o— — cathode with strips

4 avalanche wires

7 trapezoidal panels forming 6 gas gaps cathode

Figure 4.16: muon tracks [138]

The muons passing through the chambers knock the electrons out of the gas atoms, and
electrons move towards anode wires, creating an avalanche of electrons. Positive ions
move opposite the electron direction. They move towards the copper cathode and away
from the wire. Strip and wires are perpendicular. Therefore we get two positions coordin-
ated for each passing muon.

4.2.5.3 Resistive plate chambers

Resistive plate chambers (RPCs) are fast gaseous parallel-plate detectors. They are located
in both the barrel(along with DTs) and endcaps(along with CSCs), as shown in Fig. 4.13.
In Each muon station, one RPC is attached except for two innermost barrel stations, 1 and
2, which are equipped with two RPC planes. This helps to identify low momentum muons
(< 5-6 GeV) which can not reach the outer stations, for which a special low momentum
trigger is designed. The RPC readout is segmented into strips, and each strip has 1-2 cm
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width and 30-130 cm length. In the endcaps, strips are radial, and in the barrel, they are
running to the beam. Each strip covers A¢ = (5/16°) and Ay ~ 0.1 in angular units.

An RPC can tag the time of an ionizing event in a very shorter time than the time between
two consecutive LHC bunch crossings (BX), which is 25 ns. Therefore, a muon trigger
based on RPCs is capable of identifying unambiguously the relevant BX to which a muon

track is associated, even at a high rate and background.

4.2.6 The Trigger System

The trigger system is the first step in selecting which physics events to analyze from the
large number of events created by collisions at the LHC[139]. The LHC produces many
events every second, with each bunch of particles colliding at a rate of 40 million times
per second. This means there are about 800 million collisions happening in one second.
To distinguish particles from the same event and avoid mixing them up with particles
from different events, the detectors need to have precise timing, and the signals from
millions of electronic channels must be synchronized.

Storing all this data would require a massive amount of memory, about 40 terabytes per
second. It’s not feasible to store such a huge amount of data, so a reduction process is
necessary. The trigger system is responsible for quickly deciding which events to keep
and which ones to discard. It has to make this decision within a very short time, around
25 nanoseconds, as required by the LHC.

The trigger system consists of two levels: the Level-1 (L1) trigger and the High-Level
Trigger (HLT). These two levels work independently to analyze the data and make the
selection. The L1 trigger operates very quickly and performs a basic analysis of the events,
while the HLT performs a more detailed analysis to identify specific physics processes.
Their combined efforts help to select the most interesting events for further analysis, while
discarding the majority of less relevant events.

4.2.6.1 Level 1 Trigger

Level 1 is the first-level decision and completely hardware based system. It reduces the
event rate from from the initial 40 MHz to 100 kHz. The data are moved or assigned to a
buffer for readout only if the level 1 trigger accepts the event. Figure shows a schematic
of the L1 trigger.

The L1 calorimeter trigger, the L1 muon trigger, and the L1 global trigger are three major
subsystems of the L1 trigger system. The muon trigger is organized into three muon
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Figure 4.17: A summary of CMS Level 1 trigger system from the hits recorded by sub-
system to Global trigger[140].

detector systems, namely, Drift Tube (DT) trigger, Cathode Strip Chamber (CSC) trigger,
and Resistive Plate Chamber (RPC). The L1 muon trigger also contains a global muon
trigger which uses the trigger information from the DT, CSC, and RPC trigger systems,
and this information is sent to the L1 global trigger.

The input data of the L1 trigger system are transmitted to the DAQ for storage along with
the event readout data. This input data also includes the input data to the global muon
trigger, global calorimeter trigger, and global trigger. All trigger objects found are also
sent. The L1 decision to keep or reject depends on the presence of trigger objects such as
electrons, muons, photons, jets, and global sums of Er and missing Er. The L1 trigger can
also monitor and control trigger rate, dead channels, and other pathological conditions.
It is designed to keep a maximum trigger rate of 100kHz and minimum rejection rate of

10* at the luminosity of 10%*ecm~2s~1.

4.2.6.2 High Level Trigger

After the L1 trigger, an event is processed further by High-Level Trigger (HLT) [141],

which is software based. It uses powerful software consisting of appropriately 22,000
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CPU cores computers. HLT triggers filter the events from 100 kHz to 1 kHz. HLT menu
consists of a list of paths, and each path has some selections. An event needs to pass at-
least one of the HLT paths. If the event passes the HLT, then it is recorded permanently on
the disk by the DAQ system and then transferred to CERN Tier0O (T0) storage system. The
collected data undergoes data quality monitoring (DQM) to assess its quality, resulting
in the classification of datasets as either "good" or "bad." The certified datasets, derived
from this process, are subsequently utilized for physics analysis.

4.2.7 Data Quality Monitoring

In the CMS experiment, the Data Quality Monitoring group (DQM)[142] serves several
important purposes. Firstly, it monitors the detector to quickly identify any malfunctions
and raise alarms when necessary. Secondly, it provides data certification by recording the
portions of data that were affected by detector faults. Lastly, it aids in debugging by offer-
ing detailed information that helps experts troubleshoot and resolve issues. The output
of DQM varies depending on the task: for monitoring and certification, a single bit indic-
ating "good" or "bad" data quality suffices, while debugging requires a larger number of
plots known as monitor elements. These monitor elements, presented as histograms in
ROOT([143] format, allow detector experts to analyze the behavior of detector. The DQM
group collaborates with CMS subsystems, including detectors and trigger systems, to
collect and display relevant data. The DQM system comprises modules within the CMS
data processing software and independent applications running on dedicated hardware.
It involves data collection, visualization of monitor elements, metadata management, and
user interfaces. User interaction poses a significant challenge for the DQM team, and their
findings are communicated through interfaces and APIs to the collaboration.
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This chapter describes essential physics object reconstruction, such as missing transverse
energy and jets, which are this analysis’s final state for Dark Matter Search. The correc-
tions applied to them have also been discussed in this chapter.

The raw information from different sub-detectors, such as "hits" from the tracker and
muon system, "energy" deposited in the electromagnetic calorimeter, and hadron calori-
meter, is used to reconstruct the physics object. The reconstruction process is done by the
particle flow (PF) algorithm [144], which performs a global event reconstruction using the
raw information from all the sub-detectors. The particle-flow algorithm generates a list
of particle-flow candidates, namely, electrons, muons, photons, and neutral and charged
hadron particles. Before talking about object reconstruction, tracks and vertex reconstruc-
tion have been discussed first in the next sections [5.1,5.2].

5.1 Tracks

Charged particles from the interaction point leave their signatures in various sub-
detectors. They leave hits in the tracker and deposit energy in the calorimeters. Due
to the presence of the magnetic field, charged particles make a helical trajectory in the
detector. Dedicated algorithms are used to perform track reconstruction from hits. The

track reconstruction [129] occurs in the following steps:
¢ hit reconstruction

* seed generation

track finding

track fitting

final selection
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Hits are reconstructed in the pixel and strip tracker. In the pixel detector, any pixel
above its single pixel threshold are read out, others are zero-suppressed. Pixel clusters
are formed by adjacent above-threshold pixels. The cluster position is determined using
a charge-weighted average of the individual pixel positions. For the strip detector, the
threshold value is set to five times the channel noise, or if the strip and one of its
neighbors have a charge more than two times the channel noise, then it is accepted. Strip
clusters are formed by adding neighboring strips which are above the threshold value.
Clusters are seeded by the channel that has a charge of at least three times channel noise
[134]. In each cluster, a hit is reconstructed by taking the charge-weighted average of its

strip positions.

An iterative tracking procedure [129] is used to reconstruct the trajectories. The first step
focuses on finding the easiest tracks to identify, such as those with high momentum.
Once these tracks are identified, the hits associated with them are removed to simplify
the search for more challenging tracks, like those that are displaced or have missing hits or
low momentum. In each iteration, initial track candidates, known as seeds, are identified
by considering three hits with three-dimensional positions. To fully describe the helical
trajectory of a charged particle, five track parameters are required: pr, 7 (pseudorapidity),
the angle (¢) at the point of closest approach, the z position (zp) at the closest approach,
and the x-y distance (impact parameter or dy) at the closest approach. Seeds provide an
initial estimate of these track parameters along with their associated uncertainties.

Track is reconstructed using the hits from the tracker. A CMS software Combinatorial
Track Finder(CTF), which is an adaptation of the combinatorial Kalman filter [145-147]
(an extension of Kalman filter [148]), is used for pattern recognition and track fitting.
It produces a collection of reconstructed tracks. In this process, multiple iterations take
place; this is called iterative tracking. The filtering and smoothing procedure uses
the Runge-Kutta propagator [149, 150]. The Runge-Kutta propagator employs a detailed
magnetic field map to ensure accurate extrapolation of track trajectory.

The track-finding procedure yields a significant fraction of fake tracks, which are not
associated with any charged particle. The fake tracks are further reduced by applying

selections on tracks.
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5.2 Vertex Reconstruction

A vertex is reconstructed using the collection of tracks. The point where hard interaction
happens is called the primary vertex (PV), and additional interactions are called pile-up
(PU). The goal of primary-vertex reconstruction [151] is to find the location and the as-
sociated uncertainty of all proton-proton interaction vertices in each event, including the
‘signal” vertex and any vertices from pile-up collisions, using the available reconstructed
tracks. This measurement happens in three steps:

* Some selections are applied to filter the fake tracks. Tracks are required to be the
maximum value of significance of the transverse impact parameter (<5) relative to
the center of the beam spot, and the number of the strip and pixel hits associated
with a track should be > 2 for pixel layers and 5 for pixel+strip, and normalized 2
from a fit to the trajectory should be < 20.

¢ The selected tracks are clustered based on their z-coordinates at their closest ap-
proach to the beam spot’s center.

¢ Performing fit on each vertex using associated tracks.

In order to ensure quality vertices, additional selections are applied to all reconstructed

vertices.

¢ All the reconstructed vertices are required to have the number of degrees of
freedom(Npy) of vertex greater than 4.

¢ The z position of the vertex should be less than 24 cm

¢ The distance from the interaction point in the x-y plane should be less than 2 cm.

Suppose there are more than one reconstructed primary vertices. In that case, the vertex
with associated tracks with the highest sum of the square of the transverse momenta is
selected as the primary vertex.

5.3 Jets

Proton-proton collisions produce quarks and gluons. As quarks and gluons have a net
color charge, they can not be isolated due to color confinement and can not be directly ob-

served in nature. Quarks and gluons combine to form neutral-color hadrons; the process
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of formation of hadrons is called hadronization; a collimated spray of hadrons is called a
jet, which can be detected in the detector.

When Jets go through the CMS detector, they leave signals in sub-detectors like the tracker
and the electromagnetic and hadronic calorimeter. The signals from various sub-detectors
are combined to reconstruct the jet using jet algorithms. The energy of reconstructed jets
does not match with true generator-level energy; therefore, jets are further corrected.
Details about the jet algorithm are discussed in Sec 5.3.1. Jets are present in the final state,

so they are important objects in this analysis.

5.3.1 Jets Reconstruction

Jets are reconstructed using the anti-k; algorithm [152, 153]. The algorithm clusters either
all the particles reconstructed by the PF algorithm (PF jets) or the sum of the ECAL and
HCAL energies deposited in the calorimeter towers! (Calo jets) or all stable particles
produced by the event generator excluding neutrinos (reference jet)[144]. In this analysis,
jets are reconstructed using PF algorithm. Simulation and reconstruction of a dijet event
are shown in Fig. 5.1. In PF jets, 90% of measured jet energy is reconstructed as charge
hadrons and photons, which are measured dominantly with a high-resolution tracker
and ECAL, while only the remaining 10% are reconstructed as neutral hadrons, which
are measured with the HCAL alone[154].

The anti-k; algorithm uses the distance d;; between the two objects 7,j, and the distance
d;p between the object and the beam. They are defined as:

2

AN
d;; = min(k;;?, k;].z)Réz’ (5.1)

dip = k;;2, (5.2)

where A7 = (y; —y;)* + (¢: — ¢)* and ky;, y; and ¢; represent the transverse momentum,
the rapidity, and the azimuthal angle of the object i, respectively, and radius parameter R
represents the radius of the cone and determines the jet cone size. Two types of jets with
standard code size R=0.4 and R=0.8 are reconstructed.

The algorithm proceeds by finding the smallest distance, and if it is a dij, then objects i, ]

are combined, while if it is d;, i called a jet, and it is removed from the list of objects. The

When particle energy summed up over many layers of tiles in depth, called a "tower". A calorimeter tower
is composed of an HCAL tower and the 25 underlying ECAL crystals.
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Figure 5.1: Jet reconstruction in a simulated dijet event [144].

distances are recalculated, and the procedure is repeated until no entities are left. Fig. 5.2
shows a jet reconstructed by the anti-k; algorithm.

Figure 5.2: Reconstructed jet using anti-k; algorithm [152].
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5.3.2 Jets Energy Correction

In order to match reconstructed jet energy to the true energy of the jet, many correc-
tions are applied to the jet detected in the detector. This difference is mainly due to the
nonuniform and non-linear response of the calorimeter detectors, the pileup, and elec-
tronic noise. During the jet clustering, pileup mitigation is done with the Charge Hadron
Subtraction (CHS) algorithm. This algorithm removes the charge hadron inside the jet,
which comes from the pileup events. 50% of the pileup is reduced by the CHS algorithm.
The energy of reconstructed jets is calibrated as a function of jet py and # [155]. The Cor-
rection flow is shown in Fig. 5.3. In jet energy calibration, each component of the raw jet

MC
[ | ]

L1 | L2L3 I L2L3Res
Applied on MIT ———

Figure 5.3: CMS jet energy correction procedure performed in multistep factorize pro-
cedure [156] .

four-momentum vector (p;*) is corrected by applying a multiplicative factor C:

p;or —C. prawy (5.3)
The correction factor C is composed of the following factors:
* Cyffset: Offset correction removes the extra energy due to noise and pileup.

* Cpc: the MC correction removes the bulk of the non-uniformity in # and non-

linearity in pr .

¢ C,q and C,pg: The residual corrections account for the small differences between

data and simulation.

As shown in Fig. 5.4, the uncertainties in the jet energy estimation due to simulation
modeling are combined into six groups: absolute scale, relative scale, pileup, method, jet
flavor and time stability. Pileup and flavor uncertainty dominates at low pr.

The measurement shows that the jet energy resolution (JER) in the data is worse than in
the simulation; therefore, the jets in the simulation need to be smeared to describe the
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Figure 5.4: JEC uncertainties as a function of jet pt (7 = 0) at left, and as a function of jet
1 (pr =30) using 2017 CMS data [157].

data. The scaling method is used to rescale the corrected four-momentum of a reconstruc-

ted jet with a factor.

C]ER =1+ (SJER — 1)pT—prgen (54)

where pr is reconstructed jet transverse momentum, p%e" is the transverse momentum
of the corresponding jet clustered from generator-level particles, and sjgr is the data-to-
simulation core resolution scale factor. A reconstructed jet is required to match with a
generator level jet with the following two conditions:

AR < Reone/2,|pr — P3| < 30jERPT (5.5)

here Reone is the jet radius parameter, and ojgR is the relative pr resolution as measured
in simulation.

5.3.3 Jet Identification

In the jet collections, there can be some fake jets due to noisy calorimeter cells or electronic
noise. These fake jets are reduced by applying jet identification criteria based on the
hadron and electromagnetic components of PF jets. The PF jets are required to have a
charge hadron fraction greater than zero and charged multiplicity greater than zero if
the tracking fiducial region of 77| is less than 2.4. If the tracking fiducial region of |7| is
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less than 2.7, then the neutral hadron fraction is required to be less than 0.90, and the
neutral electromagnetic(EM) fraction is required to be 0.90, the number of constituents is

required to be greater than 1. The Details of cuts for all || regions are shown in Table 5.1.

PF JetID Tight ID
ln| <2.7 2.7 <|n| <3.0 | |n| >3.0
| <26 2.6 <|n| <27
(2018)
Neutral Hadron Fraction <0.90 - >0.02
Neutral EM Fraction <0.90 ‘ <0.99 >0.02 & <0.99 | <0.90
Number of Constituents >1 - -
Number of Neutral Particles - >2 >10
In addition for |y| <2.4
Charged Hadron Fraction >0 - -
Charged Multiplicity >0 - -
Charged EM Fraction - - -

Table 5.1: cuts applied in the JetID for 2017 and 2018

5.4 Electrons

Electrons are reconstructed by combining the information from the tracker and the ECAL
sub-detectors. This is achieved by associating a track reconstructed in the silicon detector
with a cluster of energy deposited in the ECAL. During their traversal through the silicon
material, electrons undergo energy loss due to Bremsstrahlung radiation and ionization
processes. To accurately measure the energy of the electrons, it is necessary to collect the
energy of the radiated photons.

The energy of the radiated photon is distributed across multiple crystals in the ¢ direction,
resulting from the bending of the electron trajectory in the magnetic field. However, there
is negligible spread in the 7 direction. Two clustering algorithms, namely the "hybrid"
and the "multi-5x5" algorithms, are employed for clustering the energy of electrons and
photons in the barrel and endcap regions, respectively [158, 159].

The hybrid algorithm begins by identifying a seed crystal, which is the crystal containing
the highest energy deposition within a given region and surpassing a specified threshold.
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Surrounding the seed crystal, an array of 5x1 crystals in the 77 x ¢ space is added, ex-
tending over a range of Nips crystals in both directions of ¢. These additional crystals
are included in the clustering process if their energies exceed a minimum threshold. The
contiguous arrays are then grouped into clusters, with each distinct cluster requiring a
seed array that surpasses a threshold energy in order to be included in the final global
cluster known as the supercluster seed-array (SC).

In the endcap region, the multi-5x5 algorithm is utilized, where crystals do not follow an
1 X ¢ arrangement. Similarly, the algorithm initiates by identifying seed crystals, which
are characterized as having the highest local energy compared to their four immediate
neighbors and surpassing a defined threshold value. Starting with the seed crystals and
considering the largest transverse energy (ET), the energy is accumulated in clusters of
5x5 crystals, which can partially overlap. These clusters are subsequently grouped into a
supercluster (SC) if the total transverse energy of the clusters exceeds a specific threshold
within a range of # and ¢ surrounding each seed crystal. The SC energy corresponds to
the sum of energies from all its constituent clusters. The position of the SC is determined
by calculating the energy-weighted mean of the cluster positions.

When an electron traverses the tracker detector, it loses the energy due to the substantial
material present in the pixel detector. This energy loss, particularly from bremsstrahlung
photon emission, leads to a deviation or "kink" in the electron’s trajectory, rendering the
electron track reconstruction using the Kalman Filter (KF) approach unsuitable. Even if
the standard KF approach manages to track the path of electron, the quality of the track
fit can be compromised.

To address this issue, a dedicated track algorithm specifically designed for electron track
reconstructions is employed. The Gaussian Sum Filter (GSF) tracking [160], which builds
upon the KF approach, is utilized for electron tracking. Unlike the KF approach, which
relies solely on Gaussian probability density functions, the GSF algorithm accounts for
the highly non-Gaussian distribution of energy loss resulting from bremsstrahlung. The
GSF algorithm models the distribution of bremsstrahlung energy loss using a Gaussian
mixture instead of a single Gaussian function. By doing so, the GSF track fit effectively
considers the abrupt curvature in the track of electron caused by bremsstrahlung photon
emission.

The selection criteria for electrons employed in the analysis will be discussed in section
6.3.1.
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5.5 Muons

Muons have a lifetime of approximately 2.2 us and move at a speed near the speed of
light. As a result, muons can easily escape the CMS detector before decaying. Therefore,
muons are considered as stable particles by the reconstruction algorithms. Since they
are charged particles, they interact in the tracker silicon detector and in the specifically-
designed muon chambers. By combining the information obtained from the inner tracker
and the muon system, the CMS detector achieves highly efficient reconstruction of muon
tracks, ensuring accurate momentum measurements with good resolution.

The process of muon reconstruction [161, 162] begins with the independent local recon-
struction of muon tracks in the inner tracking system (tracker track) and the muon sys-

tems (standalone muon track) as follows:

¢ Standalone tracks: These are muons reconstructed using only the information from
the muon system. The hits from the DT and CSC chambers are clustered to form
track segments called "track stubs,” which are then matched together to form seeds.
The seeds are further matched with the RPC hits to build a standalone muon track.

