
ABSTRACT

First search for electroweak supersymmetry in final states with hadronic decays of
WW, WZ, or WH boson pair and missing transverse momentum

Ankush Reddy Kanuganti, Ph.D.

Advisor: Kenichi Hatakeyama, Ph.D.

This dissertation presents a new search for particle physics beyond the stan-

dard model in the form of electroweak production of supersymmetric particles, specif-

ically charginos and neutralinos. The novel search is performed using Run 2 data from

the CMS experiment at the LHC with a total integrated luminosity of 137 fb−1. The

targeted final states include a pair of bosons (WW, WZ, or WH) with large missing

transverse momentum arising from the lightest neutralinos (χ̃0
1). Deep neural network

large-radius jet taggers are used to identify hadronic decays of the bosons. The stan-

dard model backgrounds are estimated using data-driven techniques. No significant

excess of events is observed relative to expectations from the standard model. Results

are presented in terms of constraints on the cross sections for production of mass-

degenerate wino-like superpartners of SU(2) gauge bosons, χ̃±1 /χ̃0
2, and higgsino-like

supersymmetric particles, χ̃±1 /χ̃0
2/χ̃0

3, in both cases with the bino-like superpartner of

U(1) gauge boson as the lightest supersymmetric particle. In the wino-bino scenario,

wino masses are excluded up to 960 GeV. In the higgsino-bino scenario, the search

excludes higgsino masses from 300 to 650 GeV. These exclusions are most stringent to
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date set by the CMS experiment. Sensitivity projections with future high-luminosity

LHC data are also presented.
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CHAPTER ONE

Introduction

The current understanding of the fundamental nature of matter and the forces

that govern subatomic particles began in the early 19th century. A hot, dense condi-

tion known as a singularity is where the universe first appeared 13.8 billion years ago,

according to the well-known dominant hypothesis known as the “Big Bang”. From

this singularity, the universe rapidly expanded and cooled, leading to the formation

of subatomic particles such as protons and neutrons. Development of cathode ray

tubes and cloud chambers instilled curiosity in scientists since they could observe the

behavior of particles and their interactions. The discovery of new particles such as

positron and muon in the 1930s brought more excitement to the field as these particles

were not predicted by the existing theories at that time.

Particle physics emerged as a field of study in the early 20th century, when sci-

entists first began to probe the subatomic structure of matter. Later, developments of

high-energy particle accelerators, such as the cyclotron and the synchrotron, allowed

for the study of particles at higher energies and much smaller distance scales. In the

early 1970s, the discovery of the weak neutral current and the charm quark made a

breakthrough in the field, leading to the development of the electroweak theory and

the standard model (SM) of particle physics. Today, particle physics continues to be

an active and rapidly-evolving field, with active research in areas pertaining to studies

of dark matter, elusive neutrinos, and searches for new particles beyond the standard
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model (BSM). The Large Hadron Collider (LHC) is the world’s largest particle accel-

erator which started its first operation called Run 1 in 2009, and Run 2 operations

were carried out during 2015–2018. In order to unlock the mysteries of nature, and

interesting physics which may exist at higher energies, the LHC started Run 3 oper-

ations in 2022 with an unprecedented proton-proton collision center-of-mass energy

of 13.6 TeV and will collect more new collision data than existing data.

Figure 1.1: Timeline showing the discovery of particles from an atom to quarks.
Figure source [1].
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Figure 1.1 shows the microscopic view of matter that we are able to probe

until today. In a nutshell, the nucleons are composed of quarks. Matter is made up

of particles such as electrons and quarks, which are held together by the strong force

and electromagnetic force. As of today, there are four fundamental forces which are

listed in order of strength:

• Strong force: The gluon is the fundamental particle that binds quarks and

acts at short distances.

• Electromagnetic force: Electrically charged particles experience this force

through a photon.

• Weak force: W and Z bosons are the weak force carriers that govern particle

decays at short distances.

• Gravitational force: Any particle with mass experiences this force through a

hypothesized force carrier particle (graviton), which has not been discovered

yet.

The observed fundamental particles can be described by the standard model

of particle physics that includes six quarks (in three generations), six leptons (in three

generations), four gauge bosons, and the scalar Higgs boson along with antimatter

particles as shown in Fig. 1.2.

However, there are good reasons to question the completeness of the standard

model. For example, it fails to explain the gravitational force that we experience in our

quotidian lives. From cosmological observations, dark matter accounts for 85% of the

total matter in the universe [3]; however, again the SM fails to provide a dark matter

candidate. From the theoretical point of view, the incompleteness of the SM may

be postulated by the so-called fine-tuning problem. We discovered the Higgs boson

3



Figure 1.2: Summary of SM fundamental particles. Figure source [2].

at much lower mass than the Plank scale, which is many orders of magnitude larger

than 125 GeV, and only fine-tuning the bare mass of the Higgs boson can get us the

mass value we observe experimentally. The fact that there is no physical explanation

on the fine-tuning parameters in the SM with large corrections may indicate that the

SM is an incomplete theory.

In order to answer some of these questions, many extensions to SM have been

proposed, one of them being supersymmetry (SUSY). SUSY introduces space-time

symmetries, giving each SM particle a “superpartner” that differs in spin by half a

unit. Since we have failed to observe supersymmetric particles in a similar mass range

to their counterpart SM particles, it led to an idea that supersymmetry is broken and

the superpartners of SM must be at heavier mass scales. There is a broad range of

SUSY models. Among them, a model called the Minimal Supersymmetric Standard
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Model (MSSM) [4] contains the smallest number of new particle states and new in-

teractions consistent with phenomenology. SUSY provides a dark matter candidate:

the lightest supersymmetric particle (LSP). The LSP is stable under conservation

of R-parity that does not allow supersymmetric particles to decay entirely into SM

particles. The LSP is a weakly interacting matter particle which does not leave any

signatures in the CMS detector. One of the several ways to search for SUSY signa-

tures involves hunting for the LSP, which escapes the detector and can be traced by

missing transverse momentum in an event. This dissertation also extensively explores

the use of deep machine learning based reconstruction of SM particles produced in

SUSY particle decays in order to enhance sensitivities to SUSY scenarios not explored

previously.

In Chapter Two, a theoretical background is laid out to elaborate the concepts

of the SM through the Lagrangian formulation along with its limitations. Section 2.2

describes SUSY in detail. The LHC and the CMS detector, which provided data

used in this analysis, are discussed in Chapter Three. Once the collision data are ob-

tained, the event reconstruction is performed, which is elaborated in Chapter Four,

together with event simulation used for comparison with the collision data. Chap-

ter Five presents a motivation for specific SUSY models, and describes the complete

methodology used to perform the search along with the results and their interpre-

tation. Chapter Six provides summary of the search and prospects for future SUSY

analyses.
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CHAPTER TWO

Theoretical background

A theoretical overview of particle physics with an emphasis on the standard

model (SM) and beyond is presented in this chapter. The SM is a successful the-

oretical model that describes the fundamental particles in the universe and their

interactions. The SM is covered in detail in Section 2.1, although it falls short of ex-

plaining several of the known phenomena, such as gravity. Section 2.1.7 lists further

limitations on the SM. A few solutions to the limitations of the SM are brought by an

extension to SM called Supersymmetry (SUSY). In Section 2.2, I will try to motivate

why SUSY searches are crucial, and in particular searches for SUSY in the electroweak

sector. The theory discussed in this chapter is derived from these sources [5, 6].

2.1 The standard model of particle physics

The SM of particle physics lists all the known fundamental particles including

mediator particles of three (out of four) fundamental forces. Figure 1.2 shows the

SM particles along with their anti-particles (with opposite electric charge). The

fundamental particles can be classified based on their spin into fermions (1
2

integer

spin) and bosons (whole integer spin), where spin is the intrinsic angular momentum of

a particle. Fermions are divided into two categories, quarks and the leptons (classified

into three generations), as shown in Tables 2.1 and 2.2. Bosons are classified into

vector or gauge bosons and a scalar boson (the Higgs boson) which are the force

mediators for the matter particles as shown in Table 2.3. This section describes
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the interactions between the fermions and bosons along with the fundamental forces

explained by the standard model.

Section 2.1.1 provides specifics on the SM particles and interactions between

them. The SM requires a local gauge symmetry of SU(3)C ⊗ SU(2)L ⊗ U(1)Y , where

the unitary group U(1)Y describes electrodynamics as detailed in Section 2.1.3. The

SU(2)L group describes the weak interactions between the fermions and gauge bosons

(discussed in Section 2.1.4). The strong interactions that hold the partons in the

nucleus together is described by the SU(3)C group according to quantum chromody-

namics (discussed in Section 2.1.2). The electroweak theory which combines electro-

magnetic and weak forces together is generated by the groups SU(2)L ⊗ U(1)Y as

discussed in Section 2.1.5.

Table 2.1: SM quarks with their attributes

Generation Particle Charge Mass (MeV) Interactions

1 u ±2
3

≈ 2.2 Strong, EM, Weak

1 d ∓1
3

≈ 4.7 Strong, EM, Weak

2 c ±2
3

1.275× 103 Strong, EM, Weak

2 s ∓1
3

≈ 95 Strong, EM, Weak

3 t ±2
3

173.1× 103 Strong, EM, Weak

3 b ∓1
3

≈ 4.18× 103 Strong, EM, Weak

From the famous Dirac equation for free particles, fermions are the spin 1
2

fields that are represented as solutions to the Dirac equation.

iγµ∂µψ −mψ = 0. (2.1)
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Table 2.2: SM leptons with their attributes

Generation Particle Charge Mass (MeV) Interactions
1 ve 0 < 2.2× 10−6 Weak
1 e ±1 0.511 EM, Weak
2 vµ 0 < 0.17 Weak
2 µ ±1 105.7 EM, Weak
3 vτ 0 < 15.5 Weak
3 τ ±1 1777 EM, Weak

Table 2.3: SM gauge bosons and the Higgs boson with their attributes

Particle Charge Mass (GeV) Spin Force mediator Mixing fields
g 0 0 1 Strong g
γ 0 0 1 EM W3, B
W ± 1 80.4 1 Weak W1, W2

Z 0 91.2 1 Weak W3, B
H 0 125.2 0 - Hu, Hd

The quark fields are defined as a triplet of Dirac spinors, as shown by:

u =


ured

ugreen

ublue

 , (2.2)

where each of the color component is represented by the four-component Dirac spinors,

as shown by:

q =



q0

q1

q2

q3


, (2.3)

where q is any quark color flavor and each component is a complex function. The

same field is applicable to leptons except that there is no color. The SM adopts chiral
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theory, the fields have left-handed and right-handed components that are linked by

the projection operators (PL and PR).

PLψL =
1− γ5

2
ψL, PLψ̄R = ψ̄R, PLψR = PLψ̄L = 0, (2.4)

PRψR =
1 + γ5

2
ψR, PRψ̄L = ψ̄L, PRψL = PRψ̄R = 0. (2.5)

The charge conjugate of a right-handed field is left-handed, where γ5 is the fifth

gamma matrix (γ5 = iγ0γ1γ2γ3). The left-handed quarks and leptons are arranged

in three generations by doublets as shown by:

Qα =

uα
dα

 ,

cα
sα

 ,

tα
bα

 , (2.6)

L =

νe
e−

 ,

νµ
µ−

 ,

ντ
τ−

 , (2.7)

where α ∈ {red, green, blue} is the color index for quarks. The right-handed singlets

are considered for the quarks and three generations of leptons, other than the neutri-

nos. The weak force allows the interactions from the left-handed neutrinos only and

the SM does not include the right-handed neutrinos.

The SM includes gauge bosons (three weak bosons, one photon, and eight

gluons) which form twelve gauge fields. G1...8
µ are the eight gluon fields that carry the

color charge and are bi-colored. The electroweak boson fields include W 1,2,3
µ and B0

µ,

and these fields mix to create physically-observable states such as the massive neutral

Z boson and charged W boson, and the massless neutral photon. The gauge bosons

that interact with the Higgs boson are given mass by the complex scalar Higgs field,

(φ), while the fermion masses are obtained through Yukawa coupling interactions.
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Each force has mediator bosons, as discussed in Chapter One. The strong

force is mediated by gluons, while the weak force is mediated by W and Z bosons, the

electromagnetic force by photons, and the gravitational force presumably by gravitons

(not explained by the SM and yet undiscovered). With a coupling constant of αs ≈ 1,

the strong force dominates all other forces by at least 137 times. It operates at a

short range of around 10−15 m (about the size of a nucleon), where the effective range

of a force is the smallest distance between particles that could have a high chance of

interaction. The electromagnetic force, which has an unlimited range and a coupling

constant of α = 1
137

at low energy scales, is regarded as the second most powerful

force. In the 1 GeV energy range, the weak force has a coupling constant of about

10−7 and operates between 10−17 to 10−16 m. The coupling constant for gravity, which

has the least value of coupling constant equal to 10−39, is the lowest of all the forces

with an unlimited range.

2.1.1 The standard model Lagrangian

The SM Lagrangian describes all the interactions between the matter particles

and the force carriers. The gauge interactions with the fermions can be described

using the covariant derivative Dµ. When the covariant derivative acts on the fermion

fields, the expression is given by:

Dµ = ∂µ −
1

2
igsΓsλαG

α
µ − ig |I3|σjW j

µ −
1

2
ig′Y Bµ,

DµψL = (∂µ + gAµ)ψL,

(2.8)

where gs is the coupling strength for SU(3), g is the coupling strength for SU(2), Γs

is 1 for quarks and 0 for other fields, λα for α ∈ {1, 2, 3, 4, 5, 6, 7, 8} are the eight

generators for SU(3), Gα
µ are the eight SU(3) gauge fields, I3 is the third component
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of weak isospin, σj for j ∈ {1, 2, 3} are the three generators for SU(2), W j
µ are the

three SU(2) gauge fields, g′ is the coupling strength for U(1), Y is hypercharge, Aµ

ia the spin-1 massless photon field, and Bµ is the U(1) gauge field. The field tensor

can be constructed using the above covariant derivative,

Fνµ = − i
g

[Dµ, Dν ]. (2.9)

The Lagrangian for all the interactions can be summarized using Eq. (2.10):

LSM =− 1

4
F a
µνF

µν
a + Ψ̄Liγ

µDµΨL + ψ̄Riγ
µDµψR

+ (Dµφ)† (Dµφ) + µ2φ†φ− λ
(
φ†φ
)2

− yijφ̃Q̄iuj − yijφQ̄idj − yijφL̄iej + hc,

(2.10)

where φ represents the scalar Higgs field and the middle three terms correspond to

the Higgs mechanism, while the first three terms show the interactions between the

fermions and the bosons. The last line shows the Yukawa couplings and hc stands

for Hermitian conjugate. Each of the term is explained in the following subsections.

The covariant derivatives acting on the fields can be summarized as:

Dµ

 νL

eL

 =

[
∂µ −

ig1

2
Bµ +

ig2

2
Wµ

] νL

eL

 ,

Dµ

 uL

dL

 =

[
∂µ +

ig1

6
Bµ +

ig2

2
Wµ + igGµ

] uL

dL

 ,

(2.11)

where

DµνR = ∂µνR,

DµeR = [∂µ − ig1Bµ] eR,

DµuR =

[
∂µ +

2ig1

3
Bµ + igGµ

]
uR, (2.12)
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DµdR =

[
∂µ −

ig1

3
Bµ + igGµ

]
dR,

Dµφ =

[
∂µ +

ig1

2
Bµ +

ig2

2
Wµ

]
φ.

2.1.2 Quantum chromodynamics

The strong interactions between the quarks and the gluons is described by

the theory of quantum chromodynamics (QCD). The gluon (spin-1 massless vector

boson) is the mediator of this strong force. QCD is the field theory based on the

SU(3)C gauge group, C represents color (red, green, and blue), and the gluons can

self-interact according to SU(3)C . The 3× 3 color combinations form an octet:

|rḡ〉, |rb̄〉, |gb̄〉, |gr̄〉, |br̄〉, |bḡ〉,

1√
2

(|rr̄〉 − |gḡ〉), 1√
6

(|rr̄〉+ |gḡ〉 − 2|bb̄〉),
(2.13)

and a singlet:

1√
3

(|rr̄〉+ |gḡ〉+ |bb̄〉). (2.14)

Isolated quarks or gluons are not observed in nature due to a requirement called

color confinement in QCD. Therefore, all the baryons (three-quark combinations) and

mesons (quark-antiquark pair combinations) are colorless. After a collision event, the

free quarks and gluons produced new hadrons from a process called hadronization.

The strength of the strong force becomes smaller at high energies and increases with

distance which is described by asymptotic freedom behavior [7].

In order to maintain the SU(3) symmetry, the following transformations are

applied on the quark and gluon fields:

q
SU(3)−→ eigsξaλa/2q,

Gc
µ

SU(3)−→ Gc
µ −

1

gs
∂µξc − fabcξaGb

µ,

(2.15)
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where ξ is a 8-dimensional arbitrary vector and fabc are the structure constants of

SU(3). The gluon field tensor and the QCD contribution to SM Lagrangian is shown

by:

Ga
µν = ∂µG

a
ν − ∂νGa

µ + gsf
abcGb

µG
c
ν ,

LQCD = q̄ (iγµDµ −m) q − 1

4
Ga
µνG

µν
a .

(2.16)

2.1.3 Quantum electrodynamics

The photon, a massless vector boson, serves as the electromagnetic force’s me-

diator in the SM. The interactions between photons and matter particles are theoret-

ically described by quantum electrodynamics (QED). Charge conservation is main-

tained through the local gauge symmetry of QED, U(1), which is invariant under

rotations. Despite having no electrical charge, photons interact with all charged par-

ticles. Fig. 2.1 illustrates an instance of electron-positron scattering resulting from

the exchange of a photon. Now, following the U(1) symmetry, the Lagrangian of a

Figure 2.1: Feynman diagram showing the electron-positron scattering. Figure
source [8].
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free-particle Dirac fermion is invariant under rotations. In order to maintain the in-

variance, we must introduce a spin-1 vector field Aµ (massless photon). The fermion

field, covariant derivative and Aµ are defined as:

φ(x)
U(1)−→ eiqαφ(x),

Dµ = ∂µ − ieAµ,

Aµ
U(1)−→ Aµ +

1

e
∂µα.

(2.17)

Then using the electromagnetic field tensor Fµν , we can define the QED contribution

to the SM Lagrangian to be:

Fµν ≡ ∂µAν − ∂νAµ,

LQED = ψ̄(iγµDµ −m)− 1

4
FµνF

µν .

(2.18)

2.1.4 Weak interactions

The weak forces are mediated by the W± bosons and the Z boson. The local

gauge symmetry that models weak interactions between the fermions and the bosons

is the SU(2) group, which is the rotational symmetry of a sphere. Parity is not

conserved in weak interactions since the weak interactions depend on chirality [9],

but the weak isospin (T3) is conserved. Weak isospin for left-handed fermions is ±1
2
,

based on the charge of the fermion, while the right-handed fermions have weak isospin

of 0. Due to the large mass of the W boson, particle decays mediated through weak

interactions have longer lifetime. In the case of a neutral pion, the lifetime is about

10−16 seconds because the decay rate is proportional to the term
g2W

m2
W c2

in the limit

when the condition Q� mW c is satisfied, where Q is the momentum transferred by

the W boson.
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The weak interactions can involve three types of interactions as shown in

Fig. 2.2 which can be summarized as:

• Neutral current interaction (shown in top left diagram of Fig. 2.2) where a

quark/lepton can emit/absorb a Z boson.

• Charged current interaction where the quark flavor can change by absorbing

or emitting a W boson. For example, the beta decay process where n →

p+W−.