* Tracker tracks: These are muons reconstructed using only the information from the
inner tracker. The hits in the silicon tracker are clustered to form a tracker track,

also known as an inner track or a silicon track.

Based on the aforementioned local reconstruction processes, two distinct reconstruction

algorithms are defined:

* Global Muon Reconstruction: A matching process is conducted between each stan-
dalone muon track and the tracker track reconstructed in the inner tracking sys-
tem. The best-matching tracker track is selected for each standalone muon track.
Subsequently, a track fit is performed using all hits from both tracks through the
application of the Kalman filter technique. It is observed that for muons with pT
> 200 GeV, the global muon reconstruction yields improved momentum resolution

compared to tracker muon reconstruction.

¢ Tracker Muon Reconstruction: In this approach, potential muon candidates are
identified among all tracker tracks with pT > 0.5 GeV and total momentum p >
2.5 GeV by searching for at least one compatible segment in the muon stations.
These tracker tracks that are identified as muons using this method are referred to
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as "tracker muons". This method demonstrates a better energy resolution for low
momentum muons with pT < 5 GeV, as these muons may not always traverse the
CMS detector up to the muon system. However, it is important to note that the
criteria used to define a tracker track as a "tracker muon" are very loose and should

not be utilized without additional requirements.

The selection criteria for muons employed in the analysis will be discussed in section
6.3.2. Loose and Tight Identification criteria are used to select the muon object for the

analysis. Loose Identification requires following set of cuts:
* Muon objects are reconstructed as a global or tracker muon
* Muon objects are reconstructed as a particle flow muon
And Tight Identification requires following set of cuts:
* Muon reconstructed as a Global Muon
¢ Muon reconstructed as Particle-Flow muon
» Normalized x? of the global track less than 10
¢ At least one muon-chamber hit included in the global-muon track fit
¢ Muon segments in at least two muon stations
* Muon’s tracker track has transverse impact parameter dyy <2 mm
¢ The longitudinal distance of the tracker track w.r.t the primary vertex is d, <56 mm
¢ Number of pixel hits > 0

¢ Hits on at least 5 tracker layers

5.6 Photons

Photon candidates are reconstructed by analyzing the energy deposits in the ECAL. Spe-
cific algorithms are used to ensure that the clusters have the size and shape expected for
a photon[163]. The identification of photon candidates relies on various variables related
to the shower shape and isolation. The criteria for identification differ based on whether
the energy deposit is in the ECAL barrel or endcaps. In the case of isolated photons, the
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scalar sums of the transverse momenta (pt) of PF candidates within a cone of radius
AR < 0.3 around the photon candidate must fall below certain predefined limits. The
isolation sums only consider PF candidates that do not overlap with the electromagnetic
(EM) shower of the photon candidate. In this analysis, the photon candidates are used for
vetoing purposes. Exact selection on photon will be discussed in section 6.3.4

5.7 Taus

The reconstruction of taus[164, 165] starts with the identification and reconstruction of
their decay products. To reconstruct hadronic tau decays, a specific algorithm called
the hadron plus strips (HPS)[166] algorithm is employed. The HPS algorithm combines
charged hadrons and photons in the vicinity of the tau candidate to reconstruct the tau’s
energy and direction. It takes into account the properties of tau decays, such as narrow
jets of charged particles (tracks) and electromagnetic showers. The reconstruction of tau
decays involving electrons or muons requires the identification and reconstruction of
the associated leptons. Electrons are reconstructed using the tracker and ECAL informa-
tion, while muons are reconstructed using the muon system. The identified electrons and
muons are then matched to the tau candidates to reconstruct the tau leptons.

In this analysis, the tau candidates are used for vetoing purposes. Exact selection on tau
will be discussed in section 6.3.3

5.8 Missing Transverse Energy

The missing transverse energy (EX*S) is the most important observable in the physics
searches for beyond the standard model, such as dark matter and supersymmetry. A
precise measurement of all reconstructed physics objects (electron, muon, tau, photon,
jet, etc) are used to determine the EITniSS [167].

The EM* is defined as the imbalance in the transverse momentum of all delectable and
reconstructed particles in the detector. As transverse momentum should be conserved be-
fore and after the proton-proton collisions, therefore EFi*® is carried by weekly interacting
particles like neutrinos. The ET® is computed as the inverse of the vectorial sum of the
transverse momenta of all PF particles, which known as PF B,
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PFEy " =— Y g (5.6)
PF obj
The nonlinearity of calorimeter response to hadronic particles, minimum energy
thresholds in calorimeter, pr thresholds, and tracker inefficiency can all contribute to er-
roneous EM* estimation [167]. The estimation of EX'*S is improved by applying jet energy
correction (JEC) on the reconstructed jet as described in Sec 5.3.2, and propagating these
corrections to EM* as given below:

Type—1Er =Er  —) (i — Prje) (5.7)

jets

Here Type-I EXS refers to the corrected ET®® value.

5.8.1 The EP ¢ corrections

The EXss distribution is independent of ¢ and should be flat as a function of ¢ because
of the rotational symmetry of the collisions abound the beam axis. However, it is noticed
that the ¢ distribution is not symmetry, and it has a sinusoidal curve with a period of
27t. The possible causes of this asymmetry can be due to anisotropic detector responses,
inactive calorimeter cells or tracking regions, detector misalignment, the displacement of
the beam spot.

The ¢—asymmetry has been seen in both collision data and Monte Carlo simulated events.
The observed ¢-asymmetry can alternatively be represented as a shift in the x and y pro-
jection of Ess (EMiss, Eryniss components). In order to determine the ¢-asymmetry correc-
tions for both data and simulated events, linear functions are fitted to the correlation of
EMsS and E;niss as a function of the number of PF candidates in various # bins.

B = B — (e x4y, - ) 68)
ES = EI — (cy - x + ¢y - 1)

where the coefficients cy,, cy,, and c,, are determined from tt, W and Z candidate events
in data and simulation samples.
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This chapter provides an overview of the essential components of the analysis. Section
6.1 focuses on the data and simulation, detailing their importance in the study. Moving
on to Section 6.2, we delve into the trigger selection process and the measurement of its
efficiency. The subsequent Section 6.3 explores the physical objects utilized in the analysis
and the criteria applied to them. Finally, Sections 6.4 and 6.5 delve into the subjects of
simulation reweighting and Higgs boson mass correction, respectively. Together, these
sections form the foundational elements of the analysis.

6.1 Data And Simulation

In this section, we have talked about both the real data collected from experiments and
the Monte Carlo simulation samples.

6.1.1 Data

The analysis described in this thesis focuses on data collected during the 2017 and 2018
CMS data-taking campaigns at a center-of-mass energy of 13 TeV. The dataset for the
analysis corresponds to an integrated luminosity of 41.5 fb™! for 2017 and 59.6 fb ™ for
2018. To ensure the reliability and quality of the data, certified runs provided in JSON
files are utilized, and the specific JSON files used in this analysis are listed in Table 6.1.

Year | JSON file Integrated Lumi
2017 | Cert_294927-306462_13TeV_PromptReco_Collisions17_JSON.txt | 41.5 fb™ !
2018 | Cert_314472-325175_13TeV_PromptReco_Collisions18_JSON.txt | 59.7 fb~!

Table 6.1: Integrated luminosity recorded in 2017 and 2018 data taking and the certified
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JSON file
2017 2018
/MET/Run2017B-31Mar2018-v1/MINIAOD /MET/Run2018A-17Sep2018-v1/MINIAOD
/MET/Run2017C-31Mar2018-v1/MINIAOD /MET/Run2018B-17Sep2018-v1/MINIAOD
/MET/Run2017D-31Mar2018-v1/MINIAOD /MET /Run2018C-17Sep2018-v1/MINIAOD
/MET/Run2017E-31Mar2018-v1/MINIAOD /MET/Run2018D-17Sep2018-v1/MINIAOD

/MET/Run2017F-31Mar2018-v1/MINIAOD
/SingleElectron/Run2017B-31Mar2018-v1/MINIAOD | /EGamma/Run2018A-17Sep2018-v2/MINIAOD
/SingleElectron/Run2017C-31Mar2018-vl1/MINIAOD | /EGamma/Run2018B-17Sep2018-v1/MINIAOD
/SingleElectron/Run2017D-31Mar2018-v1/MINIAOD | /EGamma/Run2018C-17Sep2018-v1/MINIAOD
/SingleElectron/Run2017E-31Mar2018-vl1/MINIAOD | /EGamma/Run2018D-17Sep2018-v2/MINIAOD
/SingleElectron/Run2017F-31Mar2018-v1/MINIAOD

Table 6.2: Primary datasets name used in the analysis for 2017 and 2018 data taking

In the analysis, two primary datasets are considered for the 2017 data: the MET dataset
and the SingleElectron dataset. The MET dataset consists of events that exhibit at least
one or two high-energy jets along with significant missing transverse energy. On the
other hand, the SingleElectron dataset comprises events characterized by the presence of
at least one or two high-energy electrons.

For the 2018 data, two primary datasets are used: the MET dataset and the EGamma
dataset. The EGamma dataset is formed by combining the SingleElectron and DoubleEG
datasets. It includes events that have at least one or two high-energy electrons or photons.
The specific dataset names can be found in Table 6.2.

In terms of data format, the analysis relies on the MINIAOD format, which is a con-
densed version of the full AOD (Analysis Object Data) format. MINIAOD contains cru-
cial information about reconstructed particles, such as electrons, muons, photons, and
jets, including their relevant properties like momentum, energy, and charge. Addition-
ally, it provides details about the primary vertices, which represent the points of origin
for particle tracks. The MINIAOD format also includes essential event-level information,
such as trigger decisions, run numbers, and event numbers.

6.1.2 Monte-Carlo Simulation

Monte-Carlo(MC) simulated events are used to evaluate the signal and background con-
tribution, model the background, optimize event selection and estimate the systematic

uncertainty.
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104 BUILDING BLOCKS FOR THE ANALYSIS

Different MC generators are used to generate the simulation events. The MC simulation
of signal and background processes has been performed in two steps, i.e., event genera-
tion and detector simulation. In the event generation, the matrix elements(MEs) of hard-
scattering are calculated with the proton substructure described by parton distribution
functions (PDFs) implemented via "Les Houches Accord PDF Interface" (LHAPDF[168])
library. The shower and hadronization processes are then simulated with several ad-
justable parameter sets while the decaying partons begin to produce colour-neutral bound
states. An example event is shown in Fig. 6.1. The resulting generated events are then sent
into detector simulation, which simulates the interactions of the final particles with de-
tector materials. This is done with the use of the Geant4 toolbox [169]. And then particles

are reconstructed and saved as a reconstructed physical object as discussed in Sec 5.
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Figure 6.1: Representation of hadron-hadron collision as simulated by a Monte-Carlo
event generator [170]. The hard collision is represented by the red blob in the
center, which is surrounded by a tree-like structure showing Bremsstrhlung
as simultaed by parton showers. A subsequent hard scattering event is repres-
ented by the purple blob. Parton-to-hadron transitions are depicted by light
green blob, hadron decays by dark green blob, and soft photon emission by
yellow lines.
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6.1.2.1 Background Samples

Several standard model processes pose as backgrounds to the dark matter signal in this
analysis. Simulation datasets for these backgrounds are listed in Table 6.3 and Table 6.4.
Table contains cross-section values for corresponding simulated sample with branching
fraction included.

Background samples cover the following processes: Z(vv) + jets, W + jets, DY + jets,
top quark pair production (tt), single top production(ST), the production of the single
top quark in association with W boson (tW), Diboson (WW, WZ, ZZ), the associated
production of a Higgs Boson with vector bosons (WH and ZH).

e Z(vv) +jets: Z(vv) +jetsis a significant background in this analysis, wherein the Z
boson decays into two neutrinos. It is considered an irreducible background, mean-
ing it cannot be easily distinguished from the signal we are interested in. To sim-
ulate this background, samples are generated using the MadGraph5_aMC@NLO[171]
generator at the next-to-leading order (NLO) in quantum chromodynamics (QCD).
The Z boson momentum is divided into several bins to provide a more accurate
representation. This background is modeled using the dedicated control region in
the analysis.

e Top: Top backgrounds are also major backgrounds in this analysis.tf samples and
single top production samples are generated using POWHEG[172] generator at NLO.
In three tf production modes, semi-leptonic tf production is a dominant source of
background in the analysis where lepton from W boson produced in a top quark
is lost either due to detector acceptance or does not pass the selection criteria. Top
backgrounds are modeled using the dedicated control regions in the analysis.

¢ W+tjets and DY+jets: These two samples are produced using
MadGraph5_aMC@NLO[171] generator at next to leading order in QCD. Samples
are generated in two bins of jet multiplicity and several bins of boson momentum
(p1). The W+jets background contributes to the analysis when a lepton is lost in the
event. It involves the W boson decaying into a lepton and a neutrino, along with
additional jets. On the other hand, the DY +jets samples involve the vector boson Z
decaying into two leptons. These samples are particularly useful for modeling the
Z(vv) + jets backgrounds, where the Z boson decays into two neutrinos.
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¢ Diboson(VV): Diboson backgrounds also contribute background events to this ana-
lysis when one of the vector bosons (W or Z) decays leptonically, and other vector
boson decays hadronically. Furthermore, if leptons are lost this produces ETs® +
jets in the final state. Diboson samples are generated using Pythia8[173] at leading
order (LO).

* QCD: QCD Multijet can contribute background events to this analysis if high mo-
mentum jet is mismeasured or goes undetected. Samples have a very large cross-
section, so a very small fraction of events can serve as background to this analysis.
QCD multi-jets are generated using MadGraph5_aMC@NLO[171] at leading order (LO)

in bins of HT(transverse momentum sum of jets).

* SM h: Standard model Higgs Boson (SM h) decays to bottom quarks can also
contribute background events to this analysis. Simulation samples for SM Higgs
production have been generated using POWHEG[172] at next to leading order (NLO)

Samples produced by Pythia8 or MadGraph5_aMC@NLO with tune parameter CP5[174] use
the NNPDF3.1[175] parton distribution function (PDF). Here, tuning is for underlying
events. Parton shower, hadronization, and the simulation of the underlying event
(UE) are provided by Pythia8 [173]. All events passed through the CMS detector are
simulated with GEANT 4 [169]. Simulated events used the same version of the CMS event

reconstruction software as used for data.

6.1.3 Signal Samples

mono-H(bb) search is performed in context of three different models as follows:
e 2HDM+a
e Z’-2HDM
¢ Baryonic-Z’

A detailed description of the signal model is discussed already in the Sec. 3.5. 2HDM+a
is the main model in this search because the phase space of this model is not much
excluded yet. In 2HDM+a mode, four parameter scans have been performed, while in
Z’-2HDM and Baryonic-Z’ model, 2 parameter scans have been performed. The scan
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Dataset Name

Cross Section (pb)

DY1JetsToLL_M-50_LHEZpT_50-150_TuneCP5_13TeV-amcnloFXFX-pythia8
DY1JetsToLL_M-50_LHEZpT_150-250_TuneCP5_13TeV-amcnloFXFX-pythia8
DY1JetsToLL_M-50_LHEZpT_250-400_TuneCP5_13TeV-amcnloFXFX-pythia8
DY1JetsToLL_M-50_LHEZpT_400-inf_TuneCP5_13TeV-amcnloFXFX-pythia8
DY2JetsToLL_M-50_LHEZpT_50-150_TuneCP5_13TeV-amcnloFXEX-pythia8
DY2JetsToLL_M-50_LHEZpT_150-250_TuneCP5_13TeV-amcnloFXFX-pythia8
DY2JetsToLL_M-50_LHEZpT_250-400_TuneCP5_13TeV-amcnloFXFX-pythia8
DY2JetsToLL_M-50_LHEZpT_400-inf_TuneCP5_13TeV-amcnloFXFX-pythia8
W1JetsToLNu_LHEWpT_100-150_TuneCP5_13TeV-amcnloFXFX-pythia8
W1JetsToLNu_LHEWpT_150-250_TuneCP5_13TeV-amcnloFXFX-pythia8
WiJetsToLNu_LHEWpT_250-400_TuneCP5_13TeV-amcnloFXFX-pythia8
Wi1JetsToLNu_LHEWpT_400-inf_TuneCP5_13TeV-amcnloFXFX-pythia8
W2JetsToLNu_LHEWpT_100-150_TuneCP5_13TeV-amcnloFXFX-pythia8
W2JetsToLNu_LHEWpT_150-250_TuneCP5_13TeV-amcnloFXFX-pythia8
W2JetsToLNu_LHEWpT_250-400_TuneCP5_13TeV-amcnloFXFX-pythia8
W2JetsToOLNu_LHEWpT_400-inf_TuneCP5_13TeV-amcnloFXFX-pythia8
Z1JetsToNuNu_M-50_LHEZpT_50-150_TuneCP5_13TeV-amcnloFXFX-pythia8
Z1JetsToNuNu_M-50_LHEZpT_150-250_TuneCP5_13TeV-amcnloFXFX-pythia8
Z1JetsToNuNu_M-50_LHEZpT_250-400_TuneCP5_13TeV-amcnloFXFX-pythia8
Z1JetsToNuNu_M-50_LHEZpT_400-inf_TuneCP5_13TeV-amcnloFXFX-pythia8
Z2]JetsToNuNu_M-50_LHEZpT_50-150_TuneCP5_13TeV-amcnloFXFX-pythia8
Z2JetsToNuNu_M-50_LHEZpT_150-250_TuneCP5_13TeV-amcnloFXFX-pythia8
Z2]JetsToNuNu_M-50_LHEZpT_250-400_TuneCP5_13TeV-amcnloFXFX-pythia8
Z2]JetsToNuNu_M-50_LHEZpT_400-inf_TuneCP5_13TeV-amcnloFXFX-pythia8
ST_tW_top_5f_inclusiveDecays_TuneCP5_13TeV-powheg-pythia8
ST_tW_antitop_5f_inclusiveDecays_TuneCP5_13TeV-powheg-pythia8
ST_t-channel_top_4f_inclusiveDecays_TuneCP5_13TeV-powhegV2-madspin-pythia8
ST_t-channel_antitop_4f_inclusiveDecays_TuneCP5_13TeV-powhegV2-madspin-pythia8
ST_s-channel_4f_leptonDecays_TuneCP5_13TeV-amcatnlo-pythia8
WZ_TuneCP5_13TeV-pythia8

WW_TuneCP5_13TeV-pythia8

Z7Z_TuneCP5_13TeV-pythia8
TTToSemiLeptonic_TuneCP5_PSweights_13TeV-powheg-pythia8
TTTo2L2Nu_TuneCP5_PSweights_13TeV-powheg-pythia8
TTToHadronic_TuneCP5_PSweights_13TeV-powheg-pythia8
QCD_HT500to700_TuneCP5_13TeV-madgraph-pythia8
QCD_HT700to1000_TuneCP5_13TeV-madgraph-pythia8
QCD_HT1000to1500_TuneCP5_13TeV-madgraph-pythia8
QCD_HT1500t02000_TuneCP5_13TeV-madgraph-pythia8
QCD_HT2000toInf_TuneCP5_13TeV-madgraph-pythia8
GJets_HT-40To100_TuneCP5_13TeV-madgraphMLM-pythia8
GJets_HT-100To200_TuneCP5_13TeV-madgraphMLM-pythia8
GJets_HT-200To400_TuneCP5_13TeV-madgraphMLM-pythia8
GJets_HT-400To600_TuneCP5_13TeV-madgraphMLM-pythia8
GJets_HT-600ToInf_TuneCP5_13TeV-madgraphMLM-pythia8
ZH_HToBB_ZToNuNu_M125_13TeV_powheg_pythia8
ZH_HToBB_ZToLL_M125_13TeV_powheg_pythia8
ggZH_HToBB_ZToNuNu_M125_13TeV_powheg_pythia8
ggZH_HToBB_ZToLL_M125_13TeV_powheg_pythia8
WplusH_HToBB_WToLNu_M125_13TeV_powheg_pythia8
WminusH_HToBB_WToQQ_M125_13TeV_powheg_pythia8

315.1
9.5
1.097
0.1207
169.
15.73
2.74
0.4492
284.06
71.71
8.06
0.89
281.63
108.59
18.03
3.0
598.9
18.04
2.051
0.2251
326.3
29.6
5.174
0.8472
35.85
35.85
136.02
80.95
10.32
27.6
75.8
12.14
365.34
88.29
377.96
32100
6831
1207
119.9
25.24
20790
9238
2305
2744
93.46
0.1565
0.07924
0.01222
0.006185
0.2819
0.3654

samples. Cross-section contains the branching fraction.