• A charged lepton can also have charged current interaction by absorbing/

emitting a W boson.

Figure 2.2: Weak interaction diagrams not involving the Higgs field. Figure source [10]

The weak force contribution to the SM Lagrangian is given by:

Lweak = −gW√
2

[
ψ̄pγ

λ

(
1− gA

gv
γ5

)
ψn
[
ψ̄eγλ (1− γ5)ψν

]
+ hc (2.19)
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where gW is the weak coupling constant, gv and gA represent the vector and axial

vector coupling constants. For quarks, gv = GFVud, where GF is the Fermi coupling

constant and Vud is an element from the CKM mixing matrix [11]. λ is defined as the

ratio of gA to gv and still is one of the tunable parameters in the standard model.

2.1.5 Electroweak interactions

The electromagnetic, and the weak force (discovered in the 1930s), are com-

bined in the electroweak theory. Electroweak theory is described by the gauge group

SU(2) × U(1)Y , where Y is the hypercharge that was added to make the generator

of U(1)EM commute with SU(2). The bosons that mediate weak interactions have

mass; however, this theory calls for non-physical massless bosons of weak isospin

(W 1,W 2,W 3) and one of weak hypercharge (B0). Spontaneous symmetry breaking

(SSB), which is covered in section below on how gauge bosons acquire their masses,

provides the solution to this issue.

Weak isospin (T ) and weak hypercharge (Y ) are generated using the SU(2)

and U(1), respectively. These quantities determine the charge (q) of a particle:

q = T3 +
1

2
Y. (2.20)

The electroweak Lagrangian is defined as:

LEWK = Ψ̄Liγ
µDµΨL + ψ̄Riγ

µD′µψR −
1

4
W µν
a W a

µν −
1

4
BµνBµν ,where

Dµ = ∂µ − i
g′

2
Y Bµ − i

gW
2
σaW a

µ ,

Bµ
U(1)−→ Bµ − ig′∂µα,

W a
µ

SU(2)−→ W a
µ − gW∂µξa − gW εabcξbW c

µ,

(2.21)
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where ΨL (ψR) represent the left-handed (right-handed) fermions. The new spin-1

vector fields Bµ and W a
µ remain invariant after the U(1) and SU(2) transformations,

respectively.

2.1.6 Higgs mechanism

The experiments at CERN in the early 1980s [12] proved that the W and Z

bosons are massive. All spin-1 bosons must be massless in order for the local gauge

invariance to hold, which is true for photons and gluons but not for the W and Z

bosons. To solve this problem, a spontaneous symmetry braking mechanism was

proposed by Englert, Brout, and Higgs [13, 14] in which the gauge bosons acquire

their masses by interacting with a new scalar field, called the Higgs field φ:

φ =

φ+

φ0

 . (2.22)

The Lagrangian is given by:

Lφ = (Dµφ)†(Dµφ)− V (φ†φ),

V (φ) = µ2φ†φ+ λ(φ†φ)2,

(2.23)

where Dµ is the covariant derivate defined in Eq. (2.21) and V (φ) defines the potential

term. The constant λ has to be positive to prevent unstable potential and the value

of µ2 can either be positive or negative. If µ2 is positive, then the potential is positive

with a vacuum expectation value (VEV) of zero. If µ2 is negative, then minimum

potential becomes
√
−µ2

2λ
, as shown in Fig. 2.3. At the minima, the ground state of

Higgs field is non-zero and symmetric. This symmetry is broken when the system

moves to the available minima and has non-zero VEV which is referred to as SSB.
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Figure 2.3: Illustration of Higgs potential when µ2 < 0. Figure source [15].

Then the Higgs field is re-defined and the ground state is defined by:

〈φ〉 =
1√
2

 0

v +H

 , (2.24)

where v is the VEV and H defines the Higgs field. After the SSB, the electroweak

fields mix to give gauge boson fields that are massive:

W±
µ =

1√
2

(W 1
µ ∓ iW 2

µ),

Zµ = cos θwW
3
µ − sin θwBµ,

Aµ = sin θwW
3
µ + cos θwBµ,

(2.25)

where Aµ corresponds to the photon field, θw is the Weinberg mixing angle defined as

θw = tan−1
(
g′

gW

)
. The masses of the gauge bosons and Higgs boson are then given

by:

mW =
v

2
gW ,
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mZ =
mW

cos θw
,

mA = 0,

mH =
√

2λv. (2.26)

2.1.7 Need for beyond standard model physics

Even though the SM includes the Higgs boson and can explain many of the

experimental observations, this theory is unable to account for all of the data. Each

of the following constraints is addressed by one or more extensions to the SM La-

grangian.

• Gravity: One of the fundamental forces we encounter on a daily basis that

the SM can not account for is gravity. The force mediator of gravity, called

graviton, has been proposed as one extension to the SM.

• Matter-Antimatter Asymmetry: The SM predicts that the big bang should

have produced roughly equal quantities of matter and anti-matter. Our uni-

verse is currently only dominated by matter. The puzzle of matter-antimatter

asymmetry is: what happened to antimatter?

• Dark Matter: Furthermore, our universe is made of 95% dark matter and

dark energy [16], and the SM, once again, lacks a dark matter particle or

particles.

• Neutrino Masses: The SM proposes the neutrinos masses to be zero as there

are no right-handed neutrinos in the SM, but the neutrino oscillations [17,18]

prove that the neutrinos have nonzero masses.

19



• Unification of the Forces: The fundamental forces are predicted to unify

around the planck energy scale, yet within the SM, these forces do not unify

at a single point. The unification of these forces is predicted by an extension

to the SM outlined in Section 2.2.2.

• The Hierarchy Problem: With quantum corrections, the Higgs boson mass

should be many orders of magnitude higher than the current measured mass

of 125 GeV. The observed mass at this energy scale can be explained by

substantial adjustments or fine tuning (described in Section 2.2.1), which is

unnatural and is known as the hierarchy problem.

2.2 Supersymmetry

SUSY is one of the theoretical extensions to the SM. This dissertation is con-

cerned with the direct search for specific SUSY particles. This section seeks to provide

a quick overview of SUSY, with a more extensive explanation in [19]. SUSY suggests

that, for every SM particle, there exists a super companion with a spin difference of

1
2
. In other terms, SUSY is a space-time symmetry that transforms the boson and

fermion fields using an operator.

Q|Boson〉 = |Fermion〉,

Q|Fermion〉 = |Boson〉.
(2.27)

Figure 2.4 shows the SUSY particles in comparison with the SM particles. The

present energy limits at the LHC range up to TeV scale for particle production, and

since we have not found any signs of SUSY, this indicates that SUSY is a “broken”

symmetry. If SUSY were a unbroken symmetry, SUSY particles would have the same

masses as their counterpart SM particles. Broken symmetry proposes the masses
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of most SUSY particles to be greater their SM counterparts with naturalness [20]

conditions.

Figure 2.4: Summary of the SM particles and SUSY particles.

2.2.1 Fine-tuning problem

The concept of fine-tuning stems from iterative modifications in model param-

eters to align with data, and no well-known process explains why specific parameters

should have certain values. One example is the calculation of the Higgs mass. The

mass of the Higgs boson depends on the loop correction terms, with the top quark

loop corrections contributing the most. The coupling of the Higgs to the top quark

can be described by the Lagrangian as follows:

L = − yt√
2
φt̄LtR + h.c., (2.28)

where yt is the Yukawa coupling with the top quark. At low energy scale where the

masses of the bosons are roughly on the same magnitude and gravity can be ignored,

the couplings are valid. But at the highest scale where QFT holds, the Plack scale,

top quark loop corrections are applied to the Higgs mass as illustrated in Fig. 2.5 and
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Figure 2.5: (Top) Corrections from the scalar partner of the top quark. (Bottom)
Divergent loop corrections to the Higgs boson mass.

as the correction term in Eq. (2.29):

∆m2
H

∣∣
top

= −3 |yt|2

8π2

[
Λ2 − 3m2

t ln

(
Λ2 +m2

t

m2
t

)]
, (2.29)

where Λ is the Planck scale value. This contribution shows only the asymptotic terms

as Λ → ∞. These corrections are several orders of magnitude larger than the Higgs

mass, so the bare mass of Higgs boson must be fine-tuned in order to derive the

observed mass of Higgs boson. The Higgs bare mass and the observed Higgs mass is

(with large corrections) are approximated by:

m2
Bare ≈ 1252 +

3m2
top

4π2v2
Λ2 +O (Λ) ≈ (O(1019) GeV)2, (2.30)

m2
H = m2

Bare −
3m2

top

4π2v2
Λ2 +O (Λ) ≈ (125 GeV)2, (2.31)

where mH denotes the observed Higgs boson mass. This excessive fine-tuning can

be avoided by introducing a scalar supersymmetric top quark (also referred as top

squark) (̃t) with identical Yukawa coupling as top quark which can cancel the loop
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corrections. The introduction of this scalar top quark is one of the building blocks

for SUSY.

2.2.2 Minimal supersymmetric standard model

The concept of SUSY is rather complicated to test for at the colliders; therefore

a formalism is developed that includes SUSY taking into account minimum amount of

fields that is based on the SM gauge symmetry (SU(3)C ⊗ SU(2)L ⊗ U(1)Y ) known as

minimal supersymmetric standard model (MSSM) [19]. Similar to the SM particles,

the quarks and leptons have their superpartners that consist two-component Weyl

fermion and a complex scalar field. These particles are denoted by having an “s”

prepended to the fermion’s name, e.g. the superpartner of bottom quark is called

“sbottom”. The electroweak bosons have their spin-1
2

superpartners (W̃±, W̃0, B̃0)

called as winos and binos. The list of the MSSM fields is shown in Table 2.4.

Similar to the SM electroweak symmetry breaking, various gauge fields mix

to form MSSM particles [19]. In this dissertation, we are searching for the direct

production of charginos and neutralinos. The superpartner of the Higgs boson is

called a higgsino. Charginos (χ̃±1 , χ̃±2 ) are the the mass eigenstates formed by mixing

the gauge eigenstates of charged winos and charged higgsinos. Neutralinos (χ̃0
1, χ̃0

2,

χ̃0
3, χ̃0

4) are formed by mixing the gauge eigenstates of neutral winos, binos and two

higgsinos. A single higgsino would lead to gauge anamoly since addition of Higgs

superpartner is weak isospin doublet with hypercharge (Y = ±1
2
). Therefore, another

Higgs doublet is introduced with spin-0 having the opposite hypercharge to the SM

Higgs doublet.
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Table 2.4: Gauge and mass eigenstates in MSSM [19]

Names Spin Gauge eigenstates Mass eigenstates

squarks 0 ũL ũR d̃L d̃R same
squarks 0 c̃L c̃R s̃L s̃R same

squarks 0 t̃L t̃R b̃L b̃R t̃1 t̃2 b̃1 b̃2

sleptons 0 ẽL ẽR ν̃e same
sleptons 0 µ̃L µ̃R ν̃µ same
sleptons 0 τ̃L τ̃R ν̃τ τ̃ 1 τ̃ 2 ν̃τ

neutralinos 1/2 B̃0 W̃ 0 H̃0
u H̃

0
d χ̃0

1 χ̃
0
2 χ̃

0
3 χ̃

0
4

charginos 1/2 W̃± H̃+
u H̃−d χ̃±1 χ̃±2

gluino 1/2 g̃ same

Higgs bosons 0 H̃0
u H̃

0
d H̃

+
u H̃−d h0 H 0 A0 H±

gravitino 3/2 G̃ same

(2.32)

2.2.3 R-parity conserving SUSY

In the MSSM, baryon number and lepton number are no longer conserved by

renormalizable couplings in the theory. Multiplicative quantum number is introduced

for every particle based on its baryon and lepton numbers which is called as R-parity

and given by:

PR = (−1)3B−L+2s (2.33)

where s is the spin, B corresponds to baryon number, and L corresponds to lepton

number. The R-parity for all the SM particles corresponds to PR = 1, while for

the SUSY particles corresponds to PR = −1. In this dissertation, we consider that

R-parity is conserved, which implies:

• At any vertex this number must be conserved, and consequently supersym-

metric particles are produced in pairs.

• A supersymmetric particle can never decay only into SM particles.
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• The lightest supersymmetric particle (LSP), which in this dissertation is the

lightest neutralino (χ̃0
1), must be weakly interacting, stable, and escapes our

detector. This LSP could be a candidate for dark matter.

The signal models we chose to investigate have two LSPs in the final state that

elude the CMS detector. This indicates that the momentum in a collision event is

unbalanced. When collision events are sorted into a dataset, there is a requirement on

the missing transverse momentum in the events, as explained in Section 3.2.7, which

narrows our search for these types of events.

2.2.4 Electroweak SUSY searches

Supersymmetric particle searches have not yet been successful; however, many

SUSY analyses are becoming more sensitive to a wide variety of SUSY signal models.

Some SUSY searches emphasize gluino pair production, which has the largest cross

section for SUSY particle formation as shown in Fig. 2.7. If the LSP is stable in these

searches, R-parity is conserved, resulting in missing transverse momentum and the

gluinos lead to numerous quark pairs, which ultimately result in a large number of

jets in the detector. The decay of the gluino can produce a quark-antiquark pair.

Figure 2.6 displays some of the mass exclusions from recent searches for gluinos de-

caying into top-antitop quark pair (along with other light quark pair) by the CMS

experiment. As shown in the bottom plot of Fig. 2.6, the strongest exclusion limits

now imposed for the gluino pair production are up to 2300 GeV.

This dissertation is driven by the desire to look for electroweak production

of charginos and neutralinos. Searches for direction production of charginos and

neutralinos are challenging due to its low cross section compared to strong production
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Figure 2.6: (Top left) Diagram showing the decays of gluinos into top-antitop quark
pairs along with an LSP. (Top right) Mass exclusion limits placed at 95% CL obtained
in the context of simplified model shown above with each line corresponds to the limits
set by the analysis performed indicated by their arXiV numbers. (Bottom) Overview
of the mass reach obtained by gluino pair production through various decay models
of gluino using Run 2 CMS data. Figure source [21].

of gluinos and squarks, as show in Fig. 2.7. In the search performed in Chapter Five,

the electroweak SUSY particles decay into SM gauge boson or Higgs boson along with

LSP. Figure 2.8 displays a few electroweak SUSY models.

The excellent resolution of the CMS tracker, ECAL, and the muon detector, as

mentioned in Chapter Three, results in clean signatures for searches involving leptonic

final states. The hadronic searches aid in extending search sensitivities to higher
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chargino/neutralino masses, as shown in Fig. 2.9, which is represented by the curves

with the ‘0`′ label. Searches in leptonic final states are effective for electroweakino

models at the low chargino/neutralino mass range and at high LSP masses.

The mass exclusion limits set by the search described in Chapter Five for

the mass of χ̃0
2 extends up to 970 GeV, and the mass of χ̃0

1 up to 250 GeV. More

information on these findings is covered in the dissertation’s analysis section and also

in this reference [23]. Other electroweak analyses that used Run 2 CMS data to search

for the electroweak SUSY models are listed in these references [23–27].
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CHAPTER THREE

Experimental apparatus

One of the most effective ways to explore the fundamental particles and their

interactions is colliding protons at high energies, which enables the identification

of fundamental particles. While fixed target experiments involve colliding proton

beams with a stationary target, the energy produced in these collisions is lower than

when two beams collide head-on. Currently, the Large Hadron Collider (LHC) is the

most powerful and largest particle collider equipped with multiple particle detectors,

providing valuable insights into the properties of these particles and their behavior

during collisions. One of them is the Compact Muon Solenoid (CMS) detector. This

dissertation is based on the data collected by the CMS detector during the years

2016–2018.

3.1 The Large Hadron Collider

The LHC, which is situated at the European Organization for Nuclear Re-

search (CERN) around Geneva, Switzerland, is the largest circular particle accelera-

tor ever constructed. It is approximately 27 kilometers in circumference and located

about 100 meters beneath the ground. The LHC has been designed to accelerate pro-

tons to energies of up to 7 TeV, while maintaining a peak luminosity of 1034 cm−1s−1.

The proton beams are brought into collision at four different interaction points, where

four major experiments are located to observe and record the decay products of the

protons. The accelerator complex along with the major experiments is shown in

Fig. 3.1.
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Figure 3.1: The LHC ring overview and the accelerator chain complex. Figure
source [28].

Hydrogen gas serves as the starting point for the entire chain of processes.

When a duoplasmatron is filled with hydrogen gas, the electrons from a heated cath-

ode are used to split H2 molecules into H+ ions and protons. The proton energy

is then raised to 50 MeV by accelerating these protons using the LINAC 2 linear

accelerator. The next stage is to use a tiny circular accelerator called a proton syn-

chrotron booster to raise the energy even higher, up to 1.4 GeV. Protons from the

booster are further accelerated by the proton synchrotron to an energy of 25 GeV

before being gathered together and prepared for injection into the super proton syn-

chrotron (SPS). Protons within the SPS have energies of 450 GeV and are spaced 25
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nanoseconds apart. Two proton beams are injected into the LHC ring and made to

circulate in opposite directions. While the LHC has the capability to accelerate heavy

ions such as Pb and Ar, for the purpose of this dissertation, only proton collisions

are of relevance. The LHC is equipped with four detectors, namely ALICE, ATLAS,

CMS, and LHCb, situated at four specific locations along the LHC ring where the

beams intersect (known as bunch crossing). A precise set of beam parameters must be

carefully adjusted to ensure the successful collision of the proton beams. The details

of these beam parameters are discussed in the subsequent subsection.

3.1.1 Tuning the LHC beam

Once the beam is injected from the SPS into the large and circular LHC

ring, it is crucial for the beam to maintain its circular trajectory. This is achieved

with the help of 1232 superconducting dipole magnets, which are made of niobium-

titanium (Nb-Ti) coils. These magnets are capable of generating a magnetic field of

8.4 T by cooling them to a temperature of 1.9 K, as depicted in Fig. 3.2.

Using 16 radio frequency (RF) coils that run at a frequency of 400 MHz, the

proton’s energy is raised to 6.5 TeV. The beam reaches its maximum energy after

traveling through the cavities 107 times for about 20 minutes. After this acceleration

step, the beam undergoes squeezing at the detector entrances using 392 quadrupole

magnets, which have four symmetrically arranged magnetic poles to focus the beam

sharply (nearly 16 µm) at the center of the detector. One of the key operational

parameters of the LHC is the instantaneous luminosity (L). For proton colliders, the

instantaneous luminosity can be expressed by:

L =
N2nbf

4πρxρy
, (3.1)
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Figure 3.2: Cross-section of the LHC dipole magnet. Figure source [29].

where nb are the total number of proton bunches, N is the number of protons per

bunch, and f is the frequency of revolution. The quantities ρx and ρy refer to the

transverse spreads of the beam in x and y directions at the interaction point. The

number of events Nevents expected for a process with cross section of σ is given by:

Nevents = σ

∫
L dt. (3.2)

The integrated luminosity
∫
L dt is used to describe the amount of collected data

during a data-taking run.

The total integrated luminosity is displayed in Fig. 3.3, where the delivered

integrated luminosity measures the volume of data sent from the LHC to the CMS.

Occasionally, the CMS detector must stop for technical reasons, making it impossible
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Figure 3.3: Total delivered and recorded integrated luminosities for CMS from the
beginning of the LHC until the beginning of 2022. This dissertation is based on the
data collected during the 2016–2018 period. Figure source [30].

to capture all collisions. The amount of proton-proton collision data that the CMS

detector has recorded is shown as the recorded integrated luminosity.