Table 6.3: Background dataset names and corresponding cross-section for 2017 simulation
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Dataset Name Cross Section (pb)
DYJetsToLL_Pt-0To50_TuneCP5_13TeV-amcatnloFXFX-pythia8 106300.0
DY]JetsToLL_Pt-100To250_TuneCP5_13TeV-amcatnloFXFX-pythia8 407.9
DYJetsToLL_Pt-250To400_TuneCP5_13TeV-amcatnloFXFX-pythia8 96.8
DYJetsToLL_Pt-400To650_TuneCP5_13TeV-amcatnloFXFX-pythia8 3.774
DYJetsToLL_Pt-50To100_TuneCP5_13TeV-amcatnloFXFX-pythia8 0.5164
DYJetsToLL_Pt-650ToInf_TuneCP5_13TeV-amcatnloFXFX-pythia8 0.04796
WJetsToLNu_Pt-50To100_TuneCP5_13TeV-amcatnloFXFX-pythia8 3570.0
WJetsToLNu_Pt-100To250_TuneCP5_13TeV-amcatnloFXFX-pythia8 779.1
W]etsToLNu_Pt-250To400_TuneCP5_13TeV-amcatnloFXFX-pythia8 27.98
W]etsToLNu_Pt-400To600_TuneCP5_13TeV-amcatnloFXFX-pythia8 3.604
W]etsToLNu_Pt-600ToInf_TuneCP5_13TeV-amcatnloFXFX-pythia8 0.5545
Z1JetsToNuNu_M-50_LHEZpT_50-150_TuneCP5_13TeV-amcnloFXFX-pythia8 598.9
Z1JetsToNuNu_M-50_LHEZpT_150-250_TuneCP5_13TeV-amcnloFXFX-pythia8 18.04
Z1JetsToNuNu_M-50_LHEZpT_250-400_TuneCP5_13TeV-amcnloFXEFX-pythia8 2.051
Z1JetsToNuNu_M-50_LHEZpT_400-inf_TuneCP5_13TeV-amcnloFXFX-pythia8 0.2251
Z2JetsToNuNu_M-50_LHEZpT_50-150_TuneCP5_13TeV-amcnloFXFX-pythia8 326.3
Z2JetsToNuNu_M-50_LHEZpT_150-250_TuneCP5_13TeV-amcnloFXFX-pythia8 29.6
Z2JetsToNuNu_M-50_LHEZpT_250-400_TuneCP5_13TeV-amcnloFXFX-pythia8 5.174
Z2JetsToNuNu_M-50_LHEZpT_400-inf_TuneCP5_13TeV-amcnloFXFX-pythia8 0.8472
ST_tW_top_5f_inclusiveDecays_TuneCP5_13TeV-powheg-pythia8 35.85
ST_tW_antitop_5f_inclusiveDecays_TuneCP5_13TeV-powheg-pythia8 35.85
ST_t-channel_top_4f_inclusiveDecays_TuneCP5_13TeV-powhegV2-madspin-pythia8 136.02
ST_t-channel_antitop_4f_inclusiveDecays_TuneCP5_13TeV-powhegV2-madspin-pythia8 80.95
ST_s-channel_4f_leptonDecays_TuneCP5_13TeV-amcatnlo-pythia8 10.32
WZ_TuneCP5_13TeV-pythia8 27.6
WW_TuneCP5_13TeV-pythia8 75.8
ZZ_TuneCP5_13TeV-pythia8 12.14
TTToSemiLeptonic_TuneCP5_PSweights_13TeV-powheg-pythia8 365.34
TTTo2L2Nu_TuneCP5_PSweights_13TeV-powheg-pythia8 88.29
TTToHadronic_TuneCP5_PSweights_13TeV-powheg-pythia8 377.96
QCD_HT500t0700_TuneCP5_13TeV-madgraph-pythia8 32100
QCD_HT700to1000_TuneCP5_13TeV-madgraph-pythia8 6831
QCD_HT1000to1500_TuneCP5_13TeV-madgraph-pythia8 1207
QCD_HT1500t02000_TuneCP5_13TeV-madgraph-pythia8 119.9
QCD_HT2000toInf_TuneCP5_13TeV-madgraph-pythia8 25.24
GJets_HT-40To100_TuneCP5_13TeV-madgraphMLM-pythia8 20790
GJets_HT-100To200_TuneCP5_13TeV-madgraphMLM-pythia8 9238
GJets_HT-200To400_TuneCP5_13TeV-madgraphMLM-pythia8 2305
GJets_HT-400To600_TuneCP5_13TeV-madgraphMLM-pythia8 2744
GJets_HT-600ToInf_TuneCP5_13TeV-madgraphMLM-pythia8 93.46
ZH_HToBB_ZToNuNu_M125_13TeV_powheg_pythia8 0.1565
ZH_HToBB_ZToLL_M125_13TeV_powheg_pythia8 0.07924
ggZH_HToBB_ZToNuNu_M125_13TeV_powheg_pythia8 0.01222
ggZH_HToBB_ZToLL_M125_13TeV_powheg_pythia8 0.006185
WplusH_HToBB_WToLNu_M125_13TeV_powheg_pythia8 0.2819
WminusH_HToBB_WToQQ_M125_13TeV_powheg_pythia8 0.3654

Table 6.4: Background dataset names and corresponding cross-section for 2018 simulation

samples. Cross-section contains the branching fraction.
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parameters are listed in Table 6.5 for each model.

model scan parameters
2HDM+a m, my sinf tanp
Z’2HDM  my My
Baryonic-Z" mgx My

Table 6.5: Parameter scans for the signal models

Simulated samples of gluon-gluon fusion process for 2HDM+a are generated using
MadGraph5_aMC@NLO[171] at leading order (LO) with LHAPDF ID 305800 (NNPDEF31),
while bb initiated process is generated at Next-to-leading order(NLO). Parton showers
and hadronization were simulated with Pythia8 using the CP3[174] set of tuned paramet-
ers. The Baryonic-Z' model and Z’-2HDM model follow the same principle. Samples are
generated using MadGraph5_aMC@NLO[171]. LHAPDF ID 315200 is used to generate the
samples for Baryonic-Z’, and the Z’-2HDM model. Parton showers and hadronization
were simulated with Pythia8[173] using CP2[174] set of tuned parameters. All the
generated events passed through the CMS detector are simulated with GEANT 4 [169].

The generator level study has been performed to understand the shape variation of
ETiS due to the change in the parameter values for all three models. Fig. 6.2(top left)
shows that the distribution of EX*® changes when the value of m, is changed. Other
three parameters m,, tanf and sinf of 2HDM+a also represent similar trend as shown in
Fig. 6.2(bottom plots), shape changes for the different value of parameter. Fig. 6.3 shows
that m,4 and m/, scan of Z’-2HDM also have different shape for different values. m, does
not affect the shape in these two models. However, it does affect the shape in Baryonic-Z’
model as shown in Fig. 6.3.

6.2 Triggers

The trigger part is very important part of this analysis. Triggers are used to select the
interesting events for the analysis and reject those events which are not needed. The data
and simulation events used in this analysis are required to pass ET'*S and single electron
triggers. The events for the signal region! are collected with the help of the dedicated

1 Signal and control region are discussed in the Sec 8.2
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Figure 6.2: Generator level missing transverse energy distribution. Top plots show the
distribution for m, and m, scans while bottom plots show the distribution
for sinf and tanp. Missing energy is calculated by summing the momentum
vector of dark matter candidates.

ETSS trigoers, these EMS triggers are designed to select the events with large EM and
large HTSS which come from the online version of the particle-flow algorithm. In the
trigger algorithms, identified particle flow muons are removed from the event before the

single muon and double muons events in the muon control regions'. Events selected in
the single electron region and double electrons region are required to pass single-electron
trigger(s). Trigger details and performance are given in the Secs. 6.2.1 and 6.2.2.
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Figure 6.3: Generator level missing transverse energy distribution. Left plot is for Z’-
2HDM and right plot is for Baryonic-Z" model. Missing energy is calculated
by summing the momentum vector of dark matter candidates.

6.2.1 ETSS triggers

ETSS triggers are used in the CMS detector to select events that have missing transverse en-
ergy (MET). Table 6.6 shows the list of High-Level Trigger (HLT) paths. These High-Level
Trigger (HLT) paths used in the CMS detector to select events that have missing trans-
verse energy (MET) and missing transverse momentum (MHT) with no muon (NoMu)
with high identification efficiency (IDTight).

HLT path

HLT_PFMETNoMu120_PFMHTNoMul20_IDTight PFHT60
HLT_PFMETNoMu120_PFMHTNoMul20_IDTight
HLT_PFMETNoMu140_PFMHTNoMu140_IDTight

Table 6.6: List of HLT paths used in the analysis.

HLT path requires events to have a reconstructed MET with no contribution from identi-
fied muons above a threshold 120 GeV (OR 140 GeV). It also requires the reconstructed
MHT, which is the vector sum of all jet(with pr >20 GeV and |¢| < 5) momenta in the
event, to be greater than 120 GeV (OR 140 GeV). First HLT path in the Table requires
the presence of sum of the jet with(with pr > 30 GeV and |7| < 2.5) transverse momenta
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greater than or equal to 60 GeV (PFHT60).

The performance of the EM* triggers (in an OR) is measured using single muon events
(W — upv decays) after requiring the full selections of the analysis. In particular, single
muon events are selected from the Single Muon dataset, and events are required to pass

the following selections:

Tight ID for Muon Identification 2

Tight Isolation (PFIsoTight)
* Muon momentum (p1 ) greater than 30 GeV and pseudorapidity (|1|) less than 2.4.

* Muon trigger HLT_IsoMu27 for 2017 and HLT_IsoMu24 for 2018

Central AK4jet with momentum(pr ) larger than 50 GeV

Additional AK4jets with momentum(pr ) larger than 30 GeV.

The trigger efficiency is computed as a function of the EF'® recoil i.e. EF'*® computed
without including the muon. The definition of trigger efficiency is given in the Eq. 6.1.

(OR of E‘TniSS triggers) and (selections)

ElSStrigger efficiency = (6.1)

(selections)

The efficiency has also been measured in the single electron region, where events are
required to have an exact one electron, and the electron should pass tight identification
criteria®. The efficiency is computed in data and simulation events as shown in Fig. 6.4 for
the both categories. The difference in the efficiency has been observed on data and Monte-
Carlo for both years. We calculated scale-factors by taking the ratio of data and MC and
applying them in the analysis. Scale-factors are also shown in Fig. 6.4(bottom plots). The
full difference between single muon events (W — pv) and single electron events (W — ev)
scale factor curve is used as systematic uncertainty due to the Ef'S triggers.

We also checked trigger scale-factor for boosted case by replacing AKS8jet with pt > 200
GeV and || < 2.5, scale-factor curves look same for ETSS > 250 GeV (ER'sS > 250 GeV
is used for boosted category). Fig. 6.5 shows comparison of EFS trigger scale-factors in
resolved and boosted categories.

2 Muon selection is explained in coming Sec 6.3.2
3 Electron identification is explained in coming Sec. 6.3.1
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Figure 6.4: I trigger turn-on curve measured in single muon events and single electron
for 2017 and 2018 (Upper and middle left plots are for single muon events and
right plots for single electron events). The trigger turn-on is computed as a
function of the recoil (ET*® without including the muon) in single muon events
and as a function of ET'S in single electron events. Efficiency in simulation
is measured using W+jets samples. Lower plot shows scale factor in single
electron and single muon events. Bottom pad shows the ratio of curve between

electron region and muon region.
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Figure 6.5: Comparison of EM*® trigger scale-factor curve for resolved and boosted cat-
egories. Scale-factors are same for both categories.

6.2.2 Electron Triggers

Following single electron triggers are used to select events in single electron and double
electron regions for 2017 and 2018 :

e HLT_Ele32_WPTight_Gsf_L1DoubleEG for 2017.

e HLT_Ele32_WPTight_Gsf for 2018: standard single-electron trigger with tight iden-
tification and isolation requirements. The electron EHLT is required to be above 32
GeV in 2017-2018

2017 trigger is seeded by the normal single L1 EG seeds and the double EG seeds. This
trigger is super-set of HLT_Ele32_WPTight_Gsf_v* and exits only after run 302026, the
start of Run2017D. So the trigger is turned into a HLT_Ele32_WPTight_Gsf_v trigger,
by requiring the trigger object to pass hltEle32L1DoubleEGWPTightGsfTrackIsoFilter
and h1tEGL1SingleEGOrFilter, because h1tEle32L1DoubleEGWPTightGsfTrackIsoFilter
is the last filter of HLT_Ele32_WPTight_Gsf_L1DoubleEG and after making a trig-
ger object hl1tEGL1SingleEGOrFilter, we directly get the trigger object that passes
HLT_Ele32_WPTight_Gsf_v.
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Efficiency for the electron trigger is taken from mono-jet analysis[176], and it is measured

in data and MC using a "tag and probe". The efficiency is shown in Fig. 6.6 for 2017 and
2018.
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Figure 6.6: Electron trigger efficiency for 2017 (left) and 2018 (right) [176].

6.3 Object Selection For Analysis

In the analysis, a variety of physics objects are employed to identify signal-like events,
suppress the background, and define the control region for background estimation. A
selection criterion is applied to those reconstructed objects to identify the genuine object
for the analysis. The selection of each object is described in this section.

6.3.1 Electron Selection

Electrons are used to remove electroweak backgrounds and to define control regions in
this analysis. The reconstructed electron can be a real or fake electron, therefore, some off-
line selections are applied to select well-reconstructed electrons for the analysis. Two type
of selections are imposed to identify the electrons, loose selections and tight selections.
Electrons passing the loose choices are referred to as "Loose Electrons," whereas elec-

trons passing the tight selections are referred to as "Tight Electrons". The loose electron
selections are as follows:
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* Electron momentum (pr ) greater than 10 GeV

e Absolute pseudo-rapidity(|y| ) less than 2.5: The electrons which are reconstructed
in the gap between the ECAL barrel and endcaps (1.4442 < || < 1.566 region) are

excluded in the analysis.

e Loose ID: This has a set of cuts which are mentioned in the Table 6.7.

Selection

Selection

Variable
(Barrel) (Endcap)
Full 5x5 oyyiy < 0.0112 < 0.0425
| Atseea |(difference in 77 between the supercluster and track) < 0.00377 < 0.00674
| A¢iy, |(difference in ¢ between the supercluster and track) < 0.0884 < 0.169

H/E(Hadronic over Electromagnetic energy)

< 0.05+1.16/Esc(GeV) + 0.0324p/ Esc(GeV')

< 0.0441 + 254/ Esc(GeV) +0.183 % p/Esc(GeV)

Relative isolation (p correction)

< 0.112 +0.506/ pr(GeV)

0.108 + 0.963/ pr(GeV)

1/E(Super Cluster energy GeV) - 1/p(track momentum GeV)

< 0.193

< 0.111

Expected Missing Inner Hits

<1

<1

Pass Conversion Veto

Yes

Yes

Table 6.7: Loose electron identification criteria[177]. In the table p represents the median
of the transverse energy density per unit area in the event. 0;,;, represents
the energy spread along the 5 direction in the ECAL . It is commonly used as a
discriminant to distinguish between genuine electrons and background sources

such as jets or photons.

In the signal region*, events with these well-reconstructed electrons are rejected to

suppress the electroweak backgrounds.

The tight electron selections are as follows:

¢ Electron momentum (pr ) greater than 40 GeV

* Absolute pseudo-rapidity(|7| ) less than 2.5: The electrons which are reconstructed

in the gap between the ECAL barrel and endcaps (1.4442 <7 < 1.566 region) are

excluded in the analysis.

 Tight ID: A set of cuts of tight ID are mentioned in the Table 6.85.

The electrons with tight identification criteria are used in defining certain control regions*

for estimating the major backgrounds using a data-driven manner in the analysis.

4 Signal region and control region are discussed in the Sec 8.2
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Variable Selection Selection
(Barrel) (Endcap)

Full 55 0y < 0.0104 < 0.0353
| Atjseea |(difference in ;7 between the supercluster and track) < 0.00255 < 0.00501
| A¢in |(difference in ¢ between the supercluster and track) < 0.022 < 0.0236
H/E(Hadronic over Electromagnetic energy) < 0.026 +1.15/Esc(GeV) +0.0324p/ Esc(GeV) | < 0.0188 4-2.06/Esc(GeV) +0.183 % p/Egc(GeV)
Relative isolation (o correction) < 0.0287 +0.506/ pr(GeV) 0.0445 +0.963/ pr(GeV)
1/E(Super Cluster energy GeV) - 1/p(track momentum GeV) < 0.159 < 0.0197
Expected Missing Inner Hits <1 <1
Pass Conversion Veto Yes Yes

Table 6.8: Tight electron identification criteria. In the table p represents the median of
the transverse energy density per unit area in the event. 0;,;, represents the
energy spread along the 7 direction in the ECAL . It is commonly used as a
discriminant to distinguish between genuine electrons and background sources
such as jets or photons.

6.3.2 Muon Selection

Same as electrons, reconstructed muons can be fake muons. Offline selection is applied to
select well-reconstructed muons for the analysis. Two types of muons are selected, "loose
muons" with loose selection and "tight muons" with tight selection.

In order to identify loose muons in the event, we use the following selections.

* Muon momentum (pr ) greater than 10 GeV and pseudo-rapidity (|77|) less than 2.4.

e Loose ID for muon identification

* Loose Isolation: Muon isolation is strong variable to distinguish between real muons
and fake muons. The muon isolation cut is defined as :

- Z PchhadT + mux[o’ Z E¥euthad T Z E% o A,B]
Lo = pron (6.2)

where P$hhad represents the transverse momentum of the PF change hadrons which

neuthad
ET

are not originating from primary vertex. And represents the neutral hadron

particles. AB Correction represents pileup correction and defined as

1 chahad
AB = 5 Y Pr (6.3)
PU

Loose Isolation has relative PF-isolation value < 0.25 and Ap correction 0.4.
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Loose muons in this analysis are used to remove electroweak background, loose muon
veto is applied in the signal region and electron regions.
In order to identify tight muons in the event, we use the following selections.

e Muon momentum (pr ) greater than 20 GeV and pseudo-rapidity (|77|) less than 2.4.
¢ Tight ID for Muon Identification

* Tight Isolation : Tight Isolation has relative PF-isolation value < 0.15.

These tight muons are used to define certain control regions (single muon and double

muons) to estimate major backgrounds in a data-driven manner.

6.3.3 Tau Selection

In this analysis, taus are primarily utilized to reduce electroweak backgrounds. The selec-

tion criteria for taus are defined as follows:

e Tau momentum(pr ) greater than 20 GeV and pseudorapidity |#|less than 2.3

* "DecayModeFinding" should be true. The "DecayModeFinding" discriminator is de-

signed for identifying the hadronic decay mode of tau leptons.
* A loose isolation required (byLooseIsolationMVArun2017v2DBoldDMwLT2017)

* Loose discriminator against Electron(againstElectronLooseMVA6): It is designed to
discriminate against electrons and reject tau candidates that exhibit electron-like

characteristics.

* Loose discriminator against Muon (againstMuonLoose3): The purpose of the
againstMuonLoose3 discriminator is to suppress the misidentification of tau can-
didates as muons, as muons and taus can have similar signatures in the detector. By
applying the "againstMuonLoose3" discriminator, tau candidates that pass certain
criteria are considered "loose" against muons, meaning they are less likely to be

misidentified as muons

Tau are selected based on the above selection.
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6.3.4 Photon Selection

A photon veto is applied in the analysis to suppress the backgrounds (Z(vv) + y+jet,
W (4v) + y+jet). The following selections are applied to select the photon candidates:

* Photon loose Identification
e Photon momentum (pr) greater than 30 GeV and pseudo-rapidity(|#| ) less than 2.5.

Details of cuts for loose photon identification are given in Table 6.9. The isolation value

is computed in an AR cone of 0.3 and is corrected for pileup using the p-correction.

Variable Selection (Barrel) Selection(EndCap)

H/E(Hadronic over Electromagnetic energy) | 0.04596 0.0590

Full 5X5 07, 0.0106 0.0272

PF charged hadron isolation 1.694 2.089

PF neutral hadron isolation 24.032 + 0.01512*pr(GeV) + 2.259e-05*p%(GeV) | 19.722 + 0.0117*pr(GeV) + 2.3e-05*p%(GeV)
PF photon isolation 2.876 + 0.004017*pr(GeV) 4.162 + 0.0037*pr(GeV)

Table 6.9: Photon identification criteria

In addition to the above selections, photons are required to not overlap with electrons,
muons, and AK4jets within AR > 0.4

6.3.5 AKd4jets Selection

As we discussed in jet reconstruction Sec. 5.3.1, jets are reconstructed using the anti-kr
algorithm [178] with a distance parameter R = 0.4, referred to as "AK4jets". In AK4jet clus-
tering, pileup mitigation is done with the Charge Hadron Subtraction (CHS) algorithm,
which removes charged particles coming from pileup vertices. The energy of reconstruc-
ted jets is calibrated as a function of jet prand || [179]. In order to compensate for pileup
effects, corrections based on jet area and energy density [152, 180] are applied. The com-
bination of jet energy calibration and pileup corrections is referred to as jet-energy cor-
rections (JEC). The global tags are used to apply the JEC to data and simulated events for
2017 and 2018 data-taking periods. In addition to JEC, jet energy resolution (JER) correc-
tions are also applied. The summary of global tags is given in the Table 6.10.

This analysis uses only those jets which pass the tight jet identification for both years. For
those jets, the set of cuts are given in Table 6.11. Selected jets are required to satisfy the
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conditions pr > 30 GeV and |1| < 2.5. They are further required not to overlap with loose

electrons and loose muons.

6.3.6 b-jet Identification

AKd4jets originating from the hadronization of b quarks are identified by the "DeepCSV"
algorithm [181]. This algorithm, a new version of the "CSVv2 tagger"[182], was developed
by employing a deep neural network with more hidden layers, more nodes per layer, and
simultaneous training in all vertex categories and jet flavors. The algorithm exploits high
and low-level observables related to the long lifetime of b hadrons and the high particle
multiplicity and mass of b-jets compared to light quark and gluon jets. The following

input variables are used in training:
e SV 2D flight distance significance
e Number of SV
o Track 77,
¢ Corrected SV mass
e Number of tracks from SV
* SV energy ratio
* 3D IP significance of the first four tracks
e AR(track, jet)
o Track(pr s ratio)
¢ Track distance

¢ Track decay length

Year Data MC

2017 94X_dataRun2_v11 94X_mc2017_realistic_v17
2018(ABC) 102X_dataRun2_v14 102X_upgrade2018_realistic_v21
2018(D) 102X_dataRun2_Prompt_v16

Table 6.10: Global tags summary for Data and MC for 2017 and 2018 data-taking periods
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PF JetID Tight ID
ln| <2.7 2.7 < || <3.0 | |n| >3.0
] <2.6 26 <|n| <27
(2018)
Neutral Hadron Fraction <0.90 - >0.02
Neutral EM Fraction <0.90 ‘ <0.99 >0.02 & <0.99 | <0.90
Number of Constituents >1 - -
Number of Neutral Particles - >2 >10

In addition for |y| <2.4

Charged Hadron Fraction >0 - -
Charged Multiplicity >0 - -
Charged EM Fraction - - -

]et pr

* Jety

Training is done using the jets with pr ranging from 20 GeV to 1000 GeV and within
the tracker’s acceptance. For b:c:udsg jets, the proportional ratio of the number of
jets of each flavor is set at 2:1:4. To minimize the dependency of the training on the
heavy-flavor quark production process, a combination of tf, and multijet events are used.
The performance of the DeepCSV was checked in the simulated pp collision events. Fig.
6.7 shows the b-jet identification efficiency versus the misidentification probability for
light jets (udsg) or c jets with jet pt >20 GeV and |y| < 2.4 in tt events. Performance is

Table 6.11: cuts applied in the JetID for 2017 and 2018

Summed tracks E7 ratio
AR(summed tracks, jet)
First track 2D IP significance above c threshold

Number of selected tracks

compared with previous taggers.
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Figure 6.7: b-jet identification efficiency vs misidentification probability for c jet and light
jets for various b tagging algorithms (JP, CSV, CSVv2(AVR), CSVv2, DeepCSV,
cMVAV2) in tt events. The DeepCSV tagger outperforms all the other b jet
identification algorithms, when discriminating against c jets or light-flavour
jets, except for b jet identification efficiencies above 70% where the cMVAv2
tagger performs better when discriminating against light-flavour jets [181].

The standard loose/medium/tight working points® defined by the BTV POG based on
the b-jet selection efficiency and misidentification rates are listed in Table 6.12. In this
analysis, b-jets are required to pass the standard medium working point (0.4941 for 2017,
0.4184 for 2018) for the resolved category and loose working point (0.1522 for 2017, 0.1241
for 2018) for the boosted category.

6.3.7 AKSjets Selection

At high energy, the Higgs boson decaying to b quarks can be produced with a large
Lorentz boost. Because of the strong boost of the parent particle, the decay products
often produce overlapping jets. Such jets are reconstructed with a distance parameter
of R = 0.8 to catch all of the decay products. These jets reconstructed using the anti-kr

Standard working points are defined for each b tagging algorithm using jets with pr > 30 GeV. These working
points, “loose” (L), “medium” (M), and “tight” (T), correspond to thresholds on the discriminator after which
the misidentification probability is around 10%, 1%, and 0.1%, respectively, for light-flavour jets
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WP Name | deepCSV | Year | mistag-efficiency
loose 0.1522 2017 10%
medium 0.4941 2017 1%

tight 0.8001 2017 1%

loose 0.1241 2018 10%
medium | 0.4184 2018 1%

tight 0.7527 2018 1%

Table 6.12: Table shows deep CSV working points and corresponding mistag rate.

algorithm are referred to as “AKSjets”. Contributions of pileup are reduced by filtering
the collections of PF particles used as input to the reconstruction of AK8jets with the
“pileup per particle identification” (PUPPI) algorithm [183]. The energy of AKSjets is
calibrated and corrected for pileup effects using a dedicated set of JEC that has been
specifically determined for AKSjets [184]. In addition to JEC, jet energy resolution (JER)
corrections are also applied. The global tags for AKS8jets are the same as those for AK4jets,
given in Table 6.10. The soft drop mass® (mgsp) of the AKS8jet is reconstructed using the
“modified mass drop tagger” algorithm, also known as the “soft-drop” (SD) algorithm
[185].

This analysis uses only those jets which pass the tight jet identification. The AKSjets are
required to satisfy the conditions pr > 200 GeV and |y| < 2.5. They are further required
not to overlap with loose electrons and loose muons within AR < 0.8.

6.3.8 Identification of b-jets in boosted topology

For the boosted analysis, AKS8jet is used to identify the Higgs boson, and b-tagging of the
AKSjet (H — bb) is checked using the DeepDoubleBvL tagger. This algorithm is based
on a deep neural network and is used for the identification of the boosted object decays
to pair of b quarks (e.g., H — bb). The algorithm is trained on 37 input parameters.
This exploits the correlations between the flight directions of b quarks by using the N-
subjettiness” axes to associate tracks and vertex to the sub-jets and building-related input

observables [186].

6 Soft drop is a jet grooming algorithm which removes soft and wide angle radiation from a jet.
7 N-subjettiness is an effective discriminating variable for tagging boosted objects and rejecting the background
of QCD jets with large invariant mass.
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Figure 6.8: DeepDoubleBvL performance for H — bb efficiency versus QCD misidentific-
ation probabilities, compared to previous douple-b tagger [186]. There are five
working points; loose (L), medium 1 (M1), medium 2 (M2), tight 1 (T1) and
tight 2 (T2).

The performance of the DeepDoubleBvL algorithm in discrimination of H — bbjets from
QCD multijet background is shown in Fig. 6.8. Jets are selected with a mass window of
20 < mgq <200 GeV and a pr window of 300 < pr < 1200 GeV. DeepDoubleBvL shows
better performance compared to previous double-b tagger. Lower curve shows less mistag
efficiency which means better performance. It has five working points (L, M1, M2, T1, and
T2), and we use M1 (0.86) working point to identify the Higgs boson decaying to a pair
of bottom quarks, which corresponds to a signal efficiency of 86% and a mistag rate of
1%.
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6.3.9 Missing Transverse Energy

The missing transverse energy(E™ ) is main observable in this analysis, it is computed as
the negative sum of the transverse momentum vectors of all the particle flow candidates
reconstructed in a given event as discussed in the Sec 5.8. The difference in momentum
between uncalibrated jets and calibrated jets is further applied to EX* as a correction
(Type-1 Corrections). In 2017 data taking, there was an issue of EE noise in the ECAL at
high |77| that increased the fake EM** tail in data. So, to reduce the effect of EE noise in
the ECAL endcap at high |7/, the EE noise mitigation technique® has been applied.

To mimic EM** in control regions, hadronic recoil has been computed by removing the pr
of the leptons from the EM* . The hadronic recoil is defined as

i — EITHiss A (6.4)

where pr! or pr'! is single or double lepton pr depending on the control region.

Events in data can end up with large spurious EX*S due to detector noise, miss-
reconstruction, and beam backgrounds. To remove these problematic events several
ETUSS filters listed in the Table [6.13] have been implemented in the Analysis.

MET Filters Year

good Vertices 2017 and 2018
globalSuperTightHalo2016Filter 2017 and 2018
HBHENOoiseFilter 2017 and 2018
HBHENoiselsoFilter 2017 and 2018
EE Bad SC Filter 2017 and 2018
EcalDeadCellTriggerPrimitiveFilter 2017 and 2018
BadPFMuonFilter 2017 and 2018

ecalBadCalibReducedMINIAODFilter 2017 and 2018

Table 6.13: MET filters used in this analysis for 2017 and 2018

8 The EE noise mitigation technique aims to reduce the impact of various sources of noise that can affect the
ECAL energy measurements, particularly in the endcap regions. This noise can arise from electronic noise,
spurious signals, or other instrumental effects.
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6.4 Monte Carlo Re-weighting

Monte Carlo (MC) simulation does not match exactly with the real data due to several
effects, including varying run conditions, detector inefficiencies, and theoretical uncer-
tainties on physics processes. Therefore, several corrections are applied to the simulation
in order to match its prediction to the data. In this section, we discuss all the corrections

and weights that are applied to several simulation processes.

6.4.1 Pileup re-weighting

The pileup condition present in the Monte Carlo samples does not exactly match the
pileup present in the data. The difference is corrected by reweighting simulated events to
match the PU distribution in the data.

We calculated the ratio between the distribution of the number of inelastic collisions in
data and the pileup profile in simulation. Proton-proton inelastic cross-section value of
(69.2 £+ 4.6%) mb is used to derive the distribution of the number of collisions in data.
Moreover, this ratio is applied as a function of the true number of generated inelastic
collisions in the event.

Fig. 6.9 shows the comparison between the distribution of the number of vertices in
Z— uu+iets events in data and simulation before and after the pileup reweighting. These

events are required to pass resolved analysis selection for the Z control region.

6.4.2 Trigger scale-factors

The first selection of events is to pass trigger(s) condition. Signal and muon regions are
required to pass EXS triggers. EXUS trigger efficiency is not same for data and simulation.
Hence, we measured trigger efficiency in data and MC and applied the ratio of data and

MC directly to the simulation as discussed in section 6.2.1.

Single electron and double electron regions are required to pass electron trigger(s). The
scale-factors to account for the difference in data and simulation has been used. Details

of trigger(s) and scale-factors are given the Sec 6.2.2.
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Figure 6.9: Distribution of the number of vertices in Z — uu + jets events in data and sim-
ulation before pileup re-weighting (left) and after pileup re-weighting (right)
in the resolved category. The Monte Carlo is normalized to the luminosity of
41.5 and 59.6 fb ™! for 2017 and 2018, respectively.

6.4.3 Lepton reconstruction and identification scale factors

The reconstruction and identification algorithms may not perfectly reproduce the efficien-

cies observed in real data due to various factors like detector effects, modeling limitations,

and mismodeling of the underlying physics processes. To account for these discrepancies,

scale factors are applied to adjust the efficiencies in simulation to match those in data. The

scale factors are typically derived as functions of lepton(electron or muon) kinematics,

such as transverse momentum (pr ) and pseudorapidity ().
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6.4.4 b-tagging scale factors

The efficiency of identifying b-tagged and non-b-tagged jets is known to differ between
data and simulation. In order to account for these differences, scale factors are applied to
the simulated data to correct for the disparities.

The BTV (B-Tagging and Vertexing) Physics Object Group (POG) provides the necessary
scale factors and their associated uncertainties for b-tagging of AK4jets for the specific
years, such as 2017 and 2018. These jet scale factors are then incorporated into the cal-
culation of event scale factors. To compute the event weight, the probability of the event

satisfying the b-tagging selection is first determined.

POATA) = [] & [J] (1-¢) (6.5)
i=tagged j=non tagged
i=tagged j=non tagged

where ¢; and SF; are b-tagging efficiency and scale factor of i jet as a function of jet pr,
1 and flavor. The event weight is calculated as the ratio of the probability of the event in
data (P(DATA)) to the probability of the event in the Monte Carlo simulation (P(MC)).

_ P(DATA)

= 0MC) 6.7)

This event weight is then applied to re-weight the simulation, adjusting it to better match
the characteristics and distributions observed in the data.

The provided scale factors for AK4jets are applicable to the jet transverse momentum
(p7) range of 20 GeV to 1000 GeV. For this specific analysis, a minimum pr requirement
of 30 GeV is imposed on the jets. If a pr of jet exceeds 1000 GeV, it is recommended to use
the scale factor provided for the upper boundary of 1000 GeV and double the associated

uncertainty.

6.4.5 DeepDoubleBvL scale factors

The DeepDoubleBvL scale factors play a critical role in boosted analysis. The DeepDouble-
BvL scale factors are provided for signal samples by the BTV Physics Object Group (POG).
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Misidentification rate for top quark faking as Higgs jet can be different in Data and
Simulation. Therefore, we have conducted dedicated measurement specifically for this
analysis to derive the mistag scale factors for tf events.

6.4.5.1 Mistagging scale-factor measurement for top quark jets

In order to calculate the differences between data and MC in misidentification rate for top
quark faking as Higgs jets. We performed this study based on the ¢f background sample.
We defined a control region that is orthogonal to our top control region. In this region,
the additional jet condition is inverted (njets > 2), and the mass window range (50-250)
is increased to get more statistics. In this region, selected events are largely enriched with
tt events, and other background contributions are from W+jets, single top, and diboson
production in association with jets and single top quark production. The DeepDoubleBvL
distribution for selected data and simulation is shown in Fig. 6.10(left).
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c c
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Figure 6.10: Left plot shows DeepDoubleBvL tagger distribution for data and all back-
grounds, and the right plot shows the distribution for subtracted data
and tf background only. The "Top" templates contain contributions from
tt samples. They are split up into different quark content of the fat jet. Match-
ing with b-quark and light quarks is performed with DR < 0.8. The main
contribution comes from events with "unmatched" top quarks.

The non - tf backgrounds are substracted from data, before calculating the scale factor.
The DDBvL distribution for substracted data and tf background is shown in Fig. 6.10.
Scale factors for the mistag rate from top quark jets are evaluated by comparing the
efficiency in substracted data and tf background. The scale factor is evaluated inclusively

and shown in Fig. 6.11. We can see from the plot that the inclusive mistag scale-factor is
20%.
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Figure 6.11: Inclusive scale-factor measured for tf samples.

6.4.6 Top prre-weighting

The pr spectra of top quarks in data are significantly softer than those predicted by the
various MC simulations based on either LO or NLO matrix elements interfaced with

parton shower. Hence, top pr spectrum in simulation is re-weighted as given below.

SF(pr) = 0.103 % exp(0.0118p7(GeV)) — 0.000134 * pr(GeV') 4+ 0.973 (6.8)

This top pr reweighting function is based on the parton-level results of Ref. [187] and
defined as the ratio of the top pr measured in data with respect to the theory predictions
at NNLO and from Powheg+Pythia8.

6.4.7 L1 prefiring

During the 2017 data taking, it was found that ECAL trigger primitives (TPs), located in
the most inner rings of the endcap region (2 < || < 3.0), exhibit a timing drift. And
because of this a significant fraction of high # TP being mistakenly associated to the
previous bunch crossing. And this increases of the L1 pre-firing rate for the calorimeter
based trigger.

Since Level 1 rules forbid two consecutive bunch crossings to fire, an consequence of
this (in addition to not finding the TP in the BXO0) is that events can be self vetoed if
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a significant amount of ECAL energy is found in the region of 2 < |5| < 3. The main
consequence of the pre-firing is an inefficiency in recording potentially interesting event
by the L1 trigger system.

To check the effect of the L1 pre-firing in the analysis, the analysis is repeated by removing
events with jets with pp > 100 and 2.25 < || < 3.0. EI* distribution in signal region is
used to check the effect.
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L . 0 L . 1 0 L — S EREE SRRy e
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Figure 6.12: L1 prefiring effect in signal region for boosted (left) and resolved (right) cat-
egory.

From the Fig. 6.12 we can see that the effect is around 2-6% in both categories. Hence, a
recipe provide by JETMET group has been applied to get the pre-firing weight for 2017
MC.

The prefiring weight is the final event weight, obtained as the product of the non prefiring
probability of all objects as shown in the equation:

w=1—P(prefiring) = [ (1- efyef(q, p(TEM))) (6.9)

i=photonsjets
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6.5 Reconstructed Higgs boson mass correction

Mass is very important observable to identify Higgs boson in this analysis. Therefore, we
correct mass peak in both resolved and boosted categories.

6.5.1 Softdrop mass correction

This analysis uses AK8 PUPPI softdrop[185] mass to tag Higgs boson in the boosted
category. In order to correct the Higgs boson mass peak, we applied puppi corrections
recommended by JMAR group. The soft drop jet mass(imsp) is calculated from the sum of
the four-momenta of the constituents that survived the grooming algorithm; it is then cor-
rected by a factor derived in simulated signal samples to ensure a pr and 77 independent

jet mass distribution. Two corrections are derived:

e Correction for generator level: mass peak shifts with pt, so corrections are com-
puted by performing fit to Mppg/Mce., as a function of pr of vector boson.

* Correction for reconstruction effects after gen level corrections applied: corrections

are computed by performing fit to Mg,/ Mpgeco as a function of prand 7.

Both corrections are applied to uncorrected PUPPI softdrop mass:
Msp_corr = Msp_uncorr X GenCorr x RecoCorr (6.10)

The final corrected softdrop mass is independent of prand 7.

Fig. 6.13a shows the shift in the signal peak due to the soft drop mass correction. With
this correction, the average gain in signal efficiency is 1-2 % depending on the phase
space of 2HDM-+a, but there is no overall gain in the sensitivity because the background
also changes. We also checked the effect on data/MC agreement as shown in Fig. 6.13b

region; the agreement does not change much after applying the correction.

6.5.2 Dijet invariant mass correction

Dijet invariant mass is constructed using two AK4jets and used to identify the Higgs
boson in the resolved category where, both AK4jets are required to pass the criteria
of b-tagging algorithm[181]. As we discussed in Sec 6.3.6, AK4jet originates from the
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Figure 6.13: Fig(a) shows the effect of b-jet regression on single. Fig(b) shows the valida-
tion of correction in the Top Control Region

hadronization of b quark. B hadron (meson) can decay hadronically and semileptonically.
Semileptonic decays lead to mismeasured energy due to escaping neutrino worsening the
b-jet resolution; thus it is important to improve b-jet energy scale and resolution.

b-jet energy regression is performed to correct the b-jet energy scale using a multidimen-
sional correction and information at the generator level. Correction is computed based on
the recommended recipe [188] for individual jets that attempts to more accurately estim-
ate the true b-jet energy. This improves the resolution of the dijet mass and also corrects
the mass peak, as shown in Fig. 6.14 for a single mass point of 2HDM+a. Corrections
improve the resolution, and the Higgs boson mass peak is shifted from 118 GeV to 121

GeV.
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Figure 6.14: Effect of b-jet regression correction in signal mass point of 2HDM+a for m 4 =
600 and m,; = 150 GeV.