Multiple proton-proton collisions can occur during a proton-proton bunch

crossing. These additional collisions other than the one of our main interest are

referred to as in-time pileup (PU). Out-of-time pileup refers to the additional proton-

proton collisions which occur just before or after the proton bunch crossing of our

main interest. By changing the bunch spacing, the number of protons in a bunch,

and the strength with which the proton bunches are squeezed before the collision, the

mean number of pileup interactions can be changed. Pileup may appear to be detri-

mental because it might conceal interesting physics from the primary proton-proton
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shown. Figure source [30].

collision, but it actually has the advantage of increasing the likelihood of developing

interesting and rare processes. During the initial data-taking runs at the LHC, the

mean number of pileup interactions was relatively small. However; it has increased

over time, as well as the collision energy, as shown in Fig. 3.4. With improved detec-

tor capabilities and data analysis software, physicists managed to handle data with

increasing levels of pileup interactions.

3.2 The Compact Muon Solenoid experiment

The CMS detector is one of the general-purpose detectors situated at the LHC.

It is considered “compact” as both the tracker and the calorimeters are designed to

fit seamlessly within the solenoid magnet, and it is both massive and dense. Despite
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weighing approximately 14,000 tonnes, the detector measures 28.7 meters in length

and 15 meters in diameter. It is located near Cessy, France, at interaction point

5 (P5), approximately 100 meters below the ground level. The solenoid magnet

generates a magnetic field of 3.8 Tesla (T) which is essential to bend the track of

the charged particles coming out of the collision and is used to precisely measure its

momenta.

Figure 3.5 shows a sectional view of the cylindrical-shaped CMS detector,

with subsystems interleaved between each other. The closest subdetector to the

beam pipe is the silicon tracker, which is enclosed by the electromagnetic calorimeter

(ECAL) and then the hadronic calorimeter (HCAL). The muon system consists of

three subsystems and are located outside the magnet. Aluminum drift tubes (DT)

are arranged in the barrel (|η| < 1.3) region. Cathode strip chamber(CSC) in the

endcaps (0.9 < |η| < 2.4) provide good position and momentum resolution for muons.

Resistive plate chambers (RPC) are spread throughout the barrel and endcap regions

to provide excellent timing resolution. The CMS detector subsystems are described

in detail in the following sections.

3.2.1 Detector geometry and variables

The coordinate system is defined with its origin at the nominal collision point,

and this coordinate system is used to reference multiple portions of the detector.

The x axis is oriented toward the center of the LHC ring, the y axis is oriented

vertically upward, and the z axis is oriented anticlockwise along the beam direction

when viewed from above. Cylindrical coordinates are often used with the azimuthal

angle φ, defined in the x-y plane. The polar angle θ, with respect to the z axis is
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often expressed in terms of pseudorapidity (η).

η = − ln

[
tan

(
θ

2

)]
. (3.3)

Pseudorapidity is an estimate for rapidity variable (y) in the limit E ≈ |p|, which is

defined as:

y =
1

2
ln

(
E + pz
E − pz

)
, (3.4)

where E is the energy of the particle and pz is the momentum of the particle along the

z axis. The quantities E and pz are difficult to measure precisely when the mass of the

particles is unknown. Difference in rapidity is Lorentz invariant and the z-component

of a particle’s momentum cannot be measured accurately. In the case, E � m,

or transverse momentum in x-y plane (pT) � m, rapidity can be approximated by

pseudorapidity, which is often used at collider experiments. Another variable defined
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in terms of η is the angular separation (∆R) which is a parameter used to quantity

the distance between particles.

∆R =
√

(∆η)2 + (∆φ)2. (3.5)

The initial momentum of the colliding partons in the transverse (x-y) plane is almost

zero because the beam is injected through the z axis. Momenta of the collision

products are often measured in the transverse plane, since pz of the colliding partons

is unknown.

3.2.2 Tracker

Following the proton-proton collisions, the collision products pass through the

beam pipe and interact with the inner tracker at first as it is closest to the interaction

point. The tracker is used to determine the momentum of charged particles with

pT > 1 GeV. Hits in numerous layers of the tracker material define the trajectory

of the charged particles. It also helps in locating the primary pp collision vertex as

well as the secondary vertex if any particle decay occurs after it has traversed some

distance away from the primary vertex.

Silicon is used as detector material since it has high carrier mobility and small

band gap which is important to have minimal interactions with the incident par-

ticles because of the large flux of incoming particles. Also, it is crucial to keep the

bremsstrahlung, nuclear interactions, and particle energy loss to a minimal level since

there are other subdetectors upstream which are designed to measure the energy and

other properties.

The tracker is composed of multiple concentric layers of Silicon (Si) modules,

as illustrated in Fig. 3.6. It comprises two main components, namely the pixel tracker
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and strip tracker. The pixel detector consists of three barrel layers (BPix) and two

endcap disks (FPix) situated very close to the interaction point. With a pixel size of

100× 150 µm2, there are over 1400 small Si modules. Geometrically, the three barrel

layers are positioned at 4.4 cm, 7.3 cm, and 10.2 cm from the beam line. The endcap

disks, on the other hand, are located at z = ±34.5 cm and z = ±46.5 cm from the

center of the detector, with inner and outer radii of 6 cm and 15 cm, respectively.

The Si strip tracker surrounds the pixel and consists of over 15,000 Si strip

modules consisting of the tracker inner barrel (TIB) with four layers and tracker inner

disks (TID), which have two disc modules. Further away is the tracker outer barrel

(TOB) with six module layers and tracker endcaps (TEC) that are aligned vertically

similar to TID with nine disk modules. The track reconstruction efficiency is about

99% for muons with pT in the range 1–100 GeV and lower for the charged pions

because of the interactions with the tracker material.

Figure 3.6: A sketch of the tracker system consisting of the pixel detector and outer
Si strip tracker showing the upper part only. The tracker extends its coverage up to
|η| = 2.4. Figure source [32].
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3.2.3 Superconducting magnet

The CMS magnet has an inner diameter of 5.9 m and length of 12.5 m which

is made up of Nb-Ti coils and can generate a magnetic field of 3.8 T. This strong

magnetic field plays crucial role in bending the trajectory of the charged particles

(electrons, charged hadrons, and muons) and identifying the charge of the particles.

The magnetic flux is made homogeneous with the help of 10 kilo ton iron return yoke.

The magnet is operated at 4.6 K with the help of liquid helium and 19.5 kA of current

flows through the solenoid.

3.2.4 Electromagnetic calorimeter

The ECAL is compact, granular, and radiation tolerant. The main purpose

of ECAL is to measure the energy and position of electromagnetically interacting

particles such as the electrons, photons, and the electromagnetic particle component

of jets. Unlike the tracker, which does not absorb energy of incident particles, ECAL

is a calorimeter that absorbs most of the electromagnetically interacting particle’s

energy producing light signals and thus being destructive.

ECAL is made up of 61,200 lead tungstate (PbWO4) crystals in the ECAL

barrel (EB) region and 7,324 crystals in the ECAL endcap(EE) region. The image

of a lead tungstate crystal is shown in top right image of Fig. 3.7. The crystals have

a dimension of 28.6 × 28.6 × 220 mm. The EB has pseudorapidity coverage up to

|η| < 1.479 and the EE further extends the coverage up to |η| < 3.0. To identify

the neutral pions, a preshower detector (ES) is placed in the beginning of EE with

1.653 < |η| < 2.6 consisting of two lead radiations and Si strips that are orthogonal

to each other. The sketch of the ECAL components with the crystals is shown in the
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Figure 3.7: (Top left) Energy resolution in a 3 × 3 cm crystal as a function of energy.
(Top right) Image of a lead tungstate (PbWO4) crystal. (Bottom) Schematic of ECAL
showing the barrel, endcaps and the preshower [33,34].
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Figure 3.8: A sketch showing the coverage of ECAL subsystem. Figure source [35].

bottom picture of Fig. 3.7 and coverage of the barrel and endcap of ECAL is shown

in Fig. 3.8. The granularity of the Si strips helps in identifying the photons from a

Higgs decay and a neutral pion decay.

When a particle interacts with ECAL, it causes the PbWO4 supercrystals, to

emit an electromagnetic shower. After interacting with the ECAL crystals, photons

above a threshold energy (usually in the range of a few MeV) produce electron-

positron pairs and cause bremsstrahlung for incoming electrons. These processes will

continue until the particle’s energy drops below the 1 MeV threshold, at which point

Compton scattering and the photoelectric effect will take control of the decay chain.

A silicon avalanche photodiode (APD) in EB and a vacuum phototriode (VPT) in

EE gather the light deposited in the crystal and transform it into electrical signals,

which are then amplified for further processing. VPTs are utilized to survive high

radiation levels because of the greater flux in the endcaps.
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The energy resolution of the ECAL is experimentally measured by:( σ
E

)2

=

(
S√
E

)2

+

(
N

E

)2

+ C2 (3.6)

where S is the stochastic term, N is noise term, and C is a constant. The energy

resolution improves for higher energy particles as seen from the above equation and

a plot showing the performance in recent test beam experiment is shown in top left

plot of Fig. 3.7. The S term is affected by the shower fluctuations and the low

number of events. The C term is due to the non-uniformity of light collection, energy

leak from back of the crystal. The noise from the electronics, pileup contribution,

and digitization contribute to the noise term N . Adding the energy from 3 × 3

ECAL crystals, the typical values for these quantities are S = 2.8%, N = 0.12 GeV,

C = 0.3%.

3.2.5 Hadronic calorimeter

The HCAL detector is located outside, all around the ECAL detector. HCAL

is a sampling and heterogeneous calorimeter with alternate layers of absorber made

of brass and plastic scintillator. The task of HCAL detector is to detect neutral and

charged hadrons. When neutral and charged hadrons interact with the material nu-

cleus in the HCAL detector, hadronic showers are produced. Eventually, the particles

lose energy by depositing most of their energy in the absorber material; thereby, by

producing a spray of particles. Light that is proportionate to the energy of the shower

is produced by the plastic scintillator.

HCAL extends up to |η| = 5.2 and is divided into barrel (HB), endcap (HE),

forward (HF), and outer calorimeter (HO). The HB and HE form the center part of the

detector and are located inside the magnet as shown in Fig. 3.9. HO is located outside
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the solenoid magnet, and it is designed to capture the decays of very high energetic

particles that pass through HB, but most of the particles get fully absorbed in HB.

For the above three subdetectors, the material component remains the same except

for the design. When the particles pass through the plastic scintillator, scintillation

occurs and blue light is emitted which is captured by the wave length shifting (WLS)

fibers that surround the scintillator tiles. The wavelength of the light is shifted

(corresponding to the color shift) from blue light to green light to minimize the light

loss from the sides of the fiber. The light is carried to hybrid photodiodes (HPDs)

which convert the optical signal to digital signal. During the Run 1 and Run 2

LHC operation, the HPDs along with the scintillator tiles had suffered from radiation

damage, and only the HPDs were replaced by silicon photomutipliers (SiPMs) that

are radiation resistant. The HPDs were replaced by SiPMs in HE before 2018 data

taking and in HB following the Run 2 LHC operation. After the end of Run 3 LHC

operation, the entire HCAL endcap will be replaced by high granularity calorimeter.

HF is located in the forward region of |η| > 3.0. It is different from the rest

of the HCAL subdetectors in the sense that it has around 100 km of quartz fibers

as the active sampling medium enclosed within a steel absorber. As highly energetic

particles traverse through the quartz fibers, Cherenkov light is produced and carried

by the fibers into the photomultiplier tubes (PMTs) which convert the optic signal to

a digital signal. Cherenkov light is emitted only when the particle’s velocity is greater

than the speed of light in the medium which it is traveling. The steel block helps

in producing particle showers proportional to the energy of the incident particle and

works best in high radiation environment. Half of the quartz fibers extend over the

entire depth of HF (165 cm), whereas the remaining half commence at a distance of
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Figure 3.9: Photographs of HB installation into the magnet (top left), HF quartz
fibers (top right), and HE installation (bottom). Image sources [36–38].

45



22 cm from the detector’s front face, denoted as long and short fibers, respectively.

This setup is designed to capture the behavior of electromagnetic showers generated

by electrons and photons, which primarily deposit energy in the initial layers of HF,

resulting in signals that predominantly activate long fibers. In contrast, hadronic

showers generally occur later and continue deeper, primarily activating short fibers

and, to a lesser extent, long fibers.

3.2.6 Muon system

By volume the muon system is the highest among the rest of subsystems. As

the name suggests, it is used to detect muons that can survive traversing the sections

of ECAL and HCAL subdetectors. The muons can be detector through the ionization

effect it creates when they pass through the gas filled chambers of the muon system.

Also, the direction of the magnetic field in this region is opposite to the direction

of the magnetic field inside the magnet. The muon systems are classified into barrel

and endcap regions and are composed of drift tubes (DTs), resistive plate chambers

(RPCs), and cathode strip chambers (CSCs) as shown in Fig. 3.11.

As the muon passes through the gas chambers, it ionizes the gas in these

chambers. The DTs are located in MB regions consist of gas ionization chambers

with anode wire which are designed to measure the drift time of free electrons that

are created after the muon passes ionizes the gas. Extending up to |η| < 1.2, there

are about 250 DTs with each about 2 cm×2.5 m in size with 1 or 2 RPCs attached to

it, running parallel to the beam pipe as shown in Fig 3.11. There are 610 RPCs that

are used to identify the position of the muon as it passes through two highly resistive

plates charged oppositely with gas filled between them. The free electrons created
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Figure 3.11: A sketch of one quarter of the muon subsystem showing the layout of
DT, RPC, and CSC. Image source [40].
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cause an avalanche that moves towards the positively charged plate. RPCs provide

good timing resolution of about 1 ns which is ideal for triggering events compared

to the DTs which take longer than 25 ns. In the ME regions, there are around 468

CSCs that are radiation hard compared to DTs and are used in combination with

RPCs. CSCs are almost the same as DTs except that they also have negatively

charged wire to collect the positively charged ions after the ionization. For a muon

with pT < 100 GeV, the pT resolution is approximately 1% in MB and 3% in ME

regions, and when combined with momentum information from the tracker, there is

further improvement in the resolution.

3.2.7 Trigger system and data storage

During the normal operation of the LHC, the proton bunches cross at the

center of the detector every 25 ns or at a rate of 40 MHz. It is nearly impossible to

capture and store the data for each event. Also, only a small fraction of events would

be of interest for offline analyses on new physics searches, precision physics measure-

ments, and calibration studies. Therefore, in order to select meaningful events, the

trigger system comes into action. Depending on a few criteria, the trigger flags an

event promptly and makes a decision if it wants to store or discard the event. The

trigger system composes of two main parts, the level-1 (L1) trigger and the high level

trigger (HLT).

The L1 trigger is a specially created hardware-based system with a decision-

making time of 3.2 µs and an output frequency of about 100 kHz. The L1 trigger

hardware is located close to the CMS detector in the service cavern to reduce delay.

As shown in Fig. 3.12, electrons, muons, and jets are quickly rebuilt using data from
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Figure 3.12: Overview of the L1 trigger system. Image source [41].
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the ECAL, HCAL, and muon subsystems. The subsequent stage involves passing

the events that exceed a predetermined threshold for object pT and other kinematic

variables to the HLT.

The HLT is in charge of making the final decision regarding whether to store

an event. It is a computer farm near the CMS control room that can lower the event

rate from around 100 kHz to 1 kHz and make decisions in roughly 160 ms. At this

level, the prerequisites for passing an event are known as trigger routes, which are

made up of several logic requirements, keeping in mind the requirement of future

physics analysis. The full event information is currently available to allow for better

decision-making. The trigger paths assist in sorting the data into datasets, which is

helpful for physics analyses to select the pertinent datasets, and around 99.9% of the

events are eliminated. The Worldwide LHC Computing Grid assists in replicating

and transferring the output from the HLT to the grid for storage after it is initially

stored at the CERN data center. The information is then utilized to reconstruct an

event, which is covered in the following chapter.
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CHAPTER FOUR

Event simulation and reconstruction

The LHC operations and the numerous CMS subdetectors that are utilized

to record the collision data can be inferred from the preceding chapter. In this

chapter, we will discuss at how an event is recorded and how reconstruction—the

process of examining the data to piece together the 4-vectors of the particles that

emerge from the collision—is carried out. The production of different particles for

each proton bunch crossing at the detector’s center is referred to as an event. The

techniques utilized to identify different physics objects provide the foundation of

this event reconstruction. In the CMS experiment, particle flow algorithm is used,

which uses information from various subsystems to reconstruct physics objects such as

electrons, photons, muons, charged hadrons, and neutral hadrons with their position

and momenta.

Simulation of the events is performed with help of special software along with

the CMS detector geometry information. The simulation follows a sequential process

starting with collisions from the hard scattering process, and the subsequent decay

chain of particles from the hard scattering process. The simulation also takes into

account interactions of produced particles in proton collisions and the detector ma-

terials. The event reconstruction is performed in the same way for both data and

simulated events. The reconstructed physics objects are then calibrated so that they

closely match the true particle-level quantities. Although event simulation is possible
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for a wide variety of physics processes, I will focus on simulation of a few promi-

nent standard model background processes and SUSY signal models relevant to this

dissertation.

4.1 Event simulation

Testing theoretical hypotheses at the LHC requires precise simulations of

proton-proton collisions in the CMS detector. In order to model these collisions,

Monte Carlo (MC) [42] simulation techniques are used. The main steps involved in

event simulation include the hard scattering of partons, parton shower, hadroniza-

tion, underlying event, and detector simulation. These are described in the upcoming

subsections. The process of event reconstruction is the same for data and simulated

events which is discussed in the next section.

4.1.1 Event generation

In proton-proton collisions, it is the partons which interact with each other

through a process called hard scattering. For simulation of various hard scattering

processes in proton-proton collisions, a clear representation of the proton, which is

composed of quarks and gluons is necessary. However, the interior structure of a pro-

ton made up of partons is complicated, these partons communicate with one another

by exchanging the energies among themselves. The initial energies of partons in this

energy-sharing mechanism are represented by probabilistic distributions known as the

parton distribution functions (PDFs). The PDFs are used to calculate kinematics of

the partons, and using the SM and the Feynman rules, we can predict the initial

particles produced by the hard scatter. The determination of the proton PDFs is a
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huge task by itself. A few groups, such as the NNPDF Collaboration [43, 44], deter-

mine the proton PDFs from global analyses of available hard scattering data. Along

with the proton PDFs, matrix element generators such as MadGraph5 amc@nlo

(NLO) are used to simulate hard scattering of various background and SUSY particle

production processes relevant to the analysis presented in this dissertation.

The hard-scattered partons often radiate gluons according to QCD, and those

gluons may further split into either quark-antiquark pairs or gluons. In addition,

the hard-scattered charged particles may also radiate photons according to QED.

These radiation processes are referred to as initial state radiation (ISR) or final state

radiation (FSR) depending on whether they come from the initial partons involved

in the hard process or from the outgoing particles.

The hard-scattered partons undergo cascades of radiation, and this cascade

process is called the parton shower (PS). The colored quarks and gluons cannot remain

free and pull partons out of the vacuum in order to form color-neutral states. Color

confinement predicts that partons couple together to produce stable color-neutral

hadrons when the perturbative QCD starts to diverge after a certain scale called

ΛQCD. This process of forming color-neutral hadrons is called the hadronization.

Non-perturbative techniques are used to simulate the hadronization process.

The hard process does not involve the entire proton in the interaction. The

additional hadrons that are not a part of the hard scattering are described by a

process called the underlying event (UE) [45]. The non-hard scattering partons may

undergo soft scattering or the parton remnants undergo the PS step that lead to

the UE. The whole process of PS, UE, and hadronization is handled by software

programs, most commonly by pythia [46], in the CMS experiment. At this point,
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we have simulated production of stable particles in the event, the next process in the

simulation chain involves the interaction of these particles with the detector material

as discussed below.

4.1.2 Detector simulation

Up to this point, the physical description of the detector has no impact on

the event simulation process. In the detector simulation step, the stable particles

that are generated though the parton shower and hadronization interact with each

of the CMS subdetector materials. This requires accurate modeling of the detector

material and its interactions with the stable particles that have lifetimes greater than

the time required to traverse the detector material. For this step, a software called

Geant4 [47] is used, which model interactions of particles with the detector active

material, various structural supports, absorbers, etc. At this step, the simulation of

pileup interactions (described in Chapter Three) is also added to the simulated event.

The search performed in this dissertation considers several signal models, each

signal model with a mass scan of the parent and daughter SUSY particles (around

1000 for each signal model). Producing these samples using Geant4 would be la-

borious in terms of the computational resources and processing time required. A

framework for Fast Simulation of Particle Interactions (fastsim) [48] is being utilized

to optimize this process, with event generation rates that are 100 times higher than

those of a Full Simulation. For the simulation of particle interactions with the tracker,

fastsim uses a streamlined tracker geometry, and fastsim employs parameterized sim-

ulation of longitudinal and lateral shower profiles for electromagnetic and hadronic
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shower developments. The event reconstruction procedure (discussed in Section 4.2)

is the same for both fullsim and fastsim.

4.2 Event reconstruction

The event reconstruction procedure attempts to identify particles produced

in individual proton-proton collision events. The data from simulations or collisions,

such as the track data from the tracker, track and energy deposits in muon chambers,

and the energy deposits from the calorimeters are taken into consideration at this

stage. The particle flow (PF) algorithm [49], which can reconstruct candidates of

electrons, photons, muons, charged hadrons, and neutral hadrons, has been developed

by the CMS experiment. The PF algorithm gathers data from all subdetectors and

produces a comprehensive description of each event.

Then main ingredients for the particle flow algorithm are charged particle

tracks and calorimeter energy deposits. This section describes the procedures to

reconstruct charged particle tracks and energy deposits in the calorimeters. It also

discusses how various final state PF candidates and physics objects are reconstructed.

Section 4.2.3 describes how various PF candidates are reconstructed.

4.2.1 Tracks

The reconstruction of charged particles can be challenging. A vast number of

proton collisions result in about 20 charged particles [50], and with the presence of

pileup interactions, we often have to reconstruct hundreds of charged particle tracks

in each event. The iterative track algorithm utilizes the Kalman Filter [32] to select

a series of hits in different layers that are produced by a charged particle passing

through the silicon modules of the tracker element. The algorithm solves the issue of
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tracking multiple particles by identifying clear tracks and removing associated hits.

The remaining hits are utilized for track identification and fitting through multiple

iterations. The process includes finding seeds, finding tracks, fitting tracks, and

selecting tracks based on the number of hits, impact parameters, and hits from muon

chambers. Later, the remaining hits are used for track identification and fitting

through multiple iterations. A track reconstruction iteration includes:

• Finding seeds: A hit from a particle that passes some threshold is recorded,

then a pair or triplets of these hits constitute a seed. The track seeding

algorithm generates a list of seeds that matches a charged particle trajectory.

• Finding tracks: Once a list of seeds is generated, the combinatorial track

finder (CTF) algorithm [51] extrapolates the trajectory to find matching hits

in the inner(outer) pixel layer with the outer(inner) pixel layer as depicted in

Fig. 3.6. Working outwards, this algorithm looks for any seed that needs to

be matched to the seeds in the inner layers.

• Fitting tracks: To smooth the trajectory, fitting is performed and track pa-

rameters such as origin and pT are obtained. A few tracks appear to be away

from the beam spot or primary vertex due to the delay in the decay of col-

lision particles from b hadrons. Additional constraints are placed to correct

and fit such type of tracks.

• Selecting tracks: Track selection is performed based on the number of hits

(including the isolated hits), impact parameters of the track, and the hits

from muon chambers.

After tracks are built, the next step is to reconstruct electron-induced track candidates

using track information and energy deposits in the ECAL. Due to the tracker material,
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approximately 84% of electrons radiate a photon, called bremsstrahlung, as they pass

through it, causing a sudden change in track momentum and direction. To address

this issue, a technique called Gaussian-sum-Filter (GSF) [52] is used instead of the

Kalman Filter to check the track candidates generated by the combinatorial track

finder (CTF) algorithm. In the final step, a boosted decision tree (BDT) classifier

score is employed to identify electron tracks, which takes information from both the

KF and GSF tracks. The process of reconstructing muon tracks is similar to that of

electron tracks, but it starts from the outer muon chamber tracks and connects them

with the tracks from the inner tracker.

4.2.2 Calorimeter clusters

The purpose of the calorimeters (ECAL and HCAL) in CMS is to measure the

energy and position of particles. When a particle interacts with the dense material

of the calorimeter, it creates a particle shower that can spread over multiple layers

of absorber material. In order to isolate the energy deposits from each particle, an

algorithmic approach is used to cluster the energies from different absorber layers.

The clustering techniques are unique to ECAL and HCAL because the shower profile

is different for electrons and hadrons. In ECAL, a seed is planted based on the most

energetic hit, and superclusters are formed by combining neighboring small clusters

with low energy, taking into account the shower profile.

4.2.3 Particle flow

The particle flow algorithm adds significantly to the raw information from the

tracks and the calorimeters clusters by linking basic elements from all the subdetectors

and forming a global event description of an event. Figure 4.1 gives an example of
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Figure 4.1: A sketch showing the interaction of various particles with a slice of CMS
detector. Figure source [49].

particle interactions with the detector elements. From the information gathered from

tracks, calorimeter clusters, and hits in muon systems, and with the help of linking

algorithm, the particle flow algorithm reconstructs final state particle candidates,

called PF candidates, and determines their 4-momenta and types. The PF candidate

identification allows us to apply specific energy corrections to certain types of particles

based on dedicated calibration studies. The PF algorithm provides a very clean

information required to carry out physics analyses. The PF algorithm is a complex

algorithm. Therefore, it is difficult to describe the whole algorithm chain in detail.

Broadly speaking, muon candidates are reconstructed first, then electrons, isolated

photons, charged hadrons, non-isolated photons, and neutral hadrons. The main
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features of the algorithm and reconstruction of different types of PF candidates are

described below:

(1) Muons generally pass through the whole CMS detector with hits in the inner-

tracker, calorimeters, and muon systems. Muon tracks and compatible inner-

tracker tracks, taking into account their curvatures in the complex magnetic

field in the solenoid magnetic and in the return yoke, are reconstructed as

PF muons. The corresponding PF elements (tracks and clusters) associated

to muon candidates are removed from further considerations of other types

of PF candidate reconstruction.

(2) Electron-induced tracks are identified as GSF tracks, as discussed in Sec-

tion 4.2.1. ECAL superclusters are matched to electron tracks according to

track trajectories and momenta. PF electrons are reconstructed from these

linked ECAL superclusters and GSF tracks. In addition, isolated photon

candidates are retained if they are isolated from other tracks and calorime-

ter clusters, and if the ECAL supercluster energy distribution and the ratio

between the HCAL and ECAL energies are compatible with those expected

from a photon shower.

(3) Next, we reconstruct charged hadrons which leave tracks in the tracker and

deposit their energies in the HCAL (and some portion in the ECAL). At

this step, the remaining tracks should be from charged hadrons since elec-

trons and muons are already identified, and their tracks are removed from

consideration. The linking algorithm matches tracks to calorimeter clusters

when the track trajectories pass through the cluster areas. Charged hadron

candidates are formed from individual tracks. When the calorimeter cluster
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energy sum is compatible with the sum of associated track momenta, no neu-

tral particle is formed, and the charged-hadron momenta are redefined based

on weighted averages of tracker and calorimeter measurements if the tracking

measurement uncertainties are relatively large.

(4) Non-isolated photons (e.g. from π0 decays) and neutral hadrons do not leave a

signature in the tracker because of their neutral charge. Photons deposit most

of their energies in the ECAL. The remaining ECAL clusters which are not

identified as electrons and do not have any associated HCAL deposits are used

to reconstruct non-isolated PF photons. Neutral hadrons deposit energies

in HCAL and often also in ECAL. Based on the geometric compatibility,

the HCAL and ECAL clusters aid in reconstructing neutral hadrons. The

formation of PF non-isolated photons and PF neutral hadrons can also arise

from excess energies in ECAL and HCAL clusters compared to the linked

track momentum measurements.

The particle flow algorithm creates a list of all the reconstructed particles in an

event which is useful but physics analyses often require further refined version of the

physics objects. As the detector operating condition evolves, several optimizations are

performed for physics objects by physics object groups (POGs) who provide standard

object definitions to be used for obtaining optimal performance for a given physics

object. The following section describes various physics objects used in this analysis.
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4.2.4 Physics objects

The event comprises a list of reconstructed PF particle candidates after particle

flow. Despite the value of this information, a complete physics analysis calls for higher-

level physics objects that more accurately capture the primary physics production of

the hard process. Physics object groups (POGs) function in the CMS Collaboration in

order to develop and standardize object definitions. Each POG consists of specialists

who, among other things, are in charge of making suggestions for object identification

and enhancing object-related algorithms. The physics objects used in this analysis are

based on recommendations from various POGs. This section discusses the standard

procedure to reconstruct higher-level physics objects.

4.2.4.1 Interaction vertex. The proton-proton collisions take place around

the center of CMS detector and since there are a bunch of collisions taking place in

each proton bunch crossing, there can be several interaction vertices. This reconstruc-

tion aims to locate the positions of interaction vertices with associated uncertainties

in the following steps:

(1) Tracks are selected based on impact parameters relative to the beam spot

and number of hits in the tracker.

(2) These tracks are clustered based on the distance from the beam spot along the

z axis. The deterministic annealing (DA) algorithm [53] is used to optimize

clustering such that it can resolve very close vertices while not splitting true

single vertex into multiple vertices.

(3) Vertex positions are fitted with the help of tracks associated to them using

adaptive vertex filter [54].
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Once all the interaction vertices are reconstructed, the primary vertex (PV) is defined

as an estimate of the interaction vertex of the hard process. The PV is identified as

the one with the largest p2
T sum of all physics objects associated with that vertex.

4.2.4.2 Electrons. The electrons reconstructed using the GSF algorithm

are used as a base to built high purity isolated electrons. Electron identification

checks for refined tracks consistent with ECAL clusters in multiple steps. Electron

candidates are defined as reconstructed electron tracks initiated by the reconstruction

of superclusters in the ECAL matched with hits in the pixel detector. Electron

candidate identification includes refitting tracks and reclustering ECAL clusters. The

EGamma POG provides standard definitions of electron candidates by tuning various

parameters and classify them into loose, medium, and tight working points based

on the electron efficiencies and misidentification rates [55]. In this analysis, electron

candidates are chosen based on the EGamma POG’s cut-based medium working point

with an average efficiency of 95%. In addition, an isolation requirement is imposed

on electron candidates. The electron isolation requirement is based on Imini defined

by:

Imini =

∑
R pT (h±) + max

(
0,
∑

R pT (h0) + pT(γ)− ρEA
(
R
0.3

)2
)

pT(e)
, (4.1)

where h±, h0, and γ represent charged hadron, neutral hadron, and photon, respec-

tively. Energy density of the event is given by ρ, and EA is the effective area. The

size of the cone (R) used for the isolation calculation in this analysis varies with pT

of the lepton (electron in this case) as shown in Table 4.1. The decrease in cone

size with increasing electron pT accounts for the increased collimation of the decay
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products from the electron’s parent particle as the Lorentz boost of the parent par-

ticle increases [56, 57]. Additionally, electrons are required to have pT > 10 GeV and

|η| < 2.5 to qualify as an electron candidate in this analysis.

Table 4.1: Radius of the cone with respect to pT of the lepton

R pT range
0.2 pT < 50 GeV

10 GeV/pT 50 < pT < 200 GeV
0.05 pT > 200 GeV

4.2.4.3 Muons. Muon candidates are reconstructed from the tracks in muon

system (DT, CSC, and RPC) and inner tracker, after checking they are compatible.

A global muon track fitting is performed from muon hits in the tracker and muon sys-

tems. Muons reconstructed only from hits in the muon system are called standalone

muons. Tracker muons are defined when at least one muon segment matches extrap-

olated tracks from the inner tracker. Global muon performance is better than the

tracker muon or the standalone muon as it uses information from the muon system

and inner tracker.

Muon candidates with varying reconstruction efficiencies and misidentification

rates are defined with additional requirements on top of PF muons, and are classi-

fied into multiple working points as also done for electrons. The POG-recommended

“medium” working point is used in this analysis, which takes muon candidates from

global and tracker muons and apply additional track-quality and muon-quality re-

quirements. This analysis also require pmuon
T > 10 GeV and |ηmuon| < 2.4 in order to

identify a muon candidate. In order to reconstruct prompt muons (that arise from
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the hard process), the isolation condition of Imini < 0.2 is also imposed, where Imini is

defined by Eq. (4.1) but for a muon instead for an electron. This is required in order

to separate them from the muons produced in b hadron decays which are typically

produced at low muon pT.

4.2.4.4 Photons. ECAL superclusters with little associated energies in

HCAL mostly arise from electrons and photons, and out of which if the ECAL su-

perclusters have no track associate, then they are qualified to be photon candidates.

Events with a photon reconstructed with POG recommended “loose” selections are

rejected in this analysis. The photon candidates are required to be well isolated

from electrons and with pT > 100 GeV in the barrel (|η| < 1.4442) or endcap

(1.566 < |η| < 2.5) regions. Also, photon candidates are not allowed to have any

associated pixel seed.

4.2.4.5 Jets. The quarks and gluons produced in hard scattering processes

decay or radiate particles, which continues as a chain reaction until the particles

have reached some threshold momentum. These decayed particles form a spray of

mesons and baryons through a process of hadronization. The spray of particles can

be clustered into a cone-like shape called a jet. In this analysis which searches for

bosons that decay hadronically, jets play a vital role in achieving results in this

analysis.

Jets are reconstructed by clustering PF candidates using anti-kT algorithm [58].

The algorithm is based on two specific measures of distance also from the beam which
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can be described by:

dij = min

(
1

p2
T,i

,
1

p2
T,j

)
∆R2

ij

R2
, (4.2)

diB =
1

p2
T,i

, (4.3)

where i and j are two different particles, and B refers to the beam. ∆R2
ij is the spatial

separation of these particles in (y, φ) phase space defined as:

∆R2
ij = (yi − yj)2 + (φi − φj)2, (4.4)

where y is the rapidity as defined in Eq. (3.4). The size of a jet is tunable size

parameter defined by R. Typically this parameter is set to 0.4 and the resultant jets

are called AK4 jets. When a hadronic decay of boosted (high pT) bosons occurs, its

spread is often wider than the size of AK4 jets. Therefore, the size parameter is set

to 0.8 for reconstructing jets arising from boosted bosons, and the resultant jets are

referred to as AK8 jets or fat jets.

The jet clustering proceeds iteratively by comparing the smallest value of dij

and diB. Until the values of dij is less than or equal to diB, the algorithm merges those

entities into a jet. While, in the case of AK8 jets, the pileup per particle identification

(PUPPI) algorithm is used for better reconstruction of jet substructure that applies

more constraints on the charged hadrons and rescales the energy of neutral hadrons

by a factor representing their probabilities to originate from the primary interaction.

Looking closely into the jet energy fraction, most of the jet energy is carried by

charged hadrons (∼ 65%), then followed by photons (∼ 25%), and the reminder by

neutral hadrons (∼ 10%) as shown in Fig. 4.2.

The bottom plot of Fig. 4.2 shows some differences between data and MC

simulation especially at high pT. The differences in the jet four-momentum between
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Figure 4.2: Energy fraction in jets as a function of pT in data and MC simulation.
Figure source [49].

data and MC simulation can occur since low pT particles are not used in jet recon-

struction, and due to non-linear detector response. Therefore, the pT and mass of the

jets needs to be corrected in order to accommodate these differences. A factorized

approach is used to correct jets, which is called the jet energy correction (JEC). The

flow diagram in Fig. 4.3 represents the various corrections applied at different levels

as discussed below.

Starting from the reconstructed jets, several correction factors are applied to

correct the four-momentum of a jet [60]:

pcorrµ = Cpraw
µ , C = Coffset (praw

T , η,NPV ) · CMC (p′T, η) · Crel(η) · Cabs (p′′T) , (4.5)
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source [59].

where p′T is the pT of the jet after offset correction, and p′′T is the pT of the jet after

all the corrections excluding Cabs. The overall correction factor C consists of the

following individual corrections:

• Coffset removes extra energy which is estimated to be higher than the actual

value due to pileup contributions and noise. For data events, based on the

data vs MC simulation differences, an additional correction is obtained using

the random cone (RC) method.

• CMC is the correction factor applied after the offset corrections are applied.

Due to the non-uniformity in η and non-linearity in pT, the response varies

for jets w.r.t. its pT. This correction factor aims to apply the correction as a

function of jet pT and η.

• Crel is the relative energy scale correction w.r.t. η. Forward region jets to

corrected back to the level of jets in the barrel region.

• Cabs is absolute energy scale correction which matches the reconstructed jets

to particle-level jets and in the next step residual corrections are applied.

In simulated samples, jets can also be reconstructed directly from stable particles

emerging from fragmentation and hadronization processes, which are referred to as

particle-level jets. The pT response of the jet, defined as the ratio of the measured
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jet pT to the particle-level jet pT is shown in Fig. 4.4 at different stages of JEC

application.
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Figure 4.4: The top left plot shows the raw pT response of the jets, the top right plot
shows the improvement after pileup corrections, and the bottom plot shows good
response after all the residual corrections are applied. Figure source [59].

In addition of energy scale corrections to jets, a few other constraints are

imposed on jets so that jets from spurious sources, such as electronics noise, can be

eliminated. AK4 jets are required to have pT > 30 GeV and |η| < 2.4 along with jet
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identification (JetID) criteria [61]. For 2016 data, the loose working point of JetID is

chosen, while for 2017 and 2018 years, the tight working point of JetID is being used.

When any jet in the event fails the JetID criteria, the event is not considered for

the further analysis. In this search, AK8 jets are required to have a high transverse

momentum of pT > 200 GeV and |η| < 2.0.

In general the mass resolution in simulation is good as compared to data,

therefore the mass distribution of the AK8 jets passing the Deep-W tagger and hav-

ing its mass between 65–105 GeV are studied in tt̄+jets enriched single lepton control

regions. Scale factors for jet mass scale (JMS) and jet mass resolution (JMR) are de-

rived for each data-taking year. The correction to JMS is applied on MC simulation

yield by scaling the mass and JMR by smearing the MC simulation yield mass dis-

tribution. Similarly, the JMS and JMR scale factors are applied for AK8 jets passing

Deep-WMD and having its mass between 65–105 GeV. As it it difficult to sample

H/Z→ bb in data events, no JMS and JMR uncertainties are applied for bb-vs-light

tagger.

4.2.4.6 b quark jets. Jets that originate from the hadronization of a bottom

quark play a special role in the classification of this analysis. The b hadrons have

masses about 5–6 GeV and relatively longer lifetime than light-flavored hadrons with

lifetime of 1.5 ps. Depending on the Lorentz boost, the b hadrons travel hundreds of

microns from the primary vertex before decaying, creating a secondary vertex (SV)

as shown in Fig. 4.5. This process gives an important handle to identify (tag) jets

originating from b quarks, also known as b jets.
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Figure 4.5: Diagram showing the common principle of identification of b jets initiated
by b hadron decays.