BOOSTED ANALYSIS

7.1 Introduction

This analysis presents the search for dark matter produced in association with a boosted
Higgs boson decaying to a pair of bottom quarks. Due to a highly boosted Higgs, both
jets originated from b-quark overlap and reconstructed as a single fatjet(AKS8jet). Higgs
to bb decay mode has been identified using the DeepDoubleBvL algorithm. The boosted
analysis aims for the phase space where the Higgs boson is highly boosted, and the
DM mediator is massive. The final results are interpreted in terms of three benchmark
models, 2HDM-+a, Z’-2HDM, and Baryonic-Z’, which are described in the previous Sec
3.5.

7.2 Event Selection

This section describes the event selections of the boosted analysis. The boosted topology
targets boosted Higgs boson pr above 200 GeV. The boosted measurement employs a
single fatjet (AK8jet) with DeepDoubleBvL tagger algorithm[186] applied. This accounts
for the kinematics of the event where two AK4jets start to overlap. The event topology of
boosted analysis is characterized by the presence of large transverse missing energy and

an AKSjet recoiling against missing energy.
The ET* is required to be larger than 250 GeV. AKS8jet is required to have pr greater than

200 GeV, || less than 2.5 and soft-drop mass within [70,150] GeV mass window. Photon
veto and tau veto are applied to reduce the electro-weak backgrounds. The number of

135



136

BOOSTED ANALYSIS

additional AK4jets with pt greater than 30 GeV and |7| less than 2.5 are allowed to be a
maximum of two and outside the AKS8jet (AR > 0.8).

7.3 Signal Region

CMS Internal SR contribution

singlet

other

Figure 7.1: Background contribution in the signal region.

In addition to common selection, there are a few extra selections in the signal region.
AKSjet is also required to have DeepDoubleBvL tagger discriminator larger than 0.86.
Events with additional b-jets outside the AKS8jet are vetoed. Loose medium working point
criteria of DeepCSV is used to tag isolated b-jet. The number of electrons and muons
is required to be zero to reduces the tf and W + jets backgrounds. In order to reduce
QCD multijet background, anti-QCD requirement of A¢(EMS, AK4jet) greater than 0.4
is applied. The Table 7.1 provides a summary of event selection. Dominant backgrounds
are tf and Z(vv) + jets as shown in Fig. 7.1.

7.4 Control Region

We use control regions to perform data-driven estimates of the two largest SM back-
grounds, tfand Z(vv) + jets backgrounds. Here we define the dedicated control regions
to estimate these two SM backgrounds. The rest of the backgrounds hereafter referred to
minor backgrounds, will be taken directly from the simulation.
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Variable Selections
SR Z control region tt control region

Recoil(U) - 250 GeV 250 GeV

s 250 GeV - >50 GeV
1 1 1

Nasie (pr >200 GeV, (pr >200 GeV, (pr >200 GeV,
70 < mgp < 150 GeV, | 70 < mgp < 150 GeV, | 70 < mgp < 150 GeV,
DDBvVL >0.86) DDBvVL not applied) | DDBvL >0.86)

Ny, 0 0 1

Ngj <=2 <=2 <=2

N 0 2 1

mi - [60-120] GeV -

anti QCD A¢p(ETsS, AK4jet) | >0.4 - -

Ng,y 0 0 0

Natau 0 0 0

Table 7.1: Signal and Control region selections of the boosted category. Here "a" is for
"additional”, 1 is for lepton and j is for AK4jet

7.4.1 Top Control Region

We defined Top control region by requiring one lepton in addition to common selection.
DeepDoubleBvL score of AKSjet is required to be greater than 0.86. One additional b-jet
is required to increase the purity of this control region, this b-jet should be outside the
AKSjet (AR > 0.8). EIV'sS greater than 50 GeV is applied to reduce the W + jets background.
The set of cuts used to define Top control regions are listed in Table 7.1. Two control
regions are defined based on lepton flavor.

Electron region of Top control region is required exact one tight electron! and the num-
ber of loose muons? to be zero. We refer to electron region of Top control region as Top(e).

Similarly, muon region of Top control region is required exact one tight muon and the
number of loose electrons to be zero.

Many kinematic and diagnostic plots are presented for the combination of 2017 and 2018
data to understand data-mc agreement. The MC expected distribution and observed data

1 Definition of tight electron is explained in the Sec 6.3.1
2 Definition of loose muon is explained in the Sec 6.3.2
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for Recoil and Jet mass (mgq ) are shown in Fig. 7.2. Figure 7.3 shows the distributions for
fatjet pr and 7. Figure 7.4 shows distribution for fatjet ¢. Top background seems modelled
well as data and MC agreement is fine.
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Figure 7.2: A comparison of distribution of events observed in data and expected back-
ground for electron and muon regions. The two left plots are shown for the re-
coil distribution and two right plots are shown for softdrop mass distribution.
The lower panel shows a per-bin ratio of the data minus post-fit background
yields and the background expectation.
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Figure 7.3: A comparison of distribution of events observed in data and expected back-

ground. The left two plots are shown for the fatjet pr distribution and two

right plots are shown for fatjet # mass distribution.The lower panel shows a

per-bin ratio of the data minus post-fit background yields and the background
expectation.

7.4.2 Z Control region

We defined the Z control region to model irreducible Z(vv) + jets background by requir-
ing exact two leptons. This region does not have enough statistics; therefore, AKS8jet is not
required to pass DeepDoubleBvL score to gain enough statistics. Only pr, 17 and mass

selections are required as mentioned in common selection. In addition to common selec-
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Figure 7.4: A comparison of distribution of events observed in data and expected back-
ground for fatjet ¢ distribution.The lower panel shows a per-bin ratio of the
data minus post-fit background yields and the background expectation.

tion, b-jet veto is applied. And di lepton invariant mass (m;) window between 60 and 120
GeV is applied to select the Z candidate. The exact set of cuts is listed in Table 7.1.

The electron region of the Z control region is required to have two electrons, and at least
one of them should be tight electron. And Loose muon veto is applied. We refer double
electron control region as Z(ee).

Similarly muon region of Z control region is required to have two muons and at least
one of them should be tight muon. And Loose electron veto is applied. We refer double
muons control region as Z(upu).

The MC expected distribution and observed data for Recoil and my4 are shown in Fig. 7.5.
Figure 7.6 shows the distributions for fatjet pr and 7. Figure 7.7 shows distribution for
fatjet ¢. Top background seems modelled well as data and MC agreement is fine.
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Figure 7.5: A comparison of distribution of events observed in data and expected back-
ground for electron and muon regions. The two left plots are shown for the
recoil distribution and two right plots are shown for softdrop mass distribu-

tion.The lower panel shows a per-bin ratio of the data minus post-fit back-
ground yields and the background expectation.
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Figure 7.6: A comparison of distribution of events observed in data and expected back-
ground for electron and muon regions. The two left plots are shown for the
fatjet pr distribution and two right plots are shown for fatjet 7 mass distri-

bution.The lower panel shows a per-bin ratio of the data minus post-fit back-
ground yields and the background expectation.
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Figure 7.7: A comparison of distribution of events observed in data and expected back-
ground for fatjet ¢.The lower panel shows a per-bin ratio of the data minus
post-fit background yields and the background expectation.
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7.5 Signal Extraction And Background Estimation

In this chapter the fundamentals of the statistical treatment [189], the analysis likelihood
fit model are described. And simultaneous fit of signal and control region have been

discussed.

7.5.1 Statistical Concepts

The search for DM candidates in this analysis is performed with profile likelihood fit us-
ing binned distributions of mass observable in form of histograms based on background

predictions, observed data and signal model. The expected event yield can be written as:
NP (u,0) = p- 5(6) + B(9), (7.1)

where the y is signal strength, S and B represents signal and backgound events, and 6 are
nuisance parameters (NPs), including the systematic uncertainties which may affect the
expected yields. The signal strength y is chosen such that

0, background - only model
§= (7.2)
1, signal model

The best values of y and 6 are obtained in a profile maximum likelihood fit. The likeli-
hood of observing data events (N°>) given N®*P is constructed by the product of poisson
probabilities

L(N"*|u,0) = TTP(N{* |- ;(6) + Bi(6)) x [ [ G(0]6;, A)) (7.3)
i j

where i runs over each bins in signal region, and B;(f) is estimated from the control
region. The gaussian distribution is used to model the NPs, 9]- which can be constrained,
the systematic uncertainty j can affect the prediction in bin i. The log normal distribution
is used for some uncertainties, but it is not shown in likelihood function.The statistical
uncertainties are also used as additional NPs. The uncertainties in the statistical model
reduces the sensitivity w.r.t POI y and improves the data and monte-carlo prediction.

The maximisation of binned likelihood fit gives the value of y, and NPs 6 that maximise
the likelihood fuction written as /i and #. These maximum likelihood estimators are the
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collection of parameters that provide the best overall agreement between the prediction
and the data under consideration of systematic and statistical uncertainties.

A value of particular NP 6 corresponds to a +1¢ variation. A nuisance parameter (NP)
is a parameter that represents a source of uncertainty in the analysis, typically arising
from systematic effects or experimental uncertainties. The value of the NP is denoted by
. When the value of the nuisance parameter is set to 8 =0, it corresponds to the central or
nominal value. When the value of the nuisance parameter is set to § = —10, it represents
a variation by one standard deviation below the nominal value. This value is typically
associated with the lower bound or downward uncertainty of the nuisance parameter.
Conversely, when the value of the nuisance parameter is set to § = +10, it represents a
variation by one standard deviation above the nominal value. This value corresponds to
the upper bound or upward uncertainty of the nuisance parameter. By varying the value
of the nuisance parameter between 6§ = —10, 0§ =0, and 6 = +10, the analysis explores
the impact of systematic uncertainties on the final result or measurement.

If the post fit value of a nuisance has a central value different from zero, it is said to be
pulled. And if post fit value is lower than 10, it is said to be constrained.

In order to test a particular value of a hypothesis y, the profile likelihood ratio is build

Mu) = (7.4)

where numerator is maximised for all NPs 6 for specific 4 and denominator is max-
imised for total phase space in u and 6. b represents the value of NPs that maximise
the likelihood for given u known as conditional maximum-likelihood, while 7,8 are
unconditional maximum likelihood estimators. The A close to 1 shows good agreement
between data and hypothesized value of .

To establish upper exclusion limits on cross-sections for a signal-plus-background hypo-
thesis, the goal is to find the highest value of u that ensures the signal-plus-background
model agrees with the observed data within a specific confidence level (CL) The following
test statistic is build from the profile likelihood ratio:

—2InA(p) p <
. W <p (7.5)

0p>pu
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This test statistic is performed to determine the existence or absence of a signal in the
observed data. To determine how well the observed data matches the expected results,
we often use a measure called the p-value. The p-value represents the likelihood that if
we were to repeat the experiment multiple times, we would observe results as extreme or
more extreme than what we currently have. In other words, it calculates the probability
of observing a greater discrepancy between the expected and observed data, denoted as
q'n > qy. To calculate the p-values, we can utilize Wilks’ theorem[190], which states that
for nested hypotheses, the log-likelihood ratio test statistic in Equation 7.5 will, asymp-
totically for large samples sizes, follow a x*—distribution with one degree of freedom,
corresponding here to the signal strength parameter p.

With these findings, we can use the test statistic g, to calculate the p-value for a specific
signal strength y. The formula for computing the p-value based on the g, test statistic is
given by

obs

Pu= /_ q:o f(aulb)dgy, (7.6)

Pstb = /q  fquls +b)dgy, (7.7)
3

If ps1p < 0.05, signal model is excluded at 95% confidence level (CL).

However, if the expected number of signal is much lower than the background prediction,
the probability density function f(g,|b) and f(g,[s + b) will mostly overlap and the signal
hypothesis might be rejected when sufficiently large downward fluctuation in data takes
place. To avoid this CL, probability [191] is intriduced:

CL, = st (7.8)
I—po

The 95% confidence level upper limit on p is calculated as the value of y corresponding
to CLs (1-a) = 0.05 (1-0.95).
In addition to the previously discussed observed upper limit, the expected upper limit

can be determined through the following steps.

¢ Pseudo-data samples are generated based on the background model and systematic
uncertainties defined in the datacard.

¢ Each pseudo-data sample is fitted to the likelihood function, similar to the observed
data fitting.
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¢ The likelihood ratio distributions are constructed from the ensemble of fitted
pseudo-data samples, representing the distribution of the test statistic under the
background-only hypothesis.

¢ Quantiles are calculated from the likelihood ratio distributions, corresponding to
the desired confidence level (e.g., 95% confidence level).

¢ The median of the likelihood ratio distribution represents the median expected limit,
which gives the expected upper limit on the signal strength at the chosen confidence

level.

¢ Additional quantiles used to determine the 1¢ or 2¢ uncertainty bands around the
expected limit.

7.5.2 Background Estimation

Dominant backgrounds are estimated using control region. Two of the sensitive vari-
ables, ET** and Higgs boson candidate mass are used for signal extraction through max-
imum likelihood fit. The search is performed in three bin of EX' . In each EXS bin the
mgq distribution is used for signal extraction. The ranges of ET'** bins and number of bins

are:

e first 12 myq bins corresponds to EFS range: 250-350 GeV
e next 10 myy bins corresponds to ET* range: 350-500 GeV

e last 3 myq bins corresponds to EI* range: > 500 GeV

t —— tt Z(vv)jets «— DYjets

Top CR ZCR

1 rateParam

1 rateParam

Figure 7.8: Sketch of method used to connect the signal region background to control re-
gions through a scale factor. A common rateParam has been used for electron
and muon region.

The maximum binned likelihood fit is performed in the signal region and control regions
( Top(e), Top(u), Z(ee) and Z(up) ). The major backgrounds, Z(vv) + jets and tf, are con-
nected through rateParam commands between the signal and control regions.
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The normalizations of these backgrounds in the signal region are modified using rate
parameters (rateParams). RateParams provide a way to incorporate uncertainties in the
expected event yields for specific processes. The calculation of the rate parameter is done
by performing a likelihood fit in the control regions. The best-fit values within the allowed
ranges of the rate parameters maximize the agreement between the observed data and
the expected predictions and used as the scaling factor for the corresponding background
in signal region.

It is worth noting that common rateParams are used for both the electron and muon
flavors of the control regions. This ensures a consistent treatment of the rate uncertainties
across the different control regions.

The likelihood functions for control region and signal region are as following:
L(n|R%,0) = P(n;|[R°B(0) + B'(0)) x IjcsystG(6;, AY;) (7.9)
L(n)p,0) = WicpinsP(nilpt - Si(0) + Y R°B;(6) + B'(0)) x IjcsystG(6;, AG)) (7.10)
S

where i represent bin number of histogram, n represent observed events, B represent dom-
inant background, B’ represent minor background and R represent the rateParam. Sys-
tematic uncertainly (j) is added as a gaussian distribution of nuisance parameter NP(6).
The rateParams are also different for each year dataset. Total four scale factors are used
to control the normalisation of the major backgrounds. The rateParams estimated from
the fit are given in the Table 7.2. All the systematic uncertainties discussed in the next
section are added in the fit.

Control Region | Process | Normalisation Factor | YEAR
tt 0.993+0.032 2017
Top —
tt 1.078+0.0313 2018
7 Z+Jets | 1.014+0.0194 2017
Z+Jets | 0.933+£0.0161 2018

Table 7.2: Normalisation factor measured for tf and Z+Jets processes in Top and Z control
region for 2017 and 2018.
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7.6 Systematic Uncertainty

In the analysis, systematic uncertainties are considered to account for various sources of
uncertainty that can affect the measurement. These uncertainties are essential in assessing
the robustness and reliability of the analysis results. Systematic uncertainties arise from
different aspects, including experimental measurements and theoretical assumptions.
Systematic uncertainties are typically parameterized and treated as nuisance parameters
in the analysis. They are varied simultaneously with the likelihood fit or limit calculation
to explore the range of possible outcomes given the uncertainties. The impact of each
systematic uncertainty is quantified by evaluating its effect on the measured observables
and determining the corresponding uncertainty on the final results. Following are the list
of systematic uncertainties which are used in the fit:

¢ Integrated luminosity: All monte-carlo samples are scaled with the integrated lu-
minosity. In order to reflect the uncertainty on the integrated luminosity measure-
ment in 2017 and 2018 datasets, an uncertainty of 2.5% [192, 193] are used for the
normalization of Monte-Carlo samples.

¢ Electron reconstruction and identification: Electron reconstruction and identifica-
tion scale factors are used to correct the simulation in single and double electron
control regions. Therefore, systematic uncertainly for these scale factors is taken
into account.

¢ Electron trigger: Electron trigger uncertainty has been considered in Top(e) and
Z(ee) control regions. The shape based systematic uncertainty is used in the analysis.
An average uncertainly of electron trigger is 1%.

* Muon identification and isolation: The systematic uncertainty for muon identifica-
tion and isolation have been taken into account. Uncertainty for loose ID and tight
ID is taken into account in double muon region while tight ID is taken for single
muon region only.

¢ Tau veto: Tau systematic uncertainly is calculated by defining new signal region
with the tau. The measured systematic uncertainty is ~6% and taken as InN.

o ETiss trigger: The difference of scale-factor curve in single electron and single muon

region is taken as a systematic uncertainty.
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* b tagging: We ask for a b-tagged jet in Top control region. Therefore, b-tagging scale-
factors are applied in top control region. Shape based uncertainty is calculated for
real b jets (b flavor) and fake b-jets (light jets). The average uncertainly is 5%.

e DeepDoubleBvL: BTV provides systematic uncertainty for DeepDoubleBvL SF for
the range 250-850 GeV. For jet pr < 250 GeV and > 850 GeV, the scale factor is taken
from the neighbouring bin is taken with inflated systematic uncertainty (doubled),
i.e. for <250 GeV SF from 250-350 GeV is used, and for >850 GeV, SF from 350-
850 GeV is used. For mistag rate 4% is used as InN, this includes statistical and

systematic uncertainties.

¢ Jet Energy Calibration (JEC): Total 11 JEC source uncertainties are used for signal
and control regions. Maximum uncertainly is less than 3%. Following are the name
of JEC sources:

— JECAbsolute

— JECAbsolute_YEAR
- JECBBEC1

- JECBBEC1_YEAR
- JECEC2

- JECEC2_YEAR

— JECFlavorQCD

- JECHF

- JECHF_YEAR

— JECRelativeBal

- JECRelativeSample_YEAR

¢ Jet Energy Resolution (JER): Jets are smeared to match monte-carlo resolution with
data, hence 5% uncertainly taken into account for JER.

e Pile-up: The pileup re-weight scale factors are derived using 69.2 mb minimum bias
cross-section. Up and down uncertainties on scale factors are calculated by varying
4.5% minimum cross-section. A shape based systematic uncertainly is used.

¢ Parton distribution function (PDF): PDF affects the distribution and cross-section
of process. The uncertainty is calculated as positive square root of variance using
101 set of PDF weights.
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¢ QCD renormalization and scale factorization: For signal and SM h, we propagate
the alternative variations of renormalization and factorization scale which directly
affect the normalization and shape of Mj; distribution. It is represented as mu_scale
in the table. Each process has separate mu_scale nuisance.

¢ The QCD multijet background: An uncertainty of 50% is used for qcd normaliza-
tion in all regions for boosted and resolved categories.

* L1 prefiring: The shape based uncertainly is used for 11 prefiring.
* Muon prefiring: The recommended size of 0.5% uncertainly is used for 11 prefiring.

¢ Backgrounds taken directly from simulation prediction: An uncertainty of 10% is
assumed for the normalization of single top (approximately the uncertainty on the
measured cross-section), 20% on SM Higgs and diboson (assumed to have the same
uncertainty as SM Higgs).

e Monte Carlo Statistics: We considered finite Monte-Carlo statistical uncer-
tainly[194] such that it affects each bin of the final fitted distributions independently
from the other bins.

7.7 Results

Unrolled mass distribution of signal regions is shown in Fig. 7.9. Data is matching well
with SM expectations. No signal peak is observed over the SM backgounds hence results
are interpreted in terms of upper limits.

A simultaneous fit of the signal and control regions is performed to extract the expected
upper limit on signal production. The simultaneous fit of signal and background regions
control the normalization of the background processes by adjusting the prediction of
background yields in the control regions. The fit will, therefore, constrain the value of
normalization scale factors for each background in such a way that the data and simula-
tion matches. This is equivalent to measuring the data to simulation scale factor in the
control region and then applying them to the signal region. However, a simultaneous fit
is preferable because it takes care of the systematic uncertainties when propagating these
scale factor from control regions to the signal region.

The study of impact of each nuisance on parameter interest and pulls of each nuisance is
shown in Appendix E.
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Figure 7.9: A comparison of distribution of events observed in data and expected post fit
background in the signal region. Mass distribution is filled in three EF* bins.
The last MET bin includes all events with EX*S > 500 GeV. One signal hypo-
thesis (m,=150 GeV, m4=600 GeV, tanp =1, sinf =0.35) for 2HDM+a model is
also shown overlaid. The lower panel shows a per-bin ratio of the data minus
post-fit background yields and the background expectation. The black band
in bottom pad corresponds to the combined effect of systematic and statistical
uncertainty in the background expectation.

7.7.1 Interpretations

No significant excess over the expected Standard Model (SM) background is observed
in the Signal Region (SR). The results of the search are therefore interpreted in terms of
upper limits on the signal strength modifier, denoted as y = 045/ 0w Here, oy, represents
the predicted production cross-section of Dark Matter (DM) candidates in association
with a Higgs boson, and o, represents the upper limit on the observed cross-section.
The upper limits on u are calculated at a 95% confidence level (CL) using a modified
frequentist method[191, 195] with an asymptotic approximation[196].

The 95% CL upper limits on the signal strength, as a function of the mass of the heavy
pseudoscalar mediator (mjy ), are presented in Figure 7.10(a) for the 2HDM-+a model. In
this model, m, is fixed at 150 GeV, tanp is set to 1, and sinf is 0.35. The results combine
data collected in 2017 and 2018. The observed limit is represented by the red line, the
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expected limit by the black dotted line, the £10 uncertainty band by the green color, and
the +20 uncertainty band by the yellow color. The expected limit suggests that the mass
range from 600 to 1450 GeV is excluded.

Figure 7.10(b) displays the upper limit on the signal strength as a function of the vector
mediator for the Z’-2HDM model. The limit indicates that vector mediators with masses
ranging from 0.8 TeV to 2.6 TeV are excluded for mp = 400 GeV and m, = 1 GeV.

Lastly, Figure 7.10(c) represents the upper limit on the signal strength for the Baryonic-Z’
model. It reveals that vector mediators with masses below 2.3 TeV are excluded when
m, =1 GeV.
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Figure 7.10: The 95% CL upper limit on signal strength for the boosted analysis as a
function of: (a) heavier pseudoscalar mediator for 2HDM+a (b and c) vector
mediator for Z’-2HDM and Baryonic-Z’.



RESOLVED ANALYSIS

8.1 Introduction

In addition to the boosted analysis, this study also includes a resolved analysis to explore
the search for dark matter in association with a low boosted Higgs boson that decays into
a pair of bottom quarks. The resolved analysis is specifically designed to be sensitive to
the phase space where the mass of the DM mediator is relatively low. The final results
obtained from the resolved category are interpreted and analyzed within the framework
of three benchmark models: 2HDM+a, Z’-2HDM, and Baryonic-Z’, which have been com-
prehensively described in Section 3.5.

8.2 Event Selection

Events [Real data and simulation]

ZCR Top CR
[Boosted] [Boosted]

SR
[Boosted]

°
2
17
o
s}
o
=
o
c
=

If not boosted

e
[0}
2
7]
[}
[}
Qo
-
o
[=
=

ZCR Top CR
[Resolved] [Resolved]

SR
[Resolved]

Figure 8.1: Sketch of events flow. If event does not pass the boosted selections then the
resolved selections are checked. Exact selections are discussed in next section.
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This section gives a general overview of the resolved analysis and common selections
in signal and control regions. The resolved topology is included in the measurement
in addition to boosted analysis. If event does not pass boosted analysis selections, then
resolved category selections are checked as shown in the chart 8.1. The event topology of
the resolved category is characterized by the presence of large missing transverse energy
ETi® and a pair of b-jets from the Higgs boson decay recoiling against missing transverse
energy. Additional jet activity is expected to be low.

The EF* is required to be larger than 200 GeV. Higgs candidate is reconstructed using
two AK4jets passing medium working point criteria of DeepCSV algorithm [181]. And
among those two bjets, the first jet with the highest transverse momentum is required
to have pr greater than 50 GeV, while the second jet is required to have pr greater than
30 GeV. The dijet pis required to be greater than 100 GeV. The dijet invariant mass is
required to be larger than 100 GeV and less than 150 GeV. No photon and tau are allowed
in the events. The final events of the resolved analysis are split into signal and control
regions.

8.3 Signal Region

CMS Internal SR contribution

singlet

other

Figure 8.2: Background contribution in the signal region.

The SR selections are applied in addition to common selection to estimate the contamina-
tion background in the resolved category. Presence of loose electron and loose muons are
not allowed in the events. This additional lepton veto helps to reduce the W + jets and
tf backgrounds. Number of additional jets with pr greater than 30 GeV and || less
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than 2.5 is required to be 0,1 or 2. To reduce the QCD multijet background, minimum
A¢(EXSS jet) is required to be greater than 0.4. The summary of the selection is given in
table 8.1. Dominant backgrounds are tf and Z(vv) + jets as shown in chart 8.2.

Variable signal region  Z control region tt control region
Recoil - >200 GeV >200 GeV
Efiss >200 GeV <100 GeV >50 GeV

P!} (b-tagged) 50 GeV 50 GeV 50 GeV

P2 (b-tagged) 30 GeV 30 GeV 30 GeV

m; [100-150] GeV  [100-150] GeV  [100-150] GeV
pll >100 GeV >100 GeV >100 GeV

Nay 0 0 0

NaTau 0 0 0

anti QCD A¢(EXSS jet) >0.4 - -

Ngj <=2 <=2 >1

N 0 2 1

my - [60-120] GeV -

Table 8.1: Selection cuts applied in the resolved category. Here "a" is for "additional", 1 is
for lepton and j is for ak4jet

8.4 Control Region

We use control regions to perform data-driven estimates of the two largest SM back-
grounds, tf and Z(vv) + jets backgrounds. Here we define the dedicated control regions
to estimate these two SM backgrounds. The rest of the backgrounds hereafter referred to
minor backgrounds, will be taken directly from the simulation.

8.4.1 Top Control region

Same as boosted analysis, top control region is defined to model the tf background
by requiring one lepton in addition to common selection. In order to reduce the
W 4 jets background and to increase the purity of this control region, EM* greater than
50 GeV and additional jets greater than O are applied. Based on lepton flavour, this
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control region is also divided into two regions; electron region and muon region. Details
of cuts are given in Table 8.1 In single electron region, exact one tight electron is required
and loose muons are vetoed. We refer to the single electron top control region as Top(e).
In single muon region, loose electrons are vetoed and exact one tight muon is selected.
We refer to the single muon top control region as Top(u).

A comparison of distribution of events observed in data and expected background for
Recoil, Mj;, Jetlpr, Jetly, Jetldp, Jet2pr, Jet2y, and Jet2¢ is shown in Figs. 8.3, 8.4, 8.5,
8.6. Bottom pad shows the difference of Data and MC. Data-MC agreement is good in all
distributions.

8.4.2 Z Control region

The definition of Z Control regions is same as described in boosted category. Two leptons
are required to define Z Control region where one of them should pass tight identification
criteria. Loose muon veto is applied in electron region and electron veto is applied in
muon region. In order to reduce the tf background and to increase the purity of this
control region, EXS less than 100 GeV are applied. Details of selection are given in the
same Table 8.1.

Data-MC agreement is shown in Figs. 8.7, 8.8, 8.9 and 8.10 for Recoil, Mj;, Jetpr, Jety,
Jet¢. Control region is dominated by DY + jets background, and it seems modelled well.

8.4.3 QCD Control region

In the resolved category, the modeling of the QCD background is not good. To overcome
this, we have introduced an additional QCD control region where we estimate the QCD
contribution using a data-driven method. This control region is defined by inverting the
AP (ETSS jet) cut to be less than 0.4, while keeping other selections the same as the sig-
nal region. The QCD estimation is performed by fitting an exponential function to the
A¢p(ERss jet) distribution (up to 0.4) in the QCD region. The integral of the fit function
from 0.4 to 3.14 provides the estimated number of QCD events in the signal region. This
estimation is done separately for each bin of the main observable, which is the mass
distribution consisting of 43 bins.

The estimated QCD contribution, obtained using the data-driven method, is shown in
Figure 8.11, where the x-axis represents the bin number of the main observable and
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Figure 8.3: A comparison of distribution of events observed in data and expected back-
ground in electron and muon of the top control region for resolved category.
Left plot is shown for Recoil distribution and right plot is shown for inclus-
ive distribution of mj;. Top plots are for electron region and bottom plots are
for muon region. The lower panel shows a per-bin ratio of the data minus
post-fit background yields and the background expectation. The shaded band

corresponds to the statistical uncertainty in the background expectation.

y-axis represents the number of events estimated from data driven method. The main
observable will be discussed in the next section. The plots depict the estimated QCD

events in the signal region, which have been added to the respective bins of the mass
distribution.
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jet2 pr . Top plots are for electron region and bottom plots are for muon region.
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The lower panel shows a per-bin ratio of the data minus post-fit background
yields and the background expectation. The shaded band corresponds to the
statistical uncertainty in the background expectation.
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Figure 8.5: A comparison of distribution of events observed in data and expected back-
ground in electron and muon region of the top control region for resolved
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jet2 n7. Top plots are for electron region and bottom plots are for muon region.
The lower panel shows a per-bin ratio of the data minus post-fit background

yields and the background expectation. The shaded band corresponds to the
statistical uncertainty in the background expectation.
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Figure 8.6: A comparison of distribution of events observed in data and expected back-
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jet2 ¢. Top plots are for electron region and bottom plots are for muon region.
The lower panel shows a per-bin ratio of the data minus post-fit background
yields and the background expectation. The shaded band corresponds to the
statistical uncertainty in the background expectation.
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Figure 8.9: A comparison of distribution of events observed in data and expected back-
ground in electron and muon region of the Z control region for resolved cat-
egory. Left plot is shown for jetl # distribution and right plot is shown for jet2
1 distribution. Top plots are for electron region and bottom plots are for muon
region. The lower panel shows a per-bin ratio of the data minus post-fit back-
ground yields and the background expectation. The shaded band corresponds
to the statistical uncertainty in the background expectation.
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Figure 8.10: A comparison of distribution of events observed in data and expected back-
ground in electron and muon region of the Z control region for resolved
category. Left plot is shown for jetl ¢ distribution and right plot is shown
for jet2 ¢ distribution. Top plots are for electron region and bottom plots are
for muon region. The lower panel shows a per-bin ratio of the data minus
post-fit background yields and the background expectation. The shaded band
corresponds to the statistical uncertainty in the background expectation.
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8.5 Background Estimation

For the resolved analysis, the search is performed in four bins of E* . In each E'S bin
the m;; distribution is used for signal extraction. The mj; and ETS binning are kept same

for SR and CRs. The ranges of EF'* bins and number of bins are:
e first 18 mass bins are corresponds to EX'* range: 200-250 GeV
e next 11 mass bins are corresponds to EF® range: 250-290 GeV
e next 7 mass bins are corresponds to EX*S range: 290-360 GeV
e next 4 mass bins are corresponds to XS range: 360-420 GeV

e last 3 mass bins are corresponds to EF'® range : > 420 GeV

Fit strategy is same as discussed in boosted analysis. The maximum binned likelihood
fit is performed in signal region and control regions. The normalisation of the domin-
ant backgrounds Z(vv) + jets and tf in the signal region and in the control regions are
simultaneously connected using rateParams. A common rateParam is used for electron
and muon flavour of the control regions. The likelihood functions for control region and

signal region are as following:
L(n|R*,0) = P(n;|R°B(0) + B'(0)) x Ijesyst G(8}, AD;) 8.1)
L(n|p,0) = WicpinsP(nilpe - S;(0) + Y _R°B{(0) 4+ B'(0)) X Ijesys:G(6;, AD;) (8.2)

where i represent bin number of histogram, n represent observed events, B represent dom-
inant background, B’ represent minor background and R represent the rateParam. Sys-
tematic uncertainly (j) is added as a gaussian distribution of nuisance parameter NP(0).

The rateParams are also different for each year dataset. Total four scale factors are used
to control the normalisation of the major backgrounds. The rateParams estimated from
the fit are given in the Table 8.2. All the systematic uncertainties discussed in the next

section are added in the fit.

8.6 Systematic Uncertainty

As we know that systematic uncertainties can arise from a wide range of sources, such
as detector calibrations, efficiency of particle identification, energy scale and resolution,
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Control Region | Process | Normalisation Factor | Year
tf 1.084-0.02 2017
Top =
tf 1.0440.02 2018
7 Z+Jets | 1.01+0.05 2017
Z+Jets | 0.961+0.04 2018

Table 8.2: Normalisation factor measured for tf and Z+]Jets processes in Top and Z control
region for 2017 and 2018.

luminosity determination, background modeling, and theoretical predictions. They are
distinct from statistical uncertainties, which arise due to the limited number of events in
the data sample.

Effect of systematic on shape is shown in appendix D. We have considered all the ex-
perimental and theoretical uncertainties in the fit. Most of the systematic uncertainties in
resolved analysis are same as discussed in boosted analysis.

The list of systematic uncertainties along with average value has been shown in Table 8.3.

8.7 Results

Unblinded result of resolved analysis is not approved yet, therefore data is not shown in
signal region, backgrounds are shown only, final results are interpreted in terms of upper
limits with simulation only. Unrolled mass distribution is shown in Fig.8.12 where data
is just sum of SM backgrounds. The upper limits on p are calculated at 95% confidence
level (CL) using a modified frequentist method [191, 195] computed with an asymptotic
approximation [196].

8.7.1 Interpretations

In the resolved analysis, the same signal models are utilized for the interpretations. For
the 2HDM-+a model with m, = 150 GeV, tanp = 1, and sinf = 0.35, the upper limits on the
production cross-section at a 95% confidence level (CL) are presented as a function of
my in Figure 8.13(a). The plot combines the data from 2017 and 2018. The black dotted
line represents the expected limit, while the green and yellow bands represent the £1c
and +2c¢ uncertainties, respectively. According to the expected limit, the mass range
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Nuisance Region Uncertainty(%) | Type
CMSYEAR_PU All 2-3 shape
CMSYEAR _eff b Signal & Top CR | 4-5 shape
CMSYEAR _veto_tau All 6 InN
CMSYEAR_gecd_norm All 50 InN
lumi All 2.5 InN
JER All 5 InN
JECAbsolute All 2 shape
JECAbsolute_YEAR All 1 shape
JECBBEC1 All 1 shape
JECBBEC1_YEAR All 0.5 shape
JECEC2 All 0.1 shape
JECEC2_YEAR All 0.5 shape
JECFlavorQCD All 2-3 shape
JECHF All 0.1 shape
JECHF_YEAR All 0.03 shape
JECRelativeBal All 0.5 shape
JECRelativeSample_YEAR All 0.5 shape
CMSYEAR_pdf All <1 shape
CMSYEAR_qcd_scale_dyjets | All 5 shape
CMSYEAR_qcd_scale_tt All <5 shape
CMSYEAR_qcd_scale_singlet | All <5 shape
CMSYEAR_qcd_scale_smh All <5 shape
CMSYEAR_qcd_scale_ged All <5 shape
CMSYEAR_qcd_scale_wijet All 5 shape
CMSYEAR_qcd_scale_gjets All <5 shape
CMSYEAR_trig_met Muon & Signal | 0.5 shape
CMSYEAR_prefire All 1 InN
CMSYEAR_fake_b All 4-5 InN
CMSYEAR_EleTrig Electron 1 shape
CMSYEAR_EleRECO Electron 3 shape
CMSYEAR_EleID Electron 0.5 shape
CMSYEAR_MulD Muon 0.5 shape
CMSYEAR_MulSO Muon 0.05 shape

Table 8.3: List of systematic Uncertainty. Some of the uncertainties denoted by "YAER"
indicate that they are uncorrected between the 2017 and 2018 data periods.
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Figure 8.12: Mass distribution in five E¥** bins. The last MET bin includes all events with
EMsS > 420 GeV. One signal hypothesis for 2HDM+a model is also shown
overlaid where m, is fixed 150 GeV, tanf = 1, sinf = 0.35. The lower panel
shows a per-bin ratio of the data minus post-fit background yields and the
background expectation.

from 420 to 1100 GeV is excluded for this model.

Moving to Figure 8.13(b), it displays the expected limit as a function of the vector
mediator Z’ for the Z’-2HDM model, considering ma = 400 GeV and m, = 1 GeV. The
expected limit in this model indicates that the mass range from 0.7 TeV to 1.6 TeV is
excluded. Notably, the resolved analysis excludes a vector mediator mass of 0.7 TeV,

which was not excluded in the boosted analysis.

Lastly, Figure 8.13(c) showcases the expected limit as a function of the vector mediator Z’
for the Baryonic model, considering m, = 1 GeV. Here, vector mediator masses below 1.7
TeV are excluded according to the expected limit.
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COMBINED RESULTS OF BOOSTED AND
RESOLVED ANALYSES

This analysis combines the resolved and boosted analyses to comprehensively search for
dark matter produced in association with a Higgs boson decaying into a pair of bottom
quarks. By combining the both analyses, we maximize the sensitivity of this search.
Since the resolved analysis is still blinded, we combined the boosted and resolved ana-
lyses using simulation data only. We present the expected upper limit on the production
cross-section of Dark Matter.

The combination was carried out at the data card level, where we included signal and con-
trol regions from both analyses and performed a simultaneous fit. The resolved analysis
is more sensitive to the low-mass region, while the boosted analysis is more sensitive to
the high-mass region. Therefore, by combining the two, we obtained greater sensitivity
over a large phase space of signal models.

We begin by discussing the impact and pull of nuisance parameters, which are crucial
for accurately quantifying uncertainties in our analysis. We then proceed to interpret our
results in the context of three theoretical models: 2HDM+a, Z’-2HDM, and Baryonic-Z’.
Specifically, we present the expected limits on the production cross section of dark matter

particles in each of these models.

9.1 Systematic Uncertainty

The combination analysis used the same systematic uncertainties as those used in the
boosted and resolved analyses. Some of the uncertainties are correlated, while others are
uncorrelated between the two analyses.

The following uncertainties are uncorrelated:

¢ The MET trigger
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QCD renormalisation and factorisation

Parton distribution function (PDF)

* b-tagging

Electron reconstruction and identification

e Muon reconstruction and identification

JEC source (JECAbsolute_YEAR, JECBBEC1_YEAR, JECEC2_YEAR, JECHF_YEAR,
JECRelativeSample_YEAR)

The following uncertainties are correlated:
* Luminosity
* JER

¢ JEC source (JECAbsolute, JECBBEC1, JECEC2, JECFlavorQCD, JECHF, JECRelative-
Bal)

9.2 Asimov fit : Impacts and pulls

The impact of each source of uncertainty is studied. Fig. 9.1 shows the impact of nuisance
parameters. Here, 7 denotes the best likelihood fit value of signal strength and error. The
middle column represents the shift in the signal strength with respect to the best fit. It
shows the difference between the best-fit nuisance and the pre-fit nuisance. The error
bar denotes how much nuisance is constrained during the fit. 6y is the pre-fit nuisance
parameter (NP), § is the best-fit nuisance, and Af is the uncertainty of NP. The last column
shows the impact of each NP on 7 with its ¢ deviation, while other NPs are fixed to best-
fit values. As the analysis is blinded until it is pre-approved, hence, fitting is performed
using Asimov data.

Among the nuisance parameters, the most constrained one is mu_scale_dyjets, which
corresponds to the QCD factorization and renormalization scale. This nuisance has a
large uncertainty variation for DY + jets simulated samples. That’s why it is constrained.
In DY + jets samples, there was an issue in generating these samples. A parameter was
mistakenly set at the generator level, causing the scale weights to be altered by a certain
factor. As a result, the uncertainty for the QCD scale became significant. Due to large

uncertainty, it has large impact on the parameter interest.
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All other uncertainties look fine and do not show significant constrained or pull on the
signal strength. A separate plot for pulls on each nuisance parameter value is shown in
Fig 9.2.
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Figure 9.1: Impact of nuisances for combination of resolved and boosted with combined
2017 and 2018 data.