For the b jet tagging, various algorithms are developed by the CMS Collabo-

ration. One of the recent algorithms for identification of AK4 b jets is the combined

secondary vertex algorithm based on deep-learning techniques (DeepCSV [62]) that

is used in this search. The DeepCSV tagger takes in many inputs in the training in-

cluding number of SV, number of tracks from SV, 2D flight distance from PV, track

information, and several jet variables, and then output a score ranging from zero

(least likely to be a b-tagged jet) to one (most likely to be a b-tagged jet). The effi-

ciency of tagging affects the rate of misidentification of the b jet, as they are inversely

proportional. To characterize the tagging efficiency and misidentification rates, sev-

eral working points are specified. The medium working point is used in this search

to identify the b jets depends on Run 2 data taking period. Any jet that exceeds the

cutoff value determined for that year are defined as a b-quark jet. In this case, the

threshold values for the DeepCSV jet tagger score are 0.6321, 0.4941, 0.4184 in the
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years 2016, 2017, and 2018, respectively. In this analysis, the b jets are required to

fulfill pT > 30 GeV and |η| < 2.4 in this analysis.

4.2.4.7 Heavy object jets. At high pT, decay products from heavy SM parti-

cles, such as the top quark and Higgs, Z, and W bosons, may be collimated enough

to be well contained in a AK8 jet. For this analysis, a deep neural network (DNN)

based algorithm called DeepAK8 is used in order to find candidate AK8 jets that are

consistent with the decay, fragmentation, and hadronization of heavy SM particles.

The DNN is made to classify AK8 jets produced by hadronically decaying particles

into one of five main groups: W, Z, H, top, and “other”. Jets are further divided into

subcategories based on how likely it is that they came from a certain decay of these

unstable particles, such as Z(bb), Z(cc), etc. The scores assigned to each classification

are utilized to create jet taggers.

Three jet taggers—the W tagger, the V tagger, and the bb tagger—that were

developed using the aforementioned classifiers are used in this analysis to categorize

AK8 jets. These taggers are also interchangeably referred to as Deep-W, Deep-WMD,

and bb-vs-light taggers in this dissertation. All, or none of the three taggers may tag

a single AK8 jet. The mass of the jets (65 < mJ < 105 GeV) and a DNN score

designed to distinguish between hadronic W boson decays and QCD jets are used by

the W tagger to identify jets consistent with a W(qq′) decay. The V tagger’s DNN

score is optimized similarly for the W tagger, which uses adversarial training to de-

correlate the DNN score and the jet mass. This de-correlation technique is referred

to as mass decorrelation (MD). This mass decorrelation (MD) technique allows the

V tagger (also known as the Deep-WMD tagger) to be sensitive to hadronic decays
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sensitive of both the W and Z bosons despite having a higher misidentification rate.

By using the jet mass (75 < mJ < 140 GeV) and a DNN score tailored for identifying

Lorentz-boosted bb topologies, the bb tagger (also known as the bb-vs-light tagger)

detects AK8 jets consistent with a Z(bb) or H(bb) decay. Adversarial training is

another technique the bb tagger uses to associate the DNN score and the jet mass.

The DeepAK8 [63] tagger outperforms several other taggers as shown in Fig. 4.6

where the tagging efficiency is higher and the misidentification rate is lower for the

DeepAK8 tagger compared to the others for the same.

This analysis also involves the tagging of a highly boosted AK8 jet with pT >

200 GeV that contains two b quarks and correlates with a boson decay. A neural

network is trained using the variables involving sub-structure variables, SV and other

jet information to tag the AK8 jets using DNNs. Several working points are defined

for the DeepAK8 tagger in a similar way as done for the DeepCSV tagger. The

DeepAK8 algorithm that can discriminate between jets arising from bb decays and

jets arising from light flavor jets is called the DeepAK8 bb-vs-light (bbvsL) tagger,

as described in the previous subsection, and it is used to identify the decays of Z or

Higgs bosons into a pair of b quarks. Tagger efficiency in simulation is defined as the

fraction of simulated hadronically decaying W, Z, or Higgs bosons that are identified

by the appropriate tagger discussed above, and it is used to correct the simulation

yields to better match the data. The scale factors for the bb-vs-light tagger correction

are obtained using a collection of AK8 jets enriched in gluon splitting to a bb pair

based on the presence of secondary vertices. Similarly, for the Deep-W tagger, the

W(qq′) signal is obtained from a sample enriched in top quark decays.
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Figure 4.6: Left plot shows the efficiency as a function of the generated particle
pT for a given working point for Higgs boson identification. Right plot shows the
misidentification rate as a function of the generated particle pT. Figure source [63].

4.2.4.8 Missing transverse momentum. Another prominent kinematic vari-

able used in this analysis is missing transverse momentum or missing transverse energy

(denoted by MET or pmiss
T ). Since the protons are accelerated and have initial momen-

tum along the z axis, the momentum in the transverse x-y plane is zero. Therefore,

the final momentum in the transverse plane after collision must be also zero from

the momentum conservation principles. After all the visible PF candidates are re-

constructed, a significant momentum imbalance in the transverse plane is likely due

to particles that pass through the detector layers undetected. Among SM particles,

neutrinos contribute to pmiss
T . In this analysis, the signals involve the production of

lightest neutralinos (SUSY particles), which can also escape the CMS detector and

contribute to pmiss
T . This quantity can be mathematically defined as:

pmiss
T =

∣∣∣∣∣−
n∑
i

~p iT

∣∣∣∣∣ , (4.6)
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where
∑n

i ~p
i
T denotes the sum ~pT of all the PF candidates. Measuring this quantity

correctly is crucial in this analysis since significant pmiss
T is an important requirement

to enhance signal-like events.

4.2.5 MET event filters and further event cleaning

The CMS detector is a very complex detector, and consequently the algorithm

to reconstruct its readout information is also complicated. Unfortunately, issues such

as beam-induced background, electronics noise, nonfunctional detector readout chan-

nels, and occasional poor reconstruction may lead to large spurious pmiss
T measure-

ments. This analysis has search bins in pmiss
T , therefore it is crucial to reject events

that impact the measurement of pmiss
T . The CMS JetMET POG identifies and pre-

scribes a list of MET filters for the Run 2 physics analyses. The list of MET event

filters used in this analysis are:

• Good vertex filter: This filter removes events that fail to have a good primary

vertex.

• Beam halo filter: The collisions of the beam with the residual gas inside the

LHC vacuum chamber produces secondary particles and contribute towards

beam background, known as beam halo. This filter helps to remove events

contaminated by beam halo particles.

• EE bad supercrystal filter: Occasional anomalous pulses in the faulty ECAL

endcap crystals cause spurious pmiss
T , and this filter removes this kind of events

from data.
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• ECAL bad calibration filter: Some faulty calibrations in 2017 and 2018 data-

taking years led to random pulses in ECAL. Events with such random pulses

are removed using this filter.

• ECAL trigger primitive filter : This filter removes events where a significant

amount of energy appears to be lost in nonfunctional readout cells according

to independent trigger primitive readout information.

• Bad PF muon filter: Events with high pT and low quality PF muons are

rejected.

• HBHE isolation noise filter: Events that have clusters of noise in HCAL are

filtered using this topological filter.

• HBHE noise filter: Anomalous HCAL noise due to the instrumentation from

the readout box in hadron barrel and endcap calorimeters are removed using

this filter.

In addition, the following requirements are utilized in this analysis in order to ensure

robust measurements of pmiss
T and other physics objects:

• HEM veto: In 2018, sectors of the HCAL endcap subdetector on the mi-

nus side, “HEM”, became inoperable. The impacted region corresponds to

−3.0 ≤ η ≤ −1.4, and −1.57 ≤ φ ≤ −0.87. This HEM issue may lead to

spurious jets and wrong measurement of pmiss
T along with copious amounts of

reconstructed isolated electrons. Events are vetoed if any isolated electrons

are in the detector region of −3.0 ≤ η ≤ −1.4 and −1.57 ≤ φ ≤ −0.87,

or if any AK4 jets are in the detector region of −3.2 ≤ η ≤ −1.2 and

−1.77 ≤ φ ≤ −0.87. As the simulated samples do not have the HEM veto
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issue modeled, a proportional fractional of MC simulation events are removed

according to the data event loss due to this incident.

• pmiss
T ratio: Additionally, events are required to pass the condition:

PF-pmiss
T

Calor-pmiss
T

<

2, in order to ensure high quality pmiss
T measurement.
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CHAPTER FIVE

Search for electroweak supersymmetry in final states with hadronic decays of a
WW, WZ, or WH boson pair and large missing transverse momentum

5.1 Introduction

There have been numerous searches to find SUSY at the LHC, but no evidence

has been found of a major departure from the SM backgrounds. This chapter discusses

a hunt for electroweak production of SUSY particles as a part of our quest for SUSY.

This analysis focuses on a particular kind of SUSY production model where the R-

parity is conserved, which means that the lightest supersymmetric particle (LSP) is

stable and has a very weak interaction with the detector and may be able to evade it,

possibly leading to large pmiss
T . The reason for conducting this search stems from the

fact that the gluon and top squark, which are currently subjected to have limits in

the order of TeV, whereas winos and higgsinos are subjected to very weak constraints

because of their small cross sections, as shown in Fig. 2.7. Additionally, based on the

naturalness idea described in Chapter Two, it is anticipated that the electroweakinos

(charginos or neutralinos) will be within the current LHC energy limits. On the plus

side, the findings of this search are made possible by the addition of data from Run 2

LHC operation and advancements in jet identification techniques.

Under the assumption that strongly-coupled SUSY particles are too massive to

be produced at the LHC, this analysis focuses on the search for electroweak production

of SUSY particles. The bino and wino (superpartners of gauge bosons of unbroken

U(1) and SU(2) symmetries) combine with higgsinos (super partner of the Higgs
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boson) form mass eigen states of charginos (χ̃±i , where i = 1, 2) and neutralinos

(χ̃0
i , where i = 1, 2, 3, 4). This electroweakino search targets the production of the

lightest chargino (χ̃±1 ), neutralino (χ̃0
2). The decays of these lightest chargino and

neutralino proceed through W, Z, or the Higgs boson depending on the charge of the

electroweakino. Branching fraction of the neutralinos to Z or H bosons depends on

the mixing among the wino, bino, and higgsinos.
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Figure 5.1: Simplified SUSY models showing the production of χ̃±1 χ̃
0
2 with χ̃±1 decaying

to a W boson and the χ̃0
1, and the χ̃0

2 decaying to either a Z boson (left) and the χ̃0
1

or a H boson (right) and the χ̃0
1.

As shown in Fig. 5.1, direct production of χ̃±1 χ̃
0
2 and χ̃0

1χ̃
0
1 is considered, with

the χ̃±1 always decaying to a W boson and the χ̃0
1, while the χ̃0

2 can decay to either a Z

or H boson and χ̃0
1. The search bins are established in this study with the assumption

that χ̃0
1 is a bino-like LSP that will evade the CMS detector without leaving any traces
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and produce large pmiss
T . The MSSM signal models are intricate and have numerous

parameters. The main objectives of this analysis are the targeted simplified models

displayed above. According to the bosons in the final state in Fig. 5.1, they are

referred to as TChiWZ (left), TChiWH (right), and TChiWW (bottom) models. The

final states also include the hadronic decay of the vector boson that is captured within

a large radius (AK8) jet.

In additional to the signal model targeted, there are several sources of back-

grounds from the standard model events, which includes Z + jets, W + jets, QCD

multijet, and top backgrounds as listed in Section 5.2. Several optimizations are per-

formed in order to reduce these background contributions as described in Section 5.3.

Later, in order to test for the traces of SUSY signatures in data, a method to estimate

the amount of SM backgrounds in data through a background estimation procedure

is required, which is described in Section 5.4. Uncertainties on signal and background

yields arising from theoretical and experimental sources are discussed in Section 5.5.

In order to determine whether the background estimation technique is effective, it is

validated at the end, and the validation results are shown in Section 5.6. The search

results and interpretations are shown in Section 5.7 using simplified models [64].

5.2 Data and simulation

5.2.1 Data and triggers

The search in this analysis uses the LHC proton-proton collision data set

recorded with the CMS detector at center-of-mass energy of 13 TeV collected from

the Run 2 (2016–2018), corresponding to an integrated luminosity of up to 137 fb−1.

The LHC runs are divided into eras for each year and the integrated luminosities for
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each era are given in Table 5.1. There is data quality monitoring in place by several

object groups to certify the data. Then, certified data blocks are recommended for

use in analyses.

Table 5.1: MET primary dataset integrated luminosities considered by run era in
each of the data-taking years. All luminosities are in pb−1.

Run Era 2016 2017 2018
A − − 14024.2
B 5746.4 4793.3 6907.9
C 2572.9 9632.7 6894.8
D 4242.3 4247.7 31719.5
E 3924.3 9314.0 −
F 3104.5 13498.4 −
G 7575.8 − −
H 8649.0 − −

Total 35815.2 41486.1 59546.4

The data are classified into primary datasets based on the higher level event

selections that are required by the HLT paths. In this analysis, the MET primary

dataset is used for the signal regions. The events of interest in the signal region

are chosen from the MET dataset using a set of pmiss
T -Hmiss

T -based triggers (signal

triggers):

• HLT PFMETX PFMHTX IDTight v* (X=90,100,110,120,130,140).

where X indicates the threshold applied to the online calculation of pmiss
T and Hmiss

T

(Hmiss
T =

∣∣∣∑jets ~pT

∣∣∣), both based on the particle flow (PF) algorithm; the asterisks

indicates more than one version of the same trigger using the ‘OR’ logical operation

has been used.

Most of the SM backgrounds contributes towards real-pmiss
T arising from the

neutrinos. Data events from the single-electron or the single-muon primary datasets
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are used to derive trigger efficiencies. The events in these datasets are required to

pass the following HLT paths. The events are required to pass the following reference

triggers:

• HLT_Ele20_(eta2p1_)WPLoose_Gsf_v,

• HLT_Ele23_Ele12_CaloIdL_TrackIdL_IsoVL_DZ_v,

• HLT_Ele25_eta2p1_WPTight_Gsf_v,

• HLT_EleX_WPTight_Gsf_v (X=27,32,35),

• HLT_Ele27_eta2p1_WPLoose_Gsf_v,

• HLT_Ele45_WPLoose_Gsf_v,

• HLT_Photon165_HE10_v,

• HLT_PhotonX_v (X=175,200),

for events from the single-electron primary dataset, and

• HLT_IsoMuX_v (X=20,22,24,27),

• HLT_IsoMuX_eta2p1_v (X=22,24),

• HLT_IsoTkMuX_v (X=22,24),

• HLT_Mu17_TrkIsoVVL_Mu8_TrkIsoVVL_v,

• HLT_Mu17_TrkIsoVVL_TkMu8_TrkIsoVVL_v,

• HLT_Mu45_eta2p1_v,

• HLT_MuX_v (X=50,55)

for events from the single-muon primary dataset.

The JetHT primary dataset is also used as a reference to measure the trigger

efficiency as large pmiss
T and HT are typical of chargino and neutralino production

when a high momentum boson is present. Trigger efficiency is defined as the ratio of

the number of events passing both the signal and reference triggers to the number of
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events passing only the reference triggers. Figure 5.2 shows the trigger efficiency and

the fit parameterization with an error function.
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Figure 5.2: (Left) Trigger efficiency versus pmiss
T for different dataset in 2016. (Right)

Fitted parameterization of signal trigger efficiencies versus pmiss
T in single-electron

dataset in 2016.

The trigger efficiency at the baseline selection of pmiss
T > 200 GeV is 95%,

78%, and 74% for data collected in 2016, 2017, and 2018, respectively. The efficiency

parameterizations derived from the single-electron dataset are used to apply weights

to the simulated events and the efficiencies derived from ratio of single-electron to

single-muon datasets are used to calculate trigger uncertainties. These uncertainties

are applied to final yield estimates of signal and rare backgrounds, which are derived

from simulation directly and are 3% for the first MET bin (200–250 GeV) and < 2%

for all other bins in this analysis. The dilepton control sample events are selected

using a set of electron or muon triggers in this analysis.
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5.2.2 Signal and background simulation

The event simulation involving the steps described in Section 4.1 are performed

using event generators such as MadGraph [65] or powheg [66] for simulating the

hard process. The pythia program is used for parton showering, fragmentation, and

hadronization. Lastly, Geant4 is used to model the full detector response for the SM

samples, while the fastsim package [48] is used for SUSY signal samples. The samples

listed in table 5.2 are generated in order to compare against the data. To model the

quark and gluon distributions, a set of parton distribution functions, NNPDF [43,44]

is being used.

5.2.2.1 Signal MC samples. The simplified model spectra (SMS) SUSY

scenarios examined in this analysis include TChiWW, TChiWZ, and TChiWH mod-

els generated using MadGraph5 amc@nlo 2 generator at leading order using the

NNPDF 3 PDF set and pythia 8.2 for parton showering. Since there are thousands

of signal mass points that need to be tested in this analysis, the fastsim package

described in Section 4.1.2 is used to generate them. Any differences in the fast simu-

lation are corrected by applying scale factors to resemble the fullsim conditions.

In the case of chargino-chargino (χ̃±1 χ̃
∓
1 ) production, it is assumed that each

chargino decays to a W boson and χ̃0
1. For chargino-neutralino (χ̃±1 χ̃

0
2) production,

assuming that the chargino and χ̃0
2 are mass degenerate. In this scenario, two cases

are considered, when χ̃±1 decays 100% into a Z boson or a H boson plus χ̃0
1, and the

χ̃0
2 always decays into a W boson and χ̃0

1. All possible SM bosons are allowed in the

production. A two-dimensional scan is performed over particle masses in which the
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masses of the lightest supersymmetric particle (LSP) and the next-to-LSP (NLSP)

vary. The list of SMS signal MC fastsim samples are listed in Table 5.2.

Table 5.2: List of SUSY signal samples used in this analysis with the decay mode,
signal model name, and the production cross section for 1 TeV mass of the parent

particle.

Decay Mode SMS model name σ[pb] for 1 TeV χ̃±1 /χ̃0
2

χ̃0
2χ̃

0
2 →WW + χ̃0

1χ̃
0
1 TChiWW 1343± 176

χ̃0
2χ̃
±
1 →WZ + χ̃0

1 χ̃
0
1 TChiWZ 1343± 176

χ̃0
2χ̃
±
1 →WH + χ̃0

1 χ̃
0
1 TChiWH 622± 77

5.2.2.2 Standard model MC samples. Standard model backgrounds are gen-

erated with the help of MC simulations which are used to optimize the event selections

to get maximum signal sensitivity, derive and apply any scale factors to match the

data, validate the data-driven background estimations. In general, the background

samples have much high event count than data and are weighted according to the year

and luminosity. Majority of the SM samples that include tt̄ + jets, Z + jets, W + jets

and QCD multijet events are simulated with MadGraph5 amc@nlo 2 at leading-

order (LO). The events with single top production are produced at next-to-leading

order (NLO) with MadGraph5 amc@nlo generator for the s-channel and powheg

v2 for the t-channel with associated W boson production. Small SM backgrounds that

include the associated production of tt̄ with bosons, diboson and triboson processes

are produced at NLO cross sections. Cross sections used to normalize most of SM

process samples correspond to next-to-next-to-leading-order precision in QCD. Signal

events for the simplified models explored in this analysis are generated in a manner

similar to that of the SM backgrounds, with the MadGraph5 amc@nlo generator
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at LO precision. Similar to the signal samples, NNPDF 3.0 (3.1) [43, 44] set of par-

ton distribution functions are used to generate the SM samples. pythia 8.2 is used

for parton showering, fragmentation and modeling the underlying event. Additional

contributions from the adjacent beam crossings (PU interactions) are modeled by

pythia 8.2 generator using multiple minimum bias events. Detector simulation is

performed using Geant4. The list of SM background samples used in this analysis

is shown in Tables 5.3 and 5.4.