CMS2017_DoubleB_eff|
CMS2017_DoubleB_mistag
CMS2017_ElelD
CMS2017_EIeRECO
CMS2017_EleTrig
CMS2017_MulD
CMS2017_MulSO|
CMS2017_PU
CMS2017_eff_b
CMS2017_fake_b!
CMS2017_jer,
CMS2017_mu_scale_diboson
CMS2017_mu_scale_dyjets
CMS2017_mu_scale_ged
CMS2017_mu_scale_singlet
CMS2017_mu_scale_smh
CMS2017_mu_scale_tt
CMS2017_mu_scale_wjets
CMS2017_muon_prefiring
CMS2017_pdf
CMS2017_prefire
CMS2017_qed_norm
CMS2017_trig_met;
CMS2017_veto_b!
CMS2017_veto_tau

CMS2018_DoubleB_eff[

CMS2018_DoubleB_mistag
CMS2018_ElelD
CMS2018_EIeRECO
CMS2018_EleTrig
CMS2018_MulD
CMS2018_MulSO|
CMS2018_PU
CMS2018_eff_b
CMS2018_fake_b!
CMS2018_jer.
CMS2018_mu_scale_diboson
CMS2018_mu_scale_dyjets
CMS2018_mu_scale_ged
CMS2018_mu_scale_singlet
CMS2018_mu_scale_smh
CMS2018_mu_scale_tt
CMS2018_mu_scale_wjets
CMS2018_muon_prefiring
CMS2018_pdf
CMS2018_prefire
CMS2018_qed_norm
CMS2018_trig_met
CMS2018_veto_b!
CMS2018_veto_tau
JECAbsolute|
JECAbsolute_2017
JECAbsolute_2018
JECBBEC
JECBBEC1_2017
JECBBEC1_2018

JECEC2

JECEC2_2017,
JECEC2_2018
JECFlavorQCD

JECHF

JECHF_2017,

JECHF_2018,
JECRelativeBal
JECRelativeSample_2017
JECRelativeSample_2018
lumi_2017

lumi_2018

norm_dyjets
prop_bind2017_cat_B_st_bin0;
prop_bind2017_cat_B_sr_bin1|
prop_bind2017_cat_B_sr_bin10

prop_bind2017_cat_B_sr_bin11E_

prop_bind2017_cat_B_sr_bin12
prop_bind2017_cat_B_sr_bin13
prop_bind2017_cat_B_sr_bin14
prop_bind2017_cat_B_sr_bin15
prop_bind2017_cat_B_sr_bin16
prop_bind2017_cat_B_sr_bin17
prop_bind2017_cat_B_sr_bin18
prop_bind2017_cat_B_sr_bin19

prop_bind2017_cat_B_st_bin2;
prop_bind2017_cat_B_sr_bin20
prop_bind2017_cat_B_sr_bin21]

9.2 ASIMOV FIT : IMPACTS AND PULLS

leulaiu| SV\IOS

W Ao-g —F—

prop_bind2017_cat_B_sr_bin22

aid

(A3L) ;.a) TOT

Figure 9.2: Pulls for Asimov fit.
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COMBINED RESULTS OF BOOSTED AND RESOLVED ANALYSES

9.3 Interpretations

The comparison of the limit reach between the resolved and boosted analyses is illustrated
in Figure 9.3. It can be observed that the resolved analysis exhibits sensitivity in the
low-mass region, while the boosted analysis is more sensitive in the high-mass region.
By combining the two analyses, a larger phase space is covered, resulting in enhanced
sensitivity. The interpretation of the results is based on the upper limit on the signal

strength p.
CMS Internal 415" (2017)
=
[—— Resolved —=— Boosted
10°
Combined
10
1 W/
—1 I Il b b 1l l 1l 'S 1l 1l l b b
10 500 17000 1500
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Figure 9.3: The comparison of expected upper limits at 95% CL on the production cross-
section for resolved and boosted analysis.

For the Baryonic-Z” model, the combined expected limit is presented in Figure 9.4(a),
showing the exclusion region in the myz and m, plane. The black line represents the
expected limit, with the area below it indicating the excluded region. In this model,
vector boson masses below 2.3 TeV are excluded (expected), while the coupling strengths
gz, tanp, and dark matter are fixed at 0.8, 1, and 1, respectively.

In the Z’-2HDM model, the expected upper limit is shown in Figure 9.4(b) in the my
and m4 plane. At a low pseudoscalar mass region (m4 = 400 GeV), vector boson masses



9.3 INTERPRETATIONS

ranging from 700 GeV to 2.5 TeV are excluded. The coupling strengths in this model are

fixed with ¢, = 1 (mediator-DM coupling) and g, = 0.25 (mediator-quark coupling).

Baryonic-Z' 50
gq=0.25, gy=1

— Expected

llllllllllllllllllllll

100 200 300 400 500 600 700 800
m(GeV)

0

(a)

— Expected

oI ISR S SR N ST SO NN S NS SN
400 600 800 1000 1200 1400
ma(GeV)

(b)

Figure 9.4: Exclusion limits at 95% CL on mz-m, plane in context of Baryonic-Z" model
(a). The coupling to DM candidates is set to g, =1, the coupling to quarks is
set to g; = 0.25. The limit on mz-m4 plane in right plot is in context of Z’-
2HDM(b). The mediator Z’ coupling strength is fixed at 0.8, and tanp is fixed
at 1.0. Color code represents the limit on the signal strength modifier.

For the 2HDM-+a model, the results are presented in three scans: m 4, tanf and sinf . In the

my scan, pseudoscalar masses (1m,4) from 400 to 1500 GeV are excluded, as shown in Fig-

ure 9.5(a). Similarly, in the tanp scan, tanf values below 3 are excluded (with sinf = 0.35,
m, = 150 GeV, m4 = 600 GeV), as depicted in Figure 9.5(b). In the sinf scan, sinf values
above 0.15 are excluded (with tanf =1, m, = 200 GeV, m 4 = 600 GeV), as shown in Figure

9.5(c).
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Figure 9.5: Exclusion limits at 95% CL on dark matter production as a function of heavier
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PROJECTION FOR RUN-3 AND HL-LHC

According to the plan for the LHC and its upgrade called HL-LHC (High Luminosity
LHC), there are different operation periods (as shown in Fig.10.1). The current period is
called Run 3, which started after a long shutdown called "LS2". During Run 3, the LHC
is colliding protons with a center of mass energy of 13 TeV, and it is expected to collect
an integrated luminosity of 250 fb' . After Run 3, there will be another long shutdown
called "LS3", during which the CMS and ATLAS detectors will be upgraded, along with
improvements to the trigger system to enhance overall performance.
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Figure 10.1: LHC future plan for HL-LHC [197]

Once the LS3 is completed, the next operation period will begin with an expected integ-
rated luminosity of 3000 fb~! at a center of mass energy of 14 TeV. This phase is known
as the HL-LHC.

In this section, the analysis focuses on studying the sensitivity of the results for the Run
3 and HL-LHC periods. The obtained results are presented after scaling the integrated
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PROJECTION FOR RUN-3 AND HL-LHC

luminosity to match Run 3 and HL-LHC. The systematic uncertainties considered are the
same as those in 2018. However, the change in cross-section due to the change in center
of mass energy from 13 to 13.5 TeV or 13 to 14 TeV has not been taken into account. The
results are obtained using a binned maximum likelihood fit on the mass distribution, as
described in Section 7.5.2.

For the specific case of 2HDM-+a, Figure 10.2(a) displays the 95% confidence level upper
limit on the signal strength as a function of the parameter mp for the Run 2, Run 3, and
HL-LHC data periods. The figure shows that the range of my values from 400 GeV to
1600 GeV is sensitive during Run 3, while for the HL-LHC, the full range of ma values
starting from ma > 200 GeV is sensitive.

Figure 10.2(b) and (c) illustrate the sensitivity for scans of the parameters sinf and tanp.
From the sinf scan, it is observed that sinf = 0.1 is not sensitive during Run 3 but becomes
sensitive in the HL-LHC period. Regarding the tanp scan, tanp < 1.5 and tanf = 50 are
sensitive in Run 3, while the full range of tanf values (tanf < 50) is sensitive for the
HL-LHC period.
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Figure 10.2: The expected upper limits at 95% CL on the DM production cross-section for
Run3 and HL-LHC. (a) shows sensitivity for m4 and while (b) and (c) present
sensitivity for sinf and tanp
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SUMMARY AND OUTLOOK

11.1 Summary

The existence of Dark Matter comes from cosmological observations[18], it turns out that
25% of the universe is made up of DM, the exact nature of DM particles is still unknown.
All we know is that it is electrically neutral, participates only in gravitational interactions,
and does not interact with ordinary baryonic matter. Due to these properties, the primary
candidate for DM is the weakly interacting massive particle (WIMP)[52]

In this thesis, a search for dark matter produced in association with a Higgs boson
decaying to a pair of b quarks has been performed. The analysis uses proton-proton
collision data collected in 2017 and 2018 data taking period by the CMS experiment at
/s=13 TeV. The analysis is performed in two categories: boosted and resolved categories.
Both categories target different phase space of mass region. Resolved category aims
for the low mass region where Higgs boson is low boosted or medium boosted while
boosted category targets the high mediator mass region and highly boosted Higgs boson.
For the first time the analysis is interpreted in 2HDM-+a model in the resolved category.
Using only 2016 data, boosted analysis was done and prior to that resolved analysis
was also done. Combination of both categories improves the final sensitivity and able to
exclude large phase of the signal models. There are five decay modes of Higgs boson:
H —>bb,H — vy, H—= 22, H - WW, H — 71, where bb is more sensitivity than
other decay modes because it has highest branching ratio. The analysis focuses on three
simplified models for interpretation of the results, namely, Z’-2HDM, baryonic-Z" and
2HDM-+a models.

There are some standard model processes which can pose as signal like events. The
major background are tf and irreducible Z(vv) + jets background. In order to model the
dominant background, control regions are defined (Top and Z control regions). These
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two major backgrounds are estimated from the data and other minor backgrounds
are directly taken from the simulation in signal region. In order to match simulation
with data several correction factors are applied to the simulation. To extract the signal

maximum profile likelihood fit is performed.

Final results are interpreted in terms of upper limits on the signal strength modifier
W = Oups/ 01, Where oy, is the predicted production cross-section of DM candidates in
association with a Higgs boson, and ¢, is observed cross-section. The upper limits on p
are calculated at 95% confidence level (CL) using a modified frequentist method [191, 195]
computed with an asymptotic approximation [196]. For 2HDM-+a, results are presented
with three scans, m 4, tanf, sinf . From m 4 scan plot as shown in Fig. 9.5(a), the mass from
400 to 1500 GeV is excluded. Fig 9.5(b) shows that the phase space below 3 is excluded
and from sinf scan 9.5(c), the phase space for sinfl above 1.5 is excluded. The results
include combination of boosted and resolved categories, and combination of 2017 and
2018 data.

For Z’-2HDM, the CL95% upper limits on the production cross-section as a function of
myz and m, are shown in the Fig 9.4(right). The mass from 700 GeV to 2.5 TeV is excluded
for m 4=400 GeV. For Baryonic-Z’, 2D CL95% upper limits on the production cross-section
in m,-m’, plane are shown in Fig 9.4(left). The area under the curve represented by black
line is excluded.

Additionally, a projection study examines the sensitivity of the analysis for future periods,
namely Run 3 and HL-LHC, focusing on the 2HDM-+a model only. This analysis performs
the upper limits on the signal strength with respect to parameters such as my , sinf,
and tanp. For the HL-LHC period, the phase space for all three parameters is sensitive.
However, few points within the parameter ranges are not sensitive in the Run 3 period.
These results are obtained through a maximum likelihood fit performed on the mass
distribution.

11.2 Outlook

In the future, various refinements of monohbb analysis are possible. The following points
can improve the sensitivity of the analysis:

¢ Various analysis selection and object reconstruction improvements can enhance the

sensitivity of the analysis in the future.
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e Low ET** based triggers can help to catch low mediator mass and improve resolved
category sensitivity.

o ETS triggers are based on missing transverse energy and jet momentum sum, if jet
is replaced by bjet then sensitivity will be improved.

* New b-tagging algorithm DeepJet [198] has better performance, it can improve sens-
itivity in resolved category.

* Resolved and boosted categories can benefit from the application of machine learn-
ing techniques, although the presented cut-based analysis seems to be well optim-
ised for the given background modelling but still machine learning can improve
sensitivity.

At the moment, the sensitivity of many analyses, e.g. monohbb search, is still statistically
limited, indicating boosts in exclusion power to be expected with higher integrated lumin-
osity. In the upcoming Run 3, the CMS detector will continue to collect pp collision data
with an increased center-of-mass energy of 13.6 TeV and a higher collision rate, allowing
for accesses to a large variety of exotic decay channels in search of DM.



APPENDIX 1

A.1 HEM15/16 Issue

During 2018 data taking, the power supply of two HCAL modules (HEM15 sector and
HEM16 sector) were not functioning in middle of data taking (runs>=319077, i.e. last
certified run of 2018B era, and all runs of 2018C+2018D) Due to this, HCAL deposits
was not recorded for the region (7 -3.0 to -1.3 and ¢ -1.57 to -0.87). Hence, reconstructed
jets in this region will be affected and mis-measurement of jet energy will affect missing

transverse energy.

For example, in electron region of resolved category, a bump of data observed in electron
¢ and BT ¢ distributions is presented in this section. Upper two Figs A.1 show that
electron at negative 17 and ¢ is comming from HEM15/16. Since there is no HCAL energy
deposit in HEM15/16 region, charge hadron can pass H/E and EM + Had isolation cut
in HEM issue region. So there are more chances that affected jets are reconstructed as

offline electron and these fake electrons pass analysis selection.

To deal with HEM 15/16 issue in all regions, we did many checks and finally we applied
HEM veto based on jet 7 and ¢. We removed event if any uncleaned jet is in the problem-
atic 7 — ¢ region. Bottom two figures A.1 show that the after applying HEM veto based
on jet, the problem is solved.

Finally, this analysis is performed after removing the event if any jet is in the region of
n <-1.3and -1.57 > ¢ < -0.87.

This method effectively removes the problematic region but cuts ~4% into signal effi-

ciency.
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Figure A.1: Electron 7 and ¢ distribution in single electron region of resolved category. In
top two plots HEM veto is not applied. In bottom two plots jet based HEM
veto is applied



APPENDIX 2

B.1 Other contribution at CMS

I have performed the major part of the analysis presented in this thesis. I am the contact
person for this analysis. I have also contributed to various service tasks in the physics
object group (POG) and physics analysis group (PAG). Moreover, I have also worked on
one more analysis related to Dark Matter searches. The following are the contributions:

¢ Service tasks:
- Monte-Carlo generation contact for b-tagging vertex group (BTV): I worked on the
generation of samples that are used for b-tagging scale factor measurement, mistag
rate and other studies.
- Calo based Jet/EF® for Run3: I performed pf and calo jet response and resolution
studies. I also did pfMET and Calo EM* response and resolution studies.
- HBHENOoise filter study at HLT for Run3: Removed HBHENoise filter in Run 3
because it was intended to reject HPD noise. With the switch to SiPM in Run3, this
filter will not make sense to exist anymore.
- Depth study at HLT: - L1 Trigger Expert Analyst (TEA): Worked as L1 TEA and
performed the following tasks:

* CMS software release validation
* Select good runs to be used for physics analysis.
¢ Search for dark matter produced in association with b-jets at CMS using full

Run2 data: I contributed in various tasks in this analysis. Details of work has been
explained in the next appendix C.1.
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APPENDIX 3

C.1 Generator level study of 2HDM+a for the analysis "Search

for dark matter produced in association with b-jets"

This analysis focuses on events with single or double b jets in the final state. The b-jets
can arise from radiation or associated production processes. The analysis is divided into
two categories, namely SR1 (with one b jet) and SR2 (with two b jets). Both categories
allow for a maximum of one additional jet. To reduce background contributions, a lepton
and photon veto is applied. Furthermore, events in both categories are required to have
missing transverse energy (EMi) greater than 250 GeV. Jet selection criteria include a
minimum transverse momentum (pr) of 30 GeV and a pseudorapidity (|| ) less than
2.4 for 2016 data and 2.5 for 2017 and 2018 data. The leading jet is required to have a
pr greater than 100 GeV. The dominant backgrounds in this analysis arise from Z(vv) +
jets, tt, and W + jets processes. Estimation of these two backgrounds is performed using

control regions.

2HDM+a Model  bb+DM 2HDM+a Model bb+DM
2 o 1F
§ 1 CMS private work § CMS private work
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Figure C.1: Generator level plots for sinf (left) and tanf (right) scans.
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In this analysis, a generator-level study was conducted to investigate the variation in the
shape of missing transverse energy (EX** ) for different free parameters. The signal model
used in this study is described in detail in Section 3.5.1. From this study, it was observed
that the EXS shape is dependent on parameters such as my , m,, sinf, and tanf . Figure
C.1 displays the generator-level EX'* shape for sinf and tan$ , while Figure C.2 shows the
generator-level EXsS shape for the m, scan. Similar variations in shape were also observed

for the my scan.
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Figure C.2: Generator level plots for m, scan.

C.2 ETs trigger scale factor measurement

This analysis also uses same ET*® triggers as shown in Tab 6.6. I measured the EX'S trigger
efficiency for this analysis. The trigger efficiency was evaluated separately for single
muon events and double muon events. For single muon events, exact one tight muon
is required passing muon trigger (HLT_IsoMu27 for 2017, and HLT_IsoMu24 for 2016
and 2018) while for double muon events, exact two muons are required and only of them
should pass muon tight ID.

Fig C.3 shows the trigger efficiency for single muon and double muon events. Left plot is
for single muon and right plot is for double muon events. The scale factor is calculated by
taking ratio of trigger efficiency in Data and trigger efficiency in Monte-Carlo as shown
in Fig C.4. The systematic uncertainty is calculated by taking difference in single muon
events scale-factor and double muon events scale-factor.
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Figure C.3: Trigger efficiency for Monte-Carlo (left) and Data (right).
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Figure C.4: Trigger scale-factor used to correct the simulation.

C.3 NLO QCD k-factor measurement for W + jets LO samples

The Z(vv) + jets and W + jets processes play important role in this analysis. They form
the key backgrounds and control regions of the analysis. The Monte-Carlo samples for
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these electroweak processes produced at LO. The prediction for these processes gets
significantly improved when the NLO corrections are applied.

To obtain QCD NLO corrections, I compared pr distribution of vector boson(W/Z) at LO
and NLO and then NLO/LO ratio was calculated. Figure C.5 shows the pt distribution
of vector boson at LO and NLO, bottom pad shows the ratio of NLO and LO. Vector
boson (W/Z) is obtained using generator level particles and their PDG IDs.

However, later Z(vv) + jets and W + jets processes samples are replaced with NLO

samples, therefore these corrections are not used in NLO samples.
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Figure C.5: Generator level vector boson pr distribution for DY + jets (left) and W +
jets (right) processes at LO and NLO. Bottom pad shows ratio of NLO and
LO.

C.4 Optimizing b-tagging working point

This analysis requires single or double b jets in the final state. To identify b-jets deepCSV
algorithm [182] has been used. BTV POG has provided three working points as mentioned
in Sec 6.3.6. In order to optimize working point, I calculated significance for each working

point. It is defined as:
signal efficiency

/background yield

(C1)

significance =

Fig C.6 shows significance for loose and medium working points as a function of mediator
mass. Figure shows that medium working point performs better than loose working point,
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so medium working point has been used for b-tagging. Optimization is done for both
categories: signal region 1 (SR1) and signal region 2 (SR2). Medium working point shows
better performance in both categories.

Significance for SR1: LWP Vs MWP
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Figure C.6: b-tagging working point optimization.
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The following plots display the systematic uncertainties used in boosted and resolved
analyses for the simultaneous fit. Each plot shows the variation of a specific systematic
uncertainty with respect to the nominal value, both in the upward and downward direc-
tions. These uncertainties are incorporated into the fit to account for the systematic effects
on the measured observables.