5.3 Event selection

The final states in this search include the two AK8 jets from the boson decays

and large pmiss
T . Keeping this in consideration, the signal yield is maximized while

reducing the SM background yields using specific selection criteria as discussed in

this section. Four signal regions (each targeting specific signal topology) are used to

maximize the sensitivity (or improve the signal to background ratio), broadly classified

into b-veto signal region and three b-tagged signal regions. Certain event selections

are common for all the signal regions and some control regions, known as baseline

sections, outlined in Section 5.3.1. Each signal region (SR) has its corresponding

control region (CR) which is used to constrain SM background events. Background

estimation techniques are developed using dedicated CRs in order to estimate the

amount of background in data. Validation regions (VRs) are used to validate the

background estimation procedure in a region that is orthogonal to the SR and CR,

which are discussed in Section 5.6.
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Table 5.3: List of standard model MC samples used in this analysis with the process
name, selection condition in the generator step along with the cross section (σ) for

each Run 2 year for statistically dominant backgrounds. Some SM processes are
generated in HT bins (HT bins are shown in GeV).

Process Generator σ[pb]
selection 2016 2017 2018

tt, t̄→ 2q, t→ 2q

tt, t̄→ 2q, t→ 2q

tt, t̄→ 2q, t→ 2q

tt, t̄→ 2q, t→ 2q

tt, t→ `ν, t̄→ 2q

tt, t̄→ `ν, t→ 2q

tt, 2`

Inclusive, 600 ≤ HT ≤ 800

Inclusive, 800 ≤ HT ≤ 1200

Inclusive, 1200 ≤ HT ≤ 2500

Inclusive, HT ≥ 2500

−
−
−

2.6154

1.0772

0.1950

0.0023

182.16

182.16

87.34

1.7966

0.7378

0.1326

0.0015

182.16

182.16

87.34

1.7966

0.7378

0.1326

0.0015

182.16

182.16

87.34

W→ `ν`

200 ≤ HT ≤ 400

400 ≤ HT ≤ 600

600 ≤ HT ≤ 800

800 ≤ HT ≤ 1200

1200 ≤ HT ≤ 2500

HT ≥ 2500

440.76

59.73

14.77

6.73

1.627

0.0393

476.23

67.69

16.85

7.55

1.685

0.0407

478.94

68.08

16.93

7.66

1.696

0.0404

Z→ νν̄

200 ≤ HT ≤ 400

400 ≤ HT ≤ 600

600 ≤ HT ≤ 800

800 ≤ HT ≤ 1200

1200 ≤ HT ≤ 2500

HT ≥ 2500

95.11

13.14

3.134

1.444

0.3531

0.0085

103.59

14.71

3.633

1.565

0.3469

0.0078

102.89

14.67

3.627

1.574

0.3472

0.0079

DY + Jets

200 ≤ HT ≤ 400

400 ≤ HT ≤ 600

600 ≤ HT ≤ 800

800 ≤ HT ≤ 1200

1200 ≤ HT ≤ 2500

HT ≥ 2500

52.58

6.761

1.676

0.8314

0.1427

0.0032

56.51

8.046

1.967

0.8556

0.1926

0.0027

56.51

8.046

1.967

0.8556

0.1926

0.0027

QCD

300 ≤ HT ≤ 500

500 ≤ HT ≤ 700

700 ≤ HT ≤ 1000

1000 ≤ HT ≤ 1500

1500 ≤ HT ≤ 2000

HT > 2000

347500

32060

6829

1207

120

25.25

323196

30069

6361.49

1095.27

100.19

20.63

323761

30193

6325.76

1098.15

99.99

20.43
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Table 5.4: List of standard model MC samples used in this analysis with the process
name, selection condition in the generator step along with the cross section (σ) for

each Run 2 year.

Process Generator σ[pb]
selection 2016 2017 2018

t

t

t

t

t

s-channel

t-channel

tW-channel

t-channel

tW-channel

5.401

136.02

80.95

20.22

20.20

5.996

113.30

67.91

18.67

18.71

5.993

123.47

73.62

18.61

18.65
WW

WW

WZ

WZ

WZ

WZ

WH

ZH

ZZ

WW→ `νqq̄

WW→ `ν`ν

W→ `ν,Z→ qq̄

W→ `ν,Z→ νν̄

W→ ``,Z→ qq̄

W→ `ν,Z→ ``

W→ `ν,H→ bb

Z→ νν̄,H→ bb

Inclusive

50

12.18

10.73

3.054

5.595

4.430

0.2616

0.1029

16.523

50

12.18

11.66

3.294

5.606

4.430

0.2616

0.1029

16.523

50

12.18

11.76

3.322

5.606

4.430

0.2616

0.1029

16.523
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5.3.1 Baseline selection

All events in our signal regions are required to satisfy a common set of baseline

selection criteria. The baseline selection is defined to retain events from all the tar-

geted signal models, and reduce main backgrounds in this search such as W/Z + jets

production with W → `ν or Z → νν̄, tt̄ production, and QCD multijet production.

The baseline selections in this search are:

• Lepton veto: The events in which electrons or muons reconstructed using

the conditions mentioned in Sections 4.2.4.2–4.2.4.3 are rejected. This search

specifically target the fully-hadronic final states; therefore, events with a re-

constructed electron or muon are vetoed. The events with a lepton can still

enter the search region if they are lost or misidentified.

• Isolated track veto: In case the electron or muon fails to get reconstructed,

they could be passing the above condition. In order to remove these types

of leptons, events with isolated tracks are rejected. Isolation is defined as

the ratio of the scalar pT sum of all charged-hadron, neutral-hadron, and

photon PF candidates in a cone to the track pT. Leptonic tracks must have

pT > 5 GeV and isolation value less than 0.2 for a cone with ∆R = 0.3.

Hadronic tracks are required to have pT > 10 GeV and isolation value less

than 0.1. Additional condition to veto isolated track is if they satisfy:

mT(tk, ~pmiss
T ) =

√
2ptk

T p
miss
T (1− cos ∆φ) < 100 GeV, (5.1)

where ptk
T is the transverse momentum of the track and ∆φ is the azimuthal

separation between the track and ~pmiss
T .
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• Photon veto: The search focuses on events with hadronic decays of bosons;

therefore, any event in which a photon is reconstructed using the selections

described in Section 4.2.4.4 are vetoed.

• Missing transverse energy: Low values of pmiss
T are dominated with events from

QCD multijet background. Also, in order to extend the search for massive

LSPs, the search needs to be performed at higher values of pmiss
T . This search

requires pmiss
T > 200 GeV.

• HT: HT is defined as the sum pT of all the AK4 jets in an event. This analysis

searches for boosted boson hadronic decay and requires HT > 300 GeV.

• AK4 jets: The number of AK4 jets, nj, must satisfy 2 ≤ nj ≤ 6.

• AK8 jets: The hadronic decay of each boosted boson can be captured within

an AK8 jet. Number of AK8 jets (nJ), must satisfy nJ ≥ 1 and at least one

AK8 jet with its mass mJ > 50 GeV.

• Angular separation: If the azimuthal angle (∆φ) between the pmiss
T and any of

the four leading AK4 jets is very small, it is indicative of QCD multijet back-

ground. To suppress QCD multijet background, ∆φ1,2,3,4 > 1.5, 0.5, 0.3, 0.3

conditions are applied for four leading AK4 jets. Also, the azimuthal an-

gular separation between two leading AK8 jets and pmiss
T , ∆φ should satisfy

∆φ1,2 > 1.5, 0.5.

• Trigger pass: The search is performed in bins of pmiss
T and each event must

pass at least one of the signal triggers mentioned in Section 5.2.

After the baseline selections, the events are then classified broadly into the two signal

regions which are elaborated in Sections 5.3.2 and 5.3.4. Figure 5.3 shows the event-

level kinematics after the baseline selection. Some plots showing the distributions of
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Table 5.5: Summary of the baseline event selections. The i -th highest-pT

AK4 (AK8) jet is denoted by ji(Ji).

Physics object Selection
Electrons vetoed, if pT > 10 GeV & |η| < 2.5

Muons vetoed, if pT > 10 GeV & |η| < 2.4
Leptonic isolated tracks vetoed, if mT < 100 GeV & pT > 5 GeV & Itk < 0.2
Hadronic isolated tracks vetoed, if mT < 100 GeV & pT > 10 GeV & Itk < 0.1

Photons vetoed, if pT > 100 GeV & |η| < 2.5
pmiss

T > 200 GeV
HT > 300 GeV

AK4 jets (nj) 2–6
AK8 jets (nJ) ≥ 1, mJ > 50 GeV
∆φ(ji, p

miss
T ) > 1.5, 0.5, 0.3, 0.3

∆φ(Ji, p
miss
T ) > 1.5, 0.5

Passing pmiss
T trigger True

jet properties are presented in Figs. 5.4 and 5.5 for the SM backgrounds and three

signal models after the baseline selections are applied.

5.3.2 b-veto signal region

As the name suggests, this signal region is composed of events with zero b

jets or none of the AK4 jets that are b-tagged. The definition of b jets is given

in Section 4.2.4.6. This signal region mainly targets TChiWW and TChiWZ signal

models where the Z boson can decay into any pair of qq̄ pair other than bb. In addition

to the above baseline selections, this signal region requires at least one AK8 jet has

softdrop mass [67] that satisfies the WZ mass requirement (65 < mJ < 105 GeV)

and passes the Deep-W threshold cut (W-tag), and at least one jet (other than the

W-tagged jet) to satisfy the same WZ mass requirement and pass the Deep-WMD

tagging (called as V-tag) requirement. The Deep-WMD tagger is trained on events

with no information on the jet mass; therefore, it is used here to identify hadronic

decays of both W and Z bosons.
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Figure 5.3: Distributions of pmiss
T (upper left), HT (upper right), the number of b tags

(bottom left), and the number of AK4 jets (bottom right) with the baseline selection.
The filled histograms show the SM predictions based on simulation, and the open
histograms show the expectations for selected signal models, which are denoted in
the legend by the name of the model followed by the assumed masses of the NLSP
and LSP.

The main background in this SR arises from W/Z + jets production with

W→ lν or Z→ νν. The W→ lν background is substantially reduced by requiring the

number of reconstructed charged leptons and isolated tracks to be zero. These events

still satisfy the event selection criteria when the charged lepton lies outside the lepton

acceptance, is not reconstructed, or is not isolated. In W/Z+jets background events,

both W- and V-tagged AK8 jets arise from misidentification of jets not originating

from hadronic W or Z boson decays. These events together with background events

arising from QCD multijet production do not contain any resonance reconstructed as

a single AK8 jet, and are referred to as the “0-res” background.
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Figure 5.4: Distributions of the number of AK8 jets (upper left), the leading AK8 jet
pT (upper right), and the soft-drop mass of the leading AK8 jet (bottom) with the
baseline selection. The filled histograms show the SM predictions based on simulation,
and the open histograms show the expectations for selected signal models, which are
denoted in the legend by the name of the model followed by the assumed masses of
the NLSP and LSP.

The next largest background contributions come from tt̄, single top quark,

and diboson production. These events typically have one leptonically decaying vector

boson and one hadronically decaying vector boson. Therefore, one W- or V-tagged

AK8 jet arises from a hadronic W or Z boson decay, and the other tag arises from

misidentification. The backgrounds which contain only one resonance reconstructed

as a single AK8 jet are referred to as the “1-res” backgrounds. The remaining minor

background contributions, which constitute less than 10% of the expected event yield

in any pmiss
T bin of the SR, are expected from rare processes such as triboson production

and tt̄ pairs produced in association with a W, Z, or Higgs boson are referred to as
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Figure 5.5: Distributions of the leading AK8 jet’s DNN scores for the bb tagger
(upper left), the W tagger (upper right), and the V tagger (bottom) with the baseline
selection. The filled histograms show the SM predictions based on simulation, and the
open histograms show the expectations for selected signal models, which are denoted
in the legend by the name of the model followed by the assumed masses of the NLSP
and LSP.

rare background. The search region is binned in pmiss
T . Distributions of pmiss

T with

this binning are shown for SM backgrounds as well as for three signal mass points in

Fig. 5.6.

5.3.3 b-veto control regions

Control regions (CRs) are defined such that they are dominated with specific

types of background in SR to be estimated. Corresponding to the b-veto SR, two

b-veto CRs are defined. All the b-veto SR and CRs are summarized in Table 5.6.

• V-tag (or wmdT2M) CR: The terms V-tag CR and wmdT2M CR are used

interchangeably to refer this CR and requires almost the same selections as
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Figure 5.6: Histogram showing the pmiss
T distribution for various backgrounds

(stacked) and signals in the b-veto SR. Filled histograms show predictions of SM
background, and the hatched regions show statistical uncertainties for the total SM
MC yields. Open histograms show electroweak SMS models. All yields are from
direct simulation.
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Table 5.6: Summary of tagging requirements for the b-veto SR and CRs. Each of
these regions includes the baseline selection described in Table 5.5 and requires zero

b-tagged AK4 jets and at least two AK8 jets satisfying 65 < mJ < 105 GeV.

Region Requirements

b-veto (or 2T2M) SR
≥1 V-tagged jet
≥1 W-tagged jet

≥2 V- or W-tagged jets

b-veto 0-tag (or 0T2M) CR
0 V-tagged jets
0 W-tagged jets

b-veto V-tag (or wmdT2M) CR
1 V-tagged jet

0 other W-tagged jets

SR except inverting the W-tagging requirement. In this CR, at least two

AK8 jets with the WZ mass requirement are required, but only one jet out of

them is tagged by the Deep-WMD tagger and the other jets are not tagged.

• 0-tag (or 0T2M) CR: The terms 0-tag CR and 0T2M CR are used inter-

changeably to refer this CR. In this CR, all the jets satisfying the WZ mass

requirement are required to fail both the Deep-W and Deep-WMD tagger

requirements.

In these control regions, the background composition from W + jets and Z + jets are

enhanced. The control regions are designed so that they are orthogonal to the SR. In

addition, a set of validation regions (VRs) is also defined to validate the background

estimation procedure, which is discussed in Section 5.6.2. The pmiss
T distributions in

the two CRs are shown in Fig. 5.7. The composition of various backgrounds are

shown in Fig. 5.8.

For the purpose of deriving fake scale factors for Deep-W and Deep-WMD

taggers, backgrounds that can fake the Deep-W and Deep-WMD tags are required

(more on this in Section 5.4). One such control region is the dilepton CR, which
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Figure 5.7: Distribution of pmiss
T in two b-veto control regions: wmdT2M CR (left) and

0T2M CR (right). Filled histograms depict SM background predictions. Electroweak
SMS models are shown in open histograms. Black markers indicate data yields.
All yields are direct simulation predictions. The hatched areas represent statistical
uncertainties for total SM MC yields.

requires two opposite-sign leptons, either both electrons or both muons. Drell-Yan

(DY) events dominate this CR as shown in Fig. 5.9. The event selection here include:

• Baseline selections except the requirement of either two electrons or two

muons, both the leptons are required to satisfy the electron/ muon candidate

selections, leading lepton: pT > 60 GeV and sub-leading lepton: pT > 20 GeV

with opposite charges

• pmiss
T < 100 GeV

• At least one of leptons satisfy tight ID

• No b-tagged AK4 jets

• Events with one or more photons are vetoed

• Invariant mass of dilepton, 75 < m`` < 105 GeV

• Number of AK8 jets, nJ ≥ 1 with its softdrop mass 60 < mJ < 105 GeV

• The AK8 jet should be away from the leptons ∆R(`,AK8-jet) > 0.6.
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Figure 5.8: The background process compositions in the b-veto signal region (2T2M)
(top), and wmdT2M and 0T2M control regions (bottom left and right) as predicted
from simulated events. They are evaluated for event yields integrated over all pmiss

T

bins.

5.3.4 b-tag signal regions

The b-tag signal region is designed to maximize the acceptance of signal events.

An event should have at least one b-tagged AK4 jet to be considered in the b-tag

SR, subdivided into three signal regions, WH region, the W region and H region.

The AK8 jets are classified into Higgs candidate jets based on AK8 jet proximity to

the b-tagged AK4 jet (∆R < 0.8). These Higgs candidate jet is one of the criteria
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Figure 5.9: Data (points) and SM simulation (filled histograms) distributions of dilep-
ton invariant mass (left) and leading AK8 jet pT (right) in the b-veto dilepton CR
for 2016, 2017, and 2018.
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required to identify both H (bb) and Z (bb) decays. All other AK8 jets far away

(∆R > 0.8) from b-tagged AK4 jet are referred to as W candidate jets.

Apart from the jet candidate selections, the selections that define each of the

signal regions including the baseline selections are:

• WH (or WHTag) signal region: The W candidate jet is required to be in

the WZ mass window (65–105 GeV) and pass the Deep-W tagging require-

ment. The Higgs candidate jet is required to be in the ZH mass window

(75–140 GeV) and pass the bb-vs-light tagging requirement.

• W (WTag) signal region: Only the W candidate jet is required to be in the

WZ mass window (65–105 GeV) and pass the Deep-W tagging requirement.

Any other Higgs candidate is required to either fail the ZH mass window

(75–140 GeV) criteria or fail the bb-vs-light tagging requirement or both.

• H (HTag) signal region: Only the Higgs candidate jet is required to be in the

ZH mass window (75–140 GeV) and pass the bb-vs-light tagging requirement.

Any other W candidate is required to either fail the WZ mass window (65–

105 GeV) criteria or fail the Deep-W tagging requirement or both.

The distribution of various backgrounds in the b-tagged signal regions is shown

in Fig. 5.10 and the background fractions are similar in each of the SRs. In these

SRs, the top background is dominating with 60% of total background and followed by

W→ `ν and Z→ νν̄ processes contributing about 35% of the total background. Rest

of the background includes single top and rare background which account for about

5% of total background. The WH signal region is prominent in obtaining sensitivity

for the TChiWH model, and even contributes to 20% of sensitivity for the TChiWZ

model.
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Figure 5.10: Distributions of pmiss
T for three different signal models and the SM back-

ground in three b-tagged signal regions. The events in the top plot pass the WH
SR selections. The events that passed the W (H) SR selections are displayed in the
bottom left (right) plot. Filled histograms display SM background predictions. Elec-
troweak SMS models are visible in open histograms. All yields are directly predicted
by simulation.

5.3.5 b-tag control regions

Similar to the b-veto CR, three CRs corresponding to three b-tag SRs with

the tagger requirement inverted are defined. Here is a summary of all the 0` control

regions:

• 0` WH control region: The W candidate jet is required to be in the WZ mass

window (65–105 GeV) and fail the Deep-W tagging requirement. The Higgs

candidate jet is required to be in the ZH mass window (75–140 GeV) and fail

the bb-vs-light tagging requirement.
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• 0` W control region: Only the W candidate jet is required to be in the WZ

mass window (65–105 GeV) and fail the Deep-W tagging requirement. Any

other Higgs candidate is required to fail the ZH mass window (75–140 GeV)

criteria.

• 0` H control region: Only the Higgs candidate jet is required to be in the

ZH mass window (75–140 GeV) and fail the bb-vs-light tagging requirement.

Any other W candidate is required to fail the WZ mass window (65–105 GeV)

criteria.

The set of these three control regions are referred to as the 0` WH, 0` W,

and 0` H antitag CRs, respectively. The distribution of pmiss
T in each of these CRs

is shown in Fig. 5.11. Generally, CRs are defined such that they have no overlap

with SRs. Since there are multiple SRs and CRs, there are a few cases where events

having three or more AK8 jets could satisfy both the SR and CR requirements, a

priority is given to WH regions followed by the W regions. Various 1` SRs and CRs

are also considered in addition to the six SRs and CRs as shown in Table 5.7, which

are identical except that exactly one charged lepton is required.

Since majority of the background is from top decays, it is useful to design

control regions enriched in top background. The 1-lepton (1`) control region are

constructed for each of the corresponding 0` SR and CR. Therefore, a total of six 1`

control regions using the same selections as their corresponding 0` counter parts are

defined, except that exactly 1-lepton is required.

The distributions of the lepton pT, η, and mT for the 1-lepton CR events

is shown in Fig. 5.12. There is good agreement between the shapes for data and

prediction and difference in normalization of 20%. AK8 jet properties for the events
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Table 5.7: Summary of tagging requirements for the b-tag SRs and CRs. Each of
these regions includes the baseline requirements described in Table 5.5 and requires
at least one b-tagged AK4 jet and at least two AK8 jets. The definitions of W and

Higgs boson candidates are given in Section 5.3.4. In addition to the six regions
described in this table, the b-tag predictions also use six single-lepton CRs that are
identical except that exactly one charged lepton is required. A dash (—) indicates

that no requirement is imposed.

W boson candidate Higgs boson candidate
W tagged not W tagged bb tagged not bb tagged

WH (or WHTag) SR ≥1 — ≥1 —
W (or WTag) SR ≥1 — 0 —
H (or HTag) SR 0 — ≥1 —
WH antitag CR 0 ≥1 0 ≥1
W antitag CR 0 ≥1 0 0
H antitag CR 0 0 0 ≥1

200 300 400 500 600 700 800 900

1

10

210

310

E
ve

nt
s

Data Rare QCD

Single t +Ht, ttt νl→W

νν→Z TChiWH 1000, 100 TChiWZ 800, 100

PreliminaryCMS  (13 TeV)-1137.0 fb

200 300 400 500 600 700 800 900
(GeV)miss

T
p

0.5

1

1.5M
C

D
at

a 200 300 400 500 600 700 800 900 1000 1100 1200

1

10

210

310

410

E
ve

nt
s

Data Rare QCD

Single t +Ht, ttt νl→W

νν→Z TChiWH 1000, 100 TChiWZ 800, 100

PreliminaryCMS  (13 TeV)-1137.0 fb

200 300 400 500 600 700 800 900 1000 1100 1200
(GeV)miss

T
p

0.5

1

1.5M
C

D
at

a

200 300 400 500 600 700 800 900 1000 1100 1200

1

10

210

310

410

E
ve

nt
s

Data Rare QCD

Single t +Ht, ttt νl→W

νν→Z TChiWH 1000, 100 TChiWZ 800, 100

PreliminaryCMS  (13 TeV)-1137.0 fb

200 300 400 500 600 700 800 900 1000 1100 1200
(GeV)miss

T
p

0.5

1

1.5M
C

D
at

a

Figure 5.11: pmiss
T distribution for the events passing the antitag control region selec-

tions. The top left plot shows the WH antitag CR. The top right plot shows the W
antitag CR. The bottom plot shows the H antitag CR.
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in these 1-lepton CR are shown in Fig. 5.13. The kinematic distributions for the

1-lepton CR are shown in Fig. 5.14. All these plots include the baseline and 1 lepton

(e or mu) selection requirement.
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Figure 5.12: The distributions of lepton pT (left), η (middle), and mT (right) in single
lepton events.

The distributions of pmiss
T in each one of the six 1` control regions are shown

in Fig. 5.15 which have dominant background from the tt̄ process because of single

lepton requirement.

Similar to the one for the dilepton CR defined in the b-veto analysis, another

dilepton CR is also defined for the b-tagged analysis except for b-veto requirement.

Additional requirements include:

• Separation of b jet from the identified leptons (∆R > 0.4),
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Figure 5.13: Top plots show the leading AK8 pT (left), η (right) in single lepton
events. Bottom plots show the AK8 jet mass (left) and the multiplicity of AK8 jets
(right) with pT > 200 GeV and |η| < 2.0.
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Figure 5.14: Kinematic distributions of b jet multiplicity (top left), HT (top right),
pmiss

T (bottom left), and AK4 jet multiplicity (bottom right) in single lepton events.

• Dilepton mass requirement in the range 60–120 GeV,

• pT of the dilepton system is required to be greater than 200 GeV.

Fig. 5.16 shows the distribution of dilepton invariant mass in the b-tag region.
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Figure 5.15: Events passing the 1` antitag CR definitions (left) and the 1` tag CR
definitions (right) for b-tagged events. Top: 1` antitag CR & 1` tag CR for the WH
SR, middle: 1` antitag CR & 1` tag CR for the W SR, bottom: 1` antitag CR &
1` tag CR for the H SR. Solid open lines in the right plots correspond to the signal
events with a lepton, and they are scaled up by 100 for better visibility.

107



60 70 80 90 100 110 120

1

10

210

310

410

510

610

710

E
ve

nt
s

Data Rare tt
ZZ WZ DY + jets

PreliminaryCMS  (13 TeV)-1137.0 fb

60 70 80 90 100 110 120
 (GeV)llm

0.5

1

1.5M
C

D
at

a

Figure 5.16: Distribution of dilepton invariant mass for data (points) and SM simu-
lation in the b-tag dilepton CR (filled histograms).
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5.4 Background estimation

The accurate estimation of SM background is crucial in searches for physics

beyond the SM. For this analysis, data-driven background estimation techniques are

used along with the control regions defined above to predict the main backgrounds

in the signal regions. This procedure is different for the b-veto and b-tag analyses as

described below.

5.4.1 Background estimation for the b-veto SR

Based on the background process in terms of number of resonances with W or

Z boson decays, the backgrounds are classified into:

• Non-resonant (or 0-res) backgrounds: W(`ν) + jets, Z(νν̄) + jets, and QCD

multijets,

• 1-resonant (1-res) backgrounds: tt̄, single top, and diboson,

• Rare backgrounds: triboson and tt̄+X (X = W,Z,H).

If any background process has exactly one AK8 jet tagged by of Deep-W and/or

Deep-WMD taggers from real W/Z → qq̄ decays, it is said to have one resonance.

The 0-res backgrounds enter the SR when at least two AK8 jets are misidentified by

Deep-W and/or Deep-WMD but contain no real W/Z → qq̄, meaning both jets are

misidentified. In this case, the W and Z bosons decay leptonically and the large pmiss
T

is from the neutrinos. As seen in Fig. 5.8, the dominant backgrounds are the 0-res

backgrounds, followed by 1-res background (∼ 20%) and the remaining is the rare

background. The 1-res backgrounds enter the SR when one of the AK8 jet originates

from W/Z→ qq̄ and tagged by either Deep-W or Deep-WMD taggers, and the other

jet is also tagged but not from real W/Z → qq̄, hence there is one misidentified jet.
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Events in the rare background category often have two resonances, W (qq̄’) or Z (qq̄),

that are tagged by the Deep-W and/or Deep-WMD taggers and fall into the b-veto

SR.

To quantify, around 96% of the events categorized as 1-res backgrounds have

AK8 jets that are matched to generator level W/Z → qq̄ within ∆R(AK8,W/Z) <

0.6. For rare backgrounds, around 84% of the events have two AK8 jets matched to

generator level W/Z → qq̄ with the same matching condition, and the rest of the

events have only one AK8 jet that is matched to W/Z → qq̄. The misidentification

rate for the Deep-W and Deep-WMD taggers is much lower compared to identification

of W/Z → qq̄ decays. The 0-res and 1-res backgrounds are estimated using the

background estimation procedure, while the rare background is estimated directly

from the MC simulation.

Mathematically, the number of background events in each of the pmiss
T search

bin are given by:

Npred
SR = Ri(N

data
CRi
−NMC

CRi,rare) +NMC
SR,rare,

where N denotes the number of events expected (or observed in data) in regions and

from processes indicated by the superscripts and subscripts,Ri = NMC
SR,0&1-res/N

MC
CRi,0&1-res,

and CRi is either the 0T2M or wmdT2M CR.

Since there are two control regions (0T2M and wmdT2M), two transfer factors (Ri)

are used to make the predictions for 0-res and 1-res backgrounds. The rare background

yields are directly taken from the MC simulation. Transfer factor is only applied on

events in data control region with the rare background fraction subtracted. The

background composition of the wmdT2M CR is very similar to the 2T2M SR, as
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shown in Fig. 5.8. However, some non-negligible amount of signal events enters this

wmdT2M CR, which is referred to as signal contamination.

Here, the 0T2M CR helps in mitigating the signal contamination as shown in

Fig. 5.7, since none of the AK8 jet candidates (W/Z) is allowed to be tagged by either

of the taggers. The 1-res background fraction in this CR is less than 5% which is

much smaller than about 20% in the case of the b-veto SR, and this deficit makes the

TF sensitive to simulation of 1-res background. A combination of both the control

regions are used as discussed in Section 5.6.1.

The Deep-W and Deep-WMD tagger scale factors are applied to simulated

events to minimize the tagging efficiencies between data and MC simulation. For

the real W → qq̄′ AK8 jet decays, the data/MC scale factors are measured by the

JetMET POG [68] to match the W tagging rates in data. The corrections for jets

matched to generator-level W bosons are obtained from a tt̄-enriched sample in which

one of the W bosons from the top quark decays leptonically and the other decays

hadronically. The same corrections are also applied to jets matched to generator-

level Z bosons. Since the Deep-WMD tagger efficiencies are similar for W and Z

bosons, the same scale factors are used for Z → qq̄ AK8 jets in this analysis. No

uncertainty is assigned for tagging either the W or Z decay (have < 5% effect on

total yield), since the tagger uncertainty dominates with around 10%. Since most of

the jets in the 0-res and 1-res backgrounds come from a misidentified jet, deriving

the scale factors for misidentification forms a crucial part of this analysis. These

scale factors are measured using the dilepton control regions as discussed below, and

verified in validation regions as discussed in Section 5.6.2.
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Table 5.8: Summary of W-tagging data/MC scale factor measurements.

pT [ GeV ] 200–250 250–300 300–400 400–500 500–600 600-800
2016 1.25± 0.05 1.25± 0.07 1.52± 0.10 1.42± 0.17 1.73± 0.40 1.75± 0.47
2017 1.12± 0.04 1.20± 0.06 1.24± 0.08 1.42± 0.16 1.17± 0.26 1.25± 0.40
2018 1.08± 0.04 1.16± 0.05 1.26± 0.07 1.34± 0.14 1.43± 0.26 1.47± 0.33

5.4.1.1 Deep-W/WMD data/MC scale factor measurements.

The scale factors are derived in the dilepton CR, as discussed in Section 5.3.3.

The scale factors are measured as the ratio of tagging efficiencies of 0-res component

in data to those in MC simulation. The tagging efficiency is defined as the ratio of

number of events tagged (or passing the discriminator cut) to total number of events.

The scale factors are measured by:

SF (faketag) =
Datapass − (resonantMC

pass · SF)

Dataall − (resonantMC
all )

/0-resMC
pass

0-resMC
all

. (5.2)

Here, the terms resonant and 0-res refer to an event containing resonant or 0-res

AK8 jets. A non-resonant AK8 jet here refers to an AK8 jet that is not matched

with generator level W/Z→ qq̄ within ∆R(AK8,W/Z) < 0.6, whereas resonant AK8

jet refers to an AK8 jet that is matched. The subscript “pass” denotes all the MC

events that pass the tagger threshold, while “all” denotes all the events that pass the

baseline selections for the dilepton CR. Also, the AK8 jets in this CR are required to

be away from the leptons, ∆R(`,AK8 jet) > 0.6. The measured scale factors in this

CR are higher than 1, which are consistent with the trend observed by the JetMET

POG (as shown in Ref. [63], Fig. 43). The scale factors are derived for each year

separately for pT of jet in specific range intervals as shown in Tables 5.8 and 5.9.

The distributions of the Deep-W (Deep-WMD) tagger score for the AK8 jet

with highest pT in each event are shown in Fig. 5.17.
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Figure 5.17: Distributions of Deep-W (left) and Deep-WMD (right) discriminators
measured in the dilepton control regions for 2016, 2017, and 2018 data. The points
are for data, and the filled histograms are for SM simulation events.

113



Table 5.9: Summary of V-tagging data/MC scale factor measurements.

pT [ GeV ] 200–250 250–300 300–400 400–500 500–600 600-800
2016 1.24± 0.03 1.31± 0.05 1.41± 0.06 1.26± 0.11 1.36± 0.21 1.55± 0.31
2017 1.14± 0.03 1.15± 0.04 1.25± 0.05 1.32± 0.10 1.52± 0.20 1.36± 0.28
2018 1.14± 0.03 1.20± 0.04 1.29± 0.05 1.28± 0.09 1.23± 0.17 1.47± 0.22

For the AK8 jet candidates that pass the WZ mass requirements (65 < mJ <

105 GeV), the scale factors can be applied as an event weight, where the event weight

is a number multiplied to the MC yield:

wW =
∏

tagged by W

SFW

∏
not tagged

(1− εW · SFW)

1− εW
, (5.3)

wWMD =
∏

tagged by WMD

SFWMD

∏
not tagged

(1− εWMD · SFWMD)

1− εWMD

. (5.4)

Depending on the matching of the AK8 jet with generator-level W/Z → qq̄′ within

∆R(AK8,W/Z) < 0.6, different scale factors are applied. In case of matching, the

scale factors for W→ qq̄′ provided by the JetMET POG are used. If no match, then

the fake scale factors derived above are used. The symbols SFW and SFWMD are the

data/MC scale factors for Deep-W and Deep-WMD taggers, and εW and εWMD are

the efficiencies of Deep-W and Deep-WMD tagging. These efficiencies are derived

form MC simulations for both W → qq̄′, Z → qq̄ processes with the same matching

conditions shown above as fractions of AK8 jets that pass pT, η, WZ mass window,

and the tagger requirements. An AK8 jet can have two tagger scores and can result

in four scenarios:

• tagged by both Deep-W and Deep-WMD,

• tagged by Deep-W, but not by Deep-WMD,

• tagged by Deep-WMD, but not by Deep-W, and
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• tagged by neither Deep-W not by Deep-WMD.

The event weight used in this analysis that provides good description of the tagging

rates is given by:

weight =
∏

tagged by W

SFW

∏
tagged by WMD,

not by W

SFWMD

∏
not tagged

(1− εW · SFW − εnot W
WMD · SFWMD)

(1− εW − εnot W
WMD)

(5.5)

where εnot W
WMD is the efficiency of AK8 jets tagged only by Deep-WMD.

5.4.2 Background estimation for the b-tag SRs

Similar to the background classification in the b-veto analysis, the backgrounds

for b-tag analysis are classified as:

• 0-res backgrounds: No real hadronic decays of W, Z, or Higgs boson are

present, processes such as W → `ν and Z → νν̄ plus jets contribute to this

category,

• Top backgrounds: In these backgrounds, at least one hadronic W is produced,

mostly from the top pair production,

• Rare backgrounds: These processes have two resonances which includes top

quark pair with a W, Z, or Higgs boson, diboson and triboson processes.

The 0-res backgrounds are estimated using a control region that has tagging require-

ments inverted w.r.t. signal region, similar to that of b-veto background estimations.

For top backgrounds, 1-lepton (1`) control regions are used (subdivided again into

tag and antitag regions). The rare backgrounds are taken directly from the MC sim-

ulations. The schematic diagram showing SR, various CRs, and the relevant transfer

factors is shown in Fig. 5.18.
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Figure 5.18: Schematic diagram showing how control regions are used to extrapolate
both top and 0-res backgrounds into a b-tag signal region. Solid areas denote relative
contributions of top backgrounds. Striped regions represent the relative contribution
of 0-res backgrounds.

First, the estimation is made for the top backgrounds in 0` tag and antitag re-

gions using the 0`/1` transfer factors shown by the horizontal arrows in the schematic

diagram. The 0`/1` TF are computed as the ratio of top background yield in 0` re-

gion to the top background yields in 1` control region. These TF are derived for each

of the three b-tag signal regions. The top background prediction in each SR is done

by applying this TF on the observed yields in the 1` region as expressed in Eq. (5.6):

Npred
0`,res = NMC

0`,resN
data
1` /NMC

1`,all. (5.6)

The 0`/1` TFs are calculated as a function of pmiss
T and in total there are six 0`/1`

TFs (three for the SRs and three for antitag CRs) and they are shown in Fig. 5.19.

Once the top background prediction is calculated in the SR, the 0-res back-

ground contribution is predicted using the 0`-antitag CR. A pass-fail transfer factor,

Rp/f , is defined as the ratio of number of 0-res events passing the SR selections to
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Figure 5.19: Transfer factors for extrapolating from 1` to 0` regions as computed
using simulations in each of the three b-tagged SRs and for each pmiss

T bin. The left
plot shows the TFs for the tag regions. The right plot shows the TFs for the antitag
regions. The WH, W, and H tag topological regions are represented with different
colors in each plot.

the number of 0-res events passing the 0`-antitag CR selections. This TF is derived

for each of the SR separately as shown in Fig. 5.20.
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Figure 5.20: Pass-fail ratio as computed from simulation is shown for each b-tagged
SRs and for each pmiss

T bin. The left plot shows this ratio for the WH SR. The right
(bottom) plot shows this ratio for the W (H) SR. The top panels show the normalized
distribution of the pass-fail ratio. The average value of the pass fail ratio in each region
is reported as κ. The lower panels show the pass-fail ratio versus pmiss

T after dividing
out the average value.
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The obtained TF is multiplied with the observed data events in the 0` antitag

CR that has no contributions from the top and rare backgrounds in this region. So the

0`/1` TF helps in making the top background prediction in 0` antitag CR (Npred
!tag,res)

and the rare background (NMC
!tag,rare) is taken directly from MC simulation. These two

contributions are subtracted from the observed data yields. The 0-res background

predictions are shown by Eq. (5.7):

Npred
non−res = Rp/f (N

data,0`
!tag −Npred

!tag,res−N
MC
!tag,rare) =

NMC
tag,non−res

NMC
!tag,non−res

(Ndata,0`
!tag −Npred

!tag,res−N
MC
!tag,rare).

(5.7)

The 0`/1` TF is mostly flat for dominant 0-res backgrounds with around 30% variation

over the full pmiss
T with an average value, denotes as κ, which is around 0.17. To correct

for the tagging efficiency differences in the SR to the 0`-antitag CR, the scale factors

are derived for this pass-fail ratios. Using the dilepton control region selections similar

to that in Section 5.3.3 except that here it requires at least one b-tagged jet, which

are dominated by Drell-Yan + jets processes, the pass-fail scale factors are derived for

the Deep-W and bb-vs-light taggers as shown in Table 5.10.

Table 5.10: W-tag and bb-vs-light pass-fail ratio SFs derived from dilepton b-tag
regions.