The figures in Appendix A are organized according to the different control and signal
regions. Specifically, Figures D.1 to D.7 correspond to the signal region, Figures D.8 to
D.17 correspond to the Top(e) control region, Figures D.18 to D.26 correspond to the
Top(u) control region, Figures D.27 to D.35 correspond to the Z(ee) control region, and
Figures D.36 to D.44 correspond to the Z(uu) control region.
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Figure D.1: The impact of b-tagging systematic uncertainty on the mass distribution in
the signal region. The center shape of the distribution represents the total
expected background in the signal region, while the up and down variations
correspond to the systematic uncertainty. Specifically, these plots show the
variation in the mass distribution that arises when the b-tagging systematic
uncertainty is shifted up and down, respectively.
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Figure D.2: The impact of EF'*® triggers systematic uncertainty on the mass distribution
in the signal region. The center shape of the distribution represents the total
expected background in the signal region, while the up and down variations
correspond to the systematic uncertainty. Specifically, these plots show the
variation in the mass distribution that arises when the ES triggers uncer-
tainty is shifted up and down, respectively



APPENDICES 197

Boosted : SR_bkgSum_CMS2017_prefire Resolved : SR_bkgSum_CMS2017_prefire

Events

CMS Internal ~ _p

'CMS Internal 1" "y

—center

Events

—down 5
_\—I 10% AL P 7
(ol )
L bl

==center
—down

102

=
|

oL

2
el
I L)

=¥l

; TR
i

AL

Figure D.3:

30 a0

The impact of L1-prefiring systematic uncertainty on the mass distribution
in the signal region. The center shape of the distribution represents the total
expected background in the signal region, while the up and down variations
correspond to the systematic uncertainty. Specifically, these plots show the
variation in the mass distribution that arises when the L1-prefiring uncer-
tainty is shifted up and down, respectively
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Figure D.4:

i 15 20 25 0

The impact of pile-up reweighting systematic uncertainty on the mass distri-
bution in the signal region. The center shape of the distribution represents
the total expected background in the signal region, while the up and down
variations correspond to the systematic uncertainty. Specifically, these plots
show the variation in the mass distribution that arises when the pile-up re-
weighting uncertainty is shifted up and down, respectively
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Figure D.5: The impact of top reweighting systematic uncertainty on the mass distribu-
tion in the signal region. The center shape of the distribution represents the
total expected background in the signal region, while the up and down vari-
ations correspond to the systematic uncertainty. Specifically, these plots show
the variation in the mass distribution that arises when the top reweighting
uncertainty is shifted up and down, respectively
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Figure D.6: The impact of pdf systematic uncertainty on the mass distribution in the sig-
nal region. The center shape of the distribution represents the total expected
background in the signal region, while the up and down variations corres-
pond to the systematic uncertainty. Specifically, these plots show the variation
in the mass distribution that arises when the pdf uncertainty is shifted up and
down, respectively
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The impact of qcd factorization and renormalization scale systematic uncer-
tainty on the mass distribution in the signal region. The center shape of the
distribution represents the total expected background in the signal region,
while the up and down variations correspond to the systematic uncertainty.
Specifically, these plots show the variation in the mass distribution that arises
when the qcd factorization and renormalization scale uncertainty is shifted
up and down, respectively
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Figure D.8:

30

The impact of b-tagging systematic uncertainty on the mass distribution in the
Top(e) control region. The center shape of the distribution represents the total
expected background in the Top(e) control region, while the up and down
variations correspond to the systematic uncertainty. Specifically, these plots
show the variation in the mass distribution that arises when the b-tagging
systematic uncertainty is shifted up and down, respectively.
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Figure D.9: The impact of EM'* triggers systematic uncertainty on the mass distribution
in the Top(e) control region. The center shape of the distribution represents
the total expected background in the Top(e) control region, while the up
and down variations correspond to the systematic uncertainty. Specifically,
these plots show the variation in the mass distribution that arises when the
ESS triggers systematic uncertainty is shifted up and down, respectively.



Events

APPENDICES
Boosted : TOPE_bkgSum_CMS2017_prefire Resolved : TOPE_bkgSum_CMS2017_prefire
T 5T T TR L L 3] T T T T, T T LI U B B I B O
CMS Tnterhal b g [ 'CMS Intérnal Zup!
_genter o —genter i
—down —aown
102_|_|_|
¥ . ] sl
4 Wl
|—| 102
9 M- k|
aliaysagy A
ror
L U
10
Lo L L1 L L] o e b P L L

ol 3AARARAARLARRRAARAR}

oos VMLV ERLTATVATHE]

°
o i
° &
e

09 |
1 15 20 25 il 2 30 30 50

Figure D.10: The impact of prefiring systematic uncertainty on the mass distribution in

Events

the Top(e) control region. The center shape of the distribution represents
the total expected background in the Top(e) control region, while the up
and down variations correspond to the systematic uncertainty. Specifically,
these plots show the variation in the mass distribution that arises when the
prefiring systematic uncertainty is shifted up and down, respectively.
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Figure D.11: The impact of pile-up reweighting systematic uncertainty on the mass dis-

tribution in the Top(e) control region. The center shape of the distribution
represents the total expected background in the Top(e) control region, while
the up and down variations correspond to the systematic uncertainty. Spe-
cifically, these plots show the variation in the mass distribution that arises
when the pile-up reweighting systematic uncertainty is shifted up and down,
respectively.
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Figure D.12: The impact of top pt reweighting systematic uncertainty on the mass dis-

Events

tribution in the Top(e) control region. The center shape of the distribution
represents the total expected background in the Top(e) control region, while
the up and down variations correspond to the systematic uncertainty. Spe-
cifically, these plots show the variation in the mass distribution that arises
when the top pr reweighting systematic uncertainty is shifted up and down,
respectively.
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Figure D.13: The impact of pdf systematic uncertainty on the mass distribution in the

Top(e) control region. The center shape of the distribution represents the
total expected background in the Top(e) control region, while the up and
down variations correspond to the systematic uncertainty. Specifically, these
plots show the variation in the mass distribution that arises when the pdf
systematic uncertainty is shifted up and down, respectively.
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Figure D.14: The impact of qcd factorization and renormalization scale systematic uncer-
tainty on the mass distribution in the Top(e) control region. The center shape
of the distribution represents the total expected background in the Top(e)
control region, while the up and down variations correspond to the sys-
tematic uncertainty. Specifically, these plots show the variation in the mass
distribution that arises when the qcd factorization and renormalization scale
systematic uncertainty is shifted up and down, respectively.
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Figure D.15: The impact of electron identification scale systematic uncertainty on the
mass distribution in the Top(e) control region. The center shape of the distri-
bution represents the total expected background in the Top(e) control region,
while the up and down variations correspond to the systematic uncertainty.
Specifically, these plots show the variation in the mass distribution that arises
when the electron identification scale systematic uncertainty is shifted up

and down, respectively.
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Figure D.16: The impact of electron reconstruction scale systematic uncertainty on the
mass distribution in the Top(e) control region. The center shape of the distri-
bution represents the total expected background in the Top(e) control region,
while the up and down variations correspond to the systematic uncertainty.
Specifically, these plots show the variation in the mass distribution that arises
when the electron reconstruction scale systematic uncertainty is shifted up
and down, respectively.
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Figure D.17: The impact of electron trigger scale systematic uncertainty on the mass distri-
bution in the Top(e) control region. The center shape of the distribution rep-
resents the total expected background in the Top(e) control region, while the
up and down variations correspond to the systematic uncertainty. Specific-
ally, these plots show the variation in the mass distribution that arises when
the electron trigger scale systematic uncertainty is shifted up and down, re-
spectively.
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Figure D.18: The impact of b-tagging systematic uncertainty on the mass distribution in
the Top(p) control region. The center shape of the distribution represents
the total expected background in the Top(y) control region, while the up
and down variations correspond to the systematic uncertainty. Specifically,
these plots show the variation in the mass distribution that arises when the
b-tagging systematic uncertainty is shifted up and down, respectively.
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Figure D.19: The impact of EF* triggers systematic uncertainty on the mass distribution
in the Top(u) control region. The center shape of the distribution represents
the total expected background in the Top(y) control region, while the up
and down variations correspond to the systematic uncertainty. Specifically,
these plots show the variation in the mass distribution that arises when the
ETUSS triggers systematic uncertainty is shifted up and down, respectively.
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Figure D.20: The impact of prefiring systematic uncertainty on the mass distribution in
the Top(p) control region. The center shape of the distribution represents
the total expected background in the Top(u) control region, while the up
and down variations correspond to the systematic uncertainty. Specifically,
these plots show the variation in the mass distribution that arises when the
prefiring systematic uncertainty is shifted up and down, respectively.
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Figure D.21: The impact of pile-up reweighting systematic uncertainty on the mass dis-
tribution in the Top(y) control region. The center shape of the distribution
represents the total expected background in the Top(y) control region, while
the up and down variations correspond to the systematic uncertainty. Spe-
cifically, these plots show the variation in the mass distribution that arises
when the pile-up reweighting systematic uncertainty is shifted up and down,

respectively.
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Figure D.22:

The impact of pr reweighting systematic uncertainty on the mass distribu-
tion in the Top(y) control region. The center shape of the distribution repres-
ents the total expected background in the Top(y) control region, while the up
and down variations correspond to the systematic uncertainty. Specifically,
these plots show the variation in the mass distribution that arises when the
pr reweighting systematic uncertainty is shifted up and down, respectively.
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Figure D.23: The impact of pdf systematic uncertainty on the mass distribution in the

Top(u) control region. The center shape of the distribution represents the
total expected background in the Top(y) control region, while the up and
down variations correspond to the systematic uncertainty. Specifically, these
plots show the variation in the mass distribution that arises when the pdf
systematic uncertainty is shifted up and down, respectively.
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Figure D.24: The impact of qcd factorization and renormalization scale systematic uncer-
tainty on the mass distribution in the Top(y) control region. The center shape
of the distribution represents the total expected background in the Top(u)
control region, while the up and down variations correspond to the sys-
tematic uncertainty. Specifically, these plots show the variation in the mass
distribution that arises when the qcd factorization and renormalization scale
systematic uncertainty is shifted up and down, respectively.
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Figure D.25: The impact of muon identification scale systematic uncertainty on the mass
distribution in the Top(y) control region. The center shape of the distribution
represents the total expected background in the Top(y) control region, while
the up and down variations correspond to the systematic uncertainty. Spe-
cifically, these plots show the variation in the mass distribution that arises
when the muon identification systematic uncertainty is shifted up and down,

respectively.
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Figure D.26: The impact of muon isolation scale systematic uncertainty on the mass dis-
tribution in the Top(y) control region. The center shape of the distribution
represents the total expected background in the Top(y) control region, while
the up and down variations correspond to the systematic uncertainty. Spe-
cifically, these plots show the variation in the mass distribution that arises
when the muon isolation systematic uncertainty is shifted up and down, re-

spectively.
Boosted : ZEE_bkgSum_CMS2017_eff b Resolved : ZEE_bkgSum_CMS2017_eff b
8 FEMSInterhal—1— =g — g [[CMS Internal "1 _ip
o L —center b il [ —center )
__\_L —down 1 —down
—n
10% | | ] 102 .
| = ] P -
A - 11 [
g Bl IR A
1 s
10
) T v o b b b b
‘:,E 1 1 El ‘DSE P T 11 [T} T IT
SRENNINN LT L] E VLR NERNARNANAR RN RARERNARARN]
T T TR ot T T T T T T

Figure D.27: The impact of b-tagging systematic uncertainty on the mass distribution in
the Z(ee) control region. The center shape of the distribution represents the
total expected background in the Z(ee) control region, while the up and
down variations correspond to the systematic uncertainty. Specifically, these
plots show the variation in the mass distribution that arises when the b-
tagging systematic uncertainty is shifted up and down, respectively.



210 APPENDICES

Resolved : ZEE_bkgSum_CMS2017_trig_met

Boosted : ZEE_bkgSum_CMS2017_trig_met
Q FF T T T Tl T T ’ e e | 2 FT T Tt T T 1T L e e T | T =T ‘ T H
e [ 'CMS Internal —dp ¢ [ CMS Tnternal —up
i —center & —center
_||_|_| ==down —down
Pl
102
I !_‘ 1 102— J_,.'-l'h- i
L ~ 9 |
7 Cl ‘ - g
|_| j U [ r
4 L I
: 'k
10 g
; o ! P R I AR B
1.
E P {
R RN 0 A0 0 i ‘
U= s ot 20 24 A O L0 0 NN N N B N
o 1 2

Figure D.28: The impact of EM* triggers systematic uncertainty on the mass distribution
in the Z(ee) control region. The center shape of the distribution represents
the total expected background in the Z(ee) control region, while the up
and down variations correspond to the systematic uncertainty. Specifically,
these plots show the variation in the mass distribution that arises when the
ESS triggers systematic uncertainty is shifted up and down, respectively.
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Figure D.29: The impact of prefiring systematic uncertainty on the mass distribution in
the Z(ee) control region. The center shape of the distribution represents the
total expected background in the Z(ee) control region, while the up and
down variations correspond to the systematic uncertainty. Specifically, these
plots show the variation in the mass distribution that arises when the prefir-
ing systematic uncertainty is shifted up and down, respectively.
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Figure D.30: The impact of pile-up reweighting systematic uncertainty on the mass dis-
tribution in the Z(ee) control region. The center shape of the distribution
represents the total expected background in the Z(ee) control region, while
the up and down variations correspond to the systematic uncertainty. Spe-
cifically, these plots show the variation in the mass distribution that arises
when the pile-up reweighting systematic uncertainty is shifted up and down,

respectively.
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Figure D.31: The impact of pr reweighting systematic uncertainty on the mass distribu-
tion in the Z(ee) control region. The center shape of the distribution repres-
ents the total expected background in the Z(ee) control region, while the up
and down variations correspond to the systematic uncertainty. Specifically,
these plots show the variation in the mass distribution that arises when the
pr reweighting systematic uncertainty is shifted up and down, respectively.
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Figure D.32: The impact of pdf systematic uncertainty on the mass distribution in the
Z(ee) control region. The center shape of the distribution represents the total
expected background in the Z(ee) control region, while the up and down
variations correspond to the systematic uncertainty. Specifically, these plots
show the variation in the mass distribution that arises when the pdf system-
atic uncertainty is shifted up and down, respectively.
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Figure D.33:

5 i 5 20 25 20 30 40 E

The impact of qcd factorization and renormalization scale systematic uncer-
tainty on the mass distribution in the Z(ee) control region. The center shape
of the distribution represents the total expected background in the Z(ee) con-
trol region, while the up and down variations correspond to the systematic
uncertainty. Specifically, these plots show the variation in the mass distribu-
tion that arises when the qcd factorization and renormalization scale system-
atic uncertainty is shifted up and down, respectively.
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Figure D.34:

The impact of electron identification scale systematic uncertainty on the
mass distribution in the Z(ee) control region. The center shape of the dis-
tribution represents the total expected background in the Z(ee) control re-
gion, while the up and down variations correspond to the systematic uncer-
tainty. Specifically, these plots show the variation in the mass distribution
that arises when the electron identification scale systematic uncertainty is
shifted up and down, respectively.
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Figure D.35: The impact of electron reconstruction scale systematic uncertainty on the
mass distribution in the Z(ee) control region. The center shape of the distri-
bution represents the total expected background in the Z(ee) control region,
while the up and down variations correspond to the systematic uncertainty.
Specifically, these plots show the variation in the mass distribution that arises
when the electron reconstruction scale systematic uncertainty is shifted up
and down, respectively.
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Figure D.36: The impact of b-tagging systematic uncertainty on the mass distribution in
the Z(uu) control region. The center shape of the distribution represents the
total expected background in the Z(up) control region, while the up and
down variations correspond to the systematic uncertainty. Specifically, these
plots show the variation in the mass distribution that arises when the b-
tagging systematic uncertainty is shifted up and down, respectively.
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Figure D.37: The impact of EX*S triggers systematic uncertainty on the mass distribution
in the Z(upu) control region. The center shape of the distribution represents
the total expected background in the Z(up) control region, while the up
and down variations correspond to the systematic uncertainty. Specifically,
these plots show the variation in the mass distribution that arises when the
ETSS triggers systematic uncertainty is shifted up and down, respectively.
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Figure D.38: The impact of prefiring systematic uncertainty on the mass distribution in
the Z(upu) control region. The center shape of the distribution represents
the total expected background in the Z(up) control region, while the up
and down variations correspond to the systematic uncertainty. Specifically,
these plots show the variation in the mass distribution that arises when the
prefiring systematic uncertainty is shifted up and down, respectively.
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Figure D.39: The impact of pile-up reweighting systematic uncertainty on the mass dis-
tribution in the Z(up) control region. The center shape of the distribution
represents the total expected background in the Z(p ) control region, while
the up and down variations correspond to the systematic uncertainty. Spe-
cifically, these plots show the variation in the mass distribution that arises
when the pile-up reweighting systematic uncertainty is shifted up and down,

respectively.
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Figure D.40: The impact of top pr reweighting systematic uncertainty on the mass dis-
tribution in the Z(up) control region. The center shape of the distribution
represents the total expected background in the Z(p ) control region, while
the up and down variations correspond to the systematic uncertainty. Spe-
cifically, these plots show the variation in the mass distribution that arises
when the top pr reweighting systematic uncertainty is shifted up and down,
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Figure D.41: The impact of pdf systematic uncertainty on the mass distribution in the
Z(up) control region. The center shape of the distribution represents the
total expected background in the Z(uu) control region, while the up and
down variations correspond to the systematic uncertainty. Specifically, these
plots show the variation in the mass distribution that arises when the pdf
systematic uncertainty is shifted up and down, respectively.
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Figure D.42: The impact of qcd factorization and renormalization scale systematic uncer-
tainty on the mass distribution in the Z(yu) control region. The center shape
of the distribution represents the total expected background in the Z(upu)
control region, while the up and down variations correspond to the sys-
tematic uncertainty. Specifically, these plots show the variation in the mass
distribution that arises when the qcd factorization and renormalization scale
systematic uncertainty is shifted up and down, respectively.
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Figure D.43: The impact of muon identification systematic uncertainty on the mass dis-
tribution in the Z(up) control region. The center shape of the distribution
represents the total expected background in the Z(p ) control region, while
the up and down variations correspond to the systematic uncertainty. Spe-
cifically, these plots show the variation in the mass distribution that arises
when the muon identification systematic uncertainty is shifted up and down,

respectively.



APPENDICES 219

Resolved : ZMUMU_bkgSum_CMS2017_MulSO

Boosted : ZMUMU_bkgSum_CMS2017_MulSO
LI 7= P = P L T8 L o e o

2 ['CMS Inferhal T 2 ['CMS Tntérnal b
o —center o —ceriter
= —down —down
|_| """"L—w—-n.._\_n__,_l_
10? L! L\—. B rr""ﬂ—"
F _L '_|_l 1 1021 7 ]
P [
B H | /
| gt f Ea RN
7 ro
o il
10 I |
e s T S e T T Y S M
|z,.5E . 1 E| LL PETTISCTCTE FET L TS % T 1 (PP
ITRRENITANN LLril LI AR RANRARARARANARRARARRRRARAR AR NNRRRRRARRRANRRAN]
mé BRLEE NCSEN LREE] T % ossith LT T T LT HLERE R TN ELTERE LT TR T

Figure D.44: The impact of muon isolation systematic uncertainty on the mass distribu-
tion in the Z(up) control region. The center shape of the distribution repres-
ents the total expected background in the Z(uyu) control region, while the up
and down variations correspond to the systematic uncertainty. Specifically,
these plots show the variation in the mass distribution that arises when the
muon isolation systematic uncertainty is shifted up and down, respectively.
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We present the impact plot (E.1) for the boosted analysis. The plot illustrates the impacts
of different nuisance parameters on the parameter of interest. Each nuisance parameter
is represented by a bar, with the height of the bar indicating the magnitude of its impact.
The larger the bar, the more significant the impact of the corresponding nuisance para-
meter. The plot includes first 60 nuisances. The impacts of all the nuisances are within 2%,
which appears to be acceptable. Two nuisances (btag_veto, tau_veto) have largest impact
because they have 5-6% uncertainty which is largest compared to other nuisances.

Additionally, we present the pulls of the nuisances (E.2), which indicate the disparity
between the pre-fit and post-fit uncertainties of each specific nuisance. The pulls of each

nuisance are within 1o, signifying that none of them exert a substantial influence.
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Figure E.1: Impact of nuisances for boosted analysis with combined 2017 and 2018 data.
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Figure E.2: Pulls of nuisances in boosted category with real data.
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