P/F SF for 2016 2017 2018 Run 2
W-tag (1 AK8) 1.69± 0.29 1.43± 0.23 1.38± 0.19 1.48± 0.13
W-tag (2 AK8) 1.56± 0.45 1.72± 0.47 1.32± 0.29 1.51± 0.22

bb-vs-light (1 AK8) 1.02± 0.08 1.00± 0.07 0.83± 0.05 0.93± 0.04
W-tag (2 AK8) 0.98± 0.20 0.89± 0.17 1.75± 0.12 0.86± 0.09
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5.5 Systematic uncertainties

The uncertainties related to each of the correction or method applied to the

background events are discussed in this section. The b-veto and b-tag analyses are

affected by a different set of systematic uncertainties, so systematic uncertainties

in the two SRs are discussed separately below. The uncertainties are evaluated in

pmiss
T bins generally, though constant uncertainties are used when no systematic trend

is observed in pmiss
T . There are uncertainties associated with the limited amount of

MC simulation events and the data events in the CR which are categorized under

statistical uncertainties and listed in the summary table below.

5.5.1 Systematic uncertainties for the b-veto SR

The background estimation section shows that theNMC
SR,0&1-res/N

MC
CR,0&1-res trans-

fer factor is crucial to predict a large fraction of SM background. Sources of systematic

uncertainties arise from the procedures mostly involving event reconstruction and are

generally not random in nature. Also the low number of data events or MC simula-

tion yields in the control regions lead to several sources of uncertainties as outlined

below. The systematic uncertainty is evaluated by varying one of the source with its

systematic uncertainty up or down.

The uncertainties on the NMC
SR,0&1-res/N

MC
CR,0&1-res transfer factor and rare back-

grounds that are considered are:

• Deep-W and Deep-WMD tagger uncertainties: The tagger uncertainties for

W/Z → qq̄ and misidentification are large compared to the rest of the un-

certainties. The uncertainties on the TF from the 0T2M region are greater

compared to those obtained from the wmdT2M region since the mistag tag
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Figure 5.21: The systematic uncertainties on the transfer factors
NMC

SR,0&1-res/N
MC
CR,0&1-res, used for the non-resonant plus 1-resonant background

prediction in the signal region, due to the Deep-W and Deep-WMD data/MC scale
factors for W/Z → qq̄ (top) and misidentification (bottom). The uncertainties are
evaluated separately for two associated control regions, wmdT2M (left) and 0T2M
(right).

uncertainties are applied twice on the events in 0T2M regions while it’s ap-

plied once on the wmdT2M region events. As signal contamination in the

0T2M CR is much smaller compared to the wmdT2M CR, there is an advan-

tage to include the 0T2M CR and the large uncertainties from this region. For

the rare backgrounds, typically containing two W/Z resonances, the Deep-W

and Deep-WMD uncertainties are around 11–16% while the mistag SF are

less than 1% since a majority of the events in these backgrounds enter the

SR. Figure 5.21 shows variations in the TFs due to the Deep-W and Deep-

WMD taggers due to the Deep-W and Deep-WMD tagger uncertainties for

identifying W/Z→ qq̄ or misidentification.

120



200 300 400 500 600 700 800 900 1000 1100 1200
MET (GeV)

0.5

1

1.5

 (
2T

2M
/w

m
dT

2M
)

Nominal

Top BG  xsec 20% up

Di-boson xsec 30% up

Simulation PreliminaryCMS  (13 TeV)-1136.8 fb

200 300 400 500 600 700 800 900 1000 1100 1200
MET (GeV)

0.8

1

1.2

V
ar

./N
om

. 200 300 400 500 600 700 800 900 1000 1100 1200
MET (GeV)

0.5

1

1.5

 (
2T

2M
/0

T
2M

)

Nominal

Top BG  xsec 20% up

Di-boson xsec 30% up

Simulation PreliminaryCMS  (13 TeV)-1136.8 fb

200 300 400 500 600 700 800 900 1000 1100 1200
MET (GeV)

0.8

1

1.2

V
ar

./N
om

.

Figure 5.22: The systematic uncertainties on the transfer factors
NMC

SR,0&1-res/N
MC
CR,0&1-res, used for the non-resonant plus 1-resonant background

prediction in the signal region, due to uncertainties in the tt̄, single top, and
diboson production cross section. The uncertainties are evaluated separately for two
associated control regions, wmdT2M (left) and 0T2M (right).

• 1-resonant background normalization: Based on the differential cross section

measurements of the tt̄ and single top production [69, 70], uncertainties of

20% are assigned to the top background normalization (tt̄ and single top pro-

duction). The diboson background normalization is also based on differential

cross section measurements [71,72] and uncertainty of 30% are assigned. The

systematic variations in the transfer factors are evaluated by varying the top

and diboson background normalizations by 20% and 30%, respectively, as

shown in Fig. 5.22. Since there is no systematic shape dependence, constant

uncertainties of 0.7% and 2.7% obtained by integration over all the pmiss
T bins

are applied for the top and diboson uncertainties, respectively.

• JEC/JER uncertainties: The jet energy corrections and jet energy resolution

uncertainties are evaluated by applying the variations to the transfer factors.

Some random variations are due to the limited number of MC sample events.

In the case of variations in the TF, less than 1% of uncertainty is observed for

JEC and JER uncertainty, while the rare backgrounds have 2.4% and 2.5%

121



200 300 400 500 600 700 800 900 1000 1100 1200
MET (GeV)

0.5

1

1.5

 (
2T

2M
/w

m
dT

2M
)

Nominal
JEC up
JEC down
JER up
JER down

Simulation PreliminaryCMS  (13 TeV)-1136.8 fb

200 300 400 500 600 700 800 900 1000 1100 1200
MET (GeV)

0.8

1

1.2

V
ar

./N
om

. 200 300 400 500 600 700 800 900 1000 1100 1200
MET (GeV)

0.5

1

1.5

 (
2T

2M
/0

T
2M

)

Nominal
JEC up
JEC down
JER up
JER down

Simulation PreliminaryCMS  (13 TeV)-1136.8 fb

200 300 400 500 600 700 800 900 1000 1100 1200
MET (GeV)

0.8

1

1.2

V
ar

./N
om

.

Figure 5.23: The systematic uncertainties on the transfer factors
NMC

SR,0&1-res/N
MC
CR,0&1-res, used for the non-resonant plus 1-resonant background

prediction in the signal region, due to the jet energy scale and resolution uncertain-
ties. The uncertainties are evaluated separately for two associated control regions,
wmdT2M (left) and 0T2M (right).

uncertainties, respectively. The variations in the TF due to these systematic

uncertainties are shown in Fig. 5.23.

• QCD scale uncertainties: The QCD renormalization and factorization scale

uncertainties are evaluated on the transfer factors and the rare backgrounds

by varying these scales up by a factor of two, up and down. Figure 5.24 shows

nine variations of QCD scale uncertainties in total for nominal, renormaliza-

tion and factorization scales by varying each of them with either up, down,

or nominal values of uncertainty, these uncertainties are within a few percent

for the TF. The variation for rare background is 8% when integrated over

pmiss
T .

• PDF uncertainties: The proton PDF used for MC sample production is pro-

vided by the NNPDF Collaboration [43, 44] with nominal distribution and

100 uncertainty variations for PDF choice. The uncertainty related to the

choice of PDF is evaluated by reweighting the simulation using the variations

in the corresponding NNPDF [43, 44] sets. These variations are propagated
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Figure 5.24: The systematic uncertainties on the transfer factors
NMC

SR,0&1-res/N
MC
CR,0&1-res, used for the non-resonant plus 1-resonant background

prediction in the signal region, due to the QCD renormalization and factorization
scale uncertainties. The uncertainties are evaluated separately for two associated
control regions, wmdT2M (left) and 0T2M (right).
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Figure 5.25: The systematic uncertainties on the transfer factors
NMC

SR,0&1-res/N
MC
CR,0&1-res, used for the non-resonant plus 1-resonant background

prediction in the signal region, due to PDF uncertainties. The uncertainties are
evaluated separately for two associated control regions, wmdT2M (left) and 0T2M
(right).

to the transfer factors as shown in Fig. 5.25. This uncertainty comes out to

be around 1% on the TF and 2% on the rare backgrounds.

• b-tag uncertainty: Since the b tagger is used to veto b-tagged AK4 jets, the

b-tag SFs are propagated to the signal region. The uncertainties due to the
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tag SF and mistag SF are added in quadratures. This uncertainty is found

to be less than 1% for all components of the b-veto background.

• Pileup uncertainty: The recommended cross-section for Run 2 is 69.2 mb and

uncertainty in this measurement is 4.6%. The uncertainty is varied up/down

from the nominal values and there is no dependence on pmiss
T while varying

the PU uncertainty on the transfer factors and rare backgrounds. A flat

uncertainty of 2% for the TF and 6.8% for rare background is assigned.

• Trigger uncertainty: The trigger efficiency has some uncertainties as discussed

in Section 5.2. These uncertainties are propagated to rare backgrounds and

result in 1–3% uncertainty, depending on pmiss
T .

• Non-closure uncertainty: Section 5.6.2 defines a correction to the non-closure

of the background predictions. The full value of this correction is taken as

the non-closure uncertainty.

The summary of all the uncertainties in the b-veto signal region are shown in Ta-

ble 5.11.

5.5.2 Systematic uncertainties for the b-tag SRs

Most of the systematic uncertainties for the b-tag SRs are similar to those

for the b-veto SR. In the case of b-tag SRs, the uncertainty is evaluated on the

Rp/f TF and also the 0`/1` TF for each of the three signal regions. The considered

uncertainties are:

• Deep-W and bb-vs-light SF uncertainties: The uncertainty in the Deep-W

and bb-vs-light tagger efficiencies are propagated to the TFs and rare back-

grounds. The Deep-W tagger uncertainty leads to 1% uncertainty on the
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Table 5.11: Summary of systematic uncertainties (in %) on background estimation
in the signal region for the b-veto analysis. A dash (—) indicates that the source of

uncertainty is not applicable.

Source 0- and 1-resonant Rare
w/ wmdT2M CR w/ 0T2M CR

CR data size 5–50 6–71 —
MC sample size 8–30 8–25 14–24

Deep-W & WMD SF (W/Z→ qq̄) < 2 < 2 11–16
Deep-W & WMD SF (miss ID) 7–22 14–28 < 1

Top bkg norm. 0–2 0–3 —
Diboson norm. 0.7 2.7 —

Luminosity — — 1.6
JEC 1 1 2.4
JER 1 1 0.5
PDF 1 1 2

µR, µF scales 0.4 1.2 8
Pileup 1 1 1

b tag (veto) SF < 1 < 1 < 1
Trigger — — 2–3

Non-closure (Deep-W) 3–48 3–48 —
Non-closure (Deep-WMD) — 1–27 —
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Figure 5.26: Comparison of rare background yields with nominal Deep-W tagger SFs
and up variation of the SFs for WTag SR (left) and WHTag SR (right).

0`/1` TF and a 7% uncertainty for rare backgrounds as shown in Fig. 5.26.

These uncertainties are correlated across rare SRs and anti-correlated with

0`/1` TFs. The bb-vs-light SF uncertainties translate to an uncertainty of

2% for WHTag SR and 7% for WTag SR.
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• Deep-W and bb-vs-light fake SF uncertainties: The uncertainty on the Deep-

W fake SF and the bb-vs-light fake SF amount to 8.8% and 4.3% effect on

Rp/f , respectively. These uncertainties are derived from the dilepton control

region events. These are some of the dominating uncertainties in the b-tag

SR.

• Luminosity uncertainty: Luminosity uncertainty of 1.6% are applied to the

predicted rare background yields.

• MC simulation statistical uncertainties: Due to the limited size of background

samples, the uncertainties on the 0`/1` TFs, pass-fail ratios, and rare back-

ground yields are evaluated and listed in the summary table 5.12.

• Lepton SF uncertainties: For the 0`/1` TF, the 1` control regions require the

lepton identification and hence the lepton SF. The lepton SF uncertainties

are correlated across different years and account for 1% uncertainty on the

TFs.

• b-tag SF uncertainties: These uncertainties are propagated to the TFs and

rare background yields using the method described in method 1a [73]. The

uncertainties due to tag SF and SF are added in quadrature. These effects

amount to a 0.5–1% uncertainty on 0`/1` TF, and between 0.5–3% on pass-

fail ratios and rare background yields.

• Other uncertainties: PDF uncertainties vary from 1% at low pmiss
T bins to 5%

at high pmiss
T bins and are within the statistical uncertainties on simulations.

A flat uncertainty of 0.5% on the normalization is applied on all backgrounds

obtained by integrating yields across all the search bins. Effects of pileup

mismodeling is estimated to be 1% on the normalization. Trigger efficiency
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uncertainty is similar to that of b-tag SR. Luminosity uncertainty of 1.6% is

applied to the rare backgrounds.

• JEC/JER uncertainties: The pT of the jets are varied according to scale

uncertainties and smeared to obtain JEC and JER uncertainties, respectively.

These uncertainties are evaluated for Rp/f and the 0`/1` TFs as shown in

Figs. 5.27–5.28. These uncertainties are within statistical uncertainties and

have random variations. A flat 1% uncertainty is assigned to both JEC and

JER uncertainty.

• QCD scale uncertainties: Similar to the b-veto SR, these uncertainties are

evaluated on pass-fail ratios and 0`/1` TFs as shown in Fig. 5.29. The ef-

fect on Rp/f is much smaller than statistical uncertainties (1–4%), while the

uncertainty on 0/1` TF is between 2–5% which is applied as flat 0.5% uncer-

tainty. Uncertainty on normalization of rare background accounts for 11%.

The summary of all the uncertainties in the b-tag signal regions are shown in Ta-

ble 5.12.

5.5.3 Systematic uncertainties on signal models

The SMS signal models (TChiWW, TChiWZ, and TChiWH) are generated

using the fast simulation framework as outlined in Section 4.1.2 for numerous mass

points. Since the fast simulation may not have the best efficiency in terms of event

reconstruction, several corrections are applied to the fastsim signal samples to ac-

count for observed differences. The uncertainties that affect the shapes of signal

distributions are the QCD scale and ISR pT modeling. The rest of the uncertainties
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Figure 5.27: Effect of JEC and JER uncertainties on pass-fail ratios for WTag (top
left), HTag (top right), and WHTag (bottom). The hashed bands in the bottom
panels show the statistical uncertainty on nominal pass-fail ratios.
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Figure 5.28: Effect of JEC and JER uncertainties on 0/1` TFs for tag regions of
WTag (top left), HTag (top right), and WHTag (bottom). The hashed bands in the
bottom panels show the statistical uncertainty on nominal TFs.
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Figure 5.29: Effects of QCD renormalization and factorization scale variations on
Rp/f ratios (left) and 0`/1` transfer factors (right) vs pmiss

T in the W SR (top), H SR
(middle), and WH SR (bottom).
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Table 5.12: Summary of systematic uncertainties (in %) in the b-tag SRs on
background estimations. A dash (—) indicates that the source of uncertainty is not

applicable.

Source Top, tt̄H Nonres Rare
Luminosity — — 1.6
Pileup 1.0 1.0 1.0
b-tag SF 1.0 < 3.0 < 3.0
Trigger — — 2–3
Deep-W SF 1 — 7.0
Deep-W fake SF — 8.8 —
bb-vs-light SF — — 2–7
bb-vs-light fake SF — 4.3 —
Lepton SF 1.0 — —
PDF 0.5 0.5 0.5
QCD scale 2–10 0.5 11.0
JEC 1.0 1.0 1.0
JER 1.0 1.0 1.0
MC sample size 2–28 3–40 4–27
CR data size 3–100 2–35 —

only affect overall normalization. Most of the uncertainties do not dependent on the

signal mass points except a few uncertainties. The uncertainties applied on the signal

yields are listed below.

• QCD scale uncertainty: For various signal models and (mNLSP,mLSP) mass

combinations, the impact of varying renormalization scales (µR) and factor-

ization scales (µF ) on the shape of the signal is investigated. When these

scales are changed, signal samples with lower NLSP masses typically exhibit

larger shape differences. Fig. 5.30 displays the variations in signal shape

relative to the nominal for various models and mass points. Depending on

the SR category, pmiss
T bin, and mass point under consideration, the overall

uncertainty varies from 0.25 to 5%.
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Figure 5.30: Signal shape uncertainty for the b-veto (left), WHTag (middle), and
WTag (right) SRs at QCD scale. The top row plots are for signal samples cor-
responding to low NLSP masses (400 GeV), while the bottom row represents the
uncertainty for high NLSP masses (800 GeV for b-veto and 1200 GeV for b-tag SRs).
The b-tag SRs use the TChiWH model, while b-veto regions use the TChiWZ model.
The LSP mass in each of these plots is 1 GeV. The gray hashed band represents
relative statistical uncertainties on nominal distributions.

• ISR pT modeling: To assess the degree of uncertainty associated with ISR

pt modeling in simulation, the standard SUSY recommendation by CMS is

used. Events are re-weighted while maintaining the same cross section based

on the pt of the system of pair produced electroweakinos. This re-weighting

has little impact in the non-compressed region where mNLSP � mLSP and can

have ≈ 22% impact in the compressed region for signal events in high pmiss
T

bins. Uncertainty is attributed to the full size of the correction, which is the

difference in relation to unweighted yields. The impact of ISR pt re-weighting

for a mass point in the compressed and non-compressed regions is depicted
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Figure 5.31: ISR weighted (nominal) and unweighted distributions are com-
pared. Top left: b-veto SR for TChiWZ(600,1), top right: b-veto SR for
TChiWZ(600,200), bottom left: WTag SR for TChiWH(800,1), bottom right: WTag
SR for TChiWH(800,400). The bottom ratio panel’s hashed bands represent the
degree of statistical uncertainty associated with unweighted yields.

in Fig. 5.31. The WHTag and HTag SR categories exhibit similar behavior

to the WTag SR.

• b-tagging: The b-tag scale factors are derived by the bTag POG using CP5

Tune, while the signal samples are generated with CP2 Tune. Scale factors are

applied to account for these tune differences in MC sample generation and also

with data. To assess the uncertainties brought on by tagging and mistagging,

the fast-to-full-simulation and data-to-full-simulation SFs are both changed

simultaneously. This uncertainty is approximately 1% for b-veto, approxi-

mately 2% for WTag, approximately 2.5% for WHTag, and approximately

3% for HTag SRs. Tagging SFs makes the larger contribution to the overall

uncertainty compared to the mistagging SFs.
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• JEC, JER, and pileup: Similar procedure to the one used for rare backgrounds

is used to evaluate these uncertainties. For b-veto SRs, these correspond to

1% each for JEC & JER and 2% for pileup. For b-tag SRs, each of these have

≈ 1% uncertainty.

• Jet mass scale and resolution: These uncertainties are negligible for the b-tag

SRs while it has ≈ 1.2% uncertainty for the JMR correction in the b-veto

SR. Since the effect of JMR is small, only the uncertainty of 1.2% is applied

to the b-veto SR.

• Fastsim pmiss
T modeling: Any mismodeling of pmiss

T in fastsim samples is ac-

counted by comparing it against gen-pmiss
T . Comparing the gen-pmiss

T and

nominal-pmiss
T in Fig. 5.32, half the difference between them is taken as the

uncertainty and is correlated across all the bins. This uncertainty varies de-

pending on the SR category, signal model, and the pmiss
T bin and can reach

up to ≈ 10%.

• Fastsim boson tagging: Differences in tagger performance in fullsim and fast-

sim due to the tune setting is addressed in this uncertainty. These corrections

are broken down into factors associated with the efficiency of cutting on the

signal soft-drop mass window and the efficiency of cutting on the applicable

POG-derived tagger working points. For the soft-drop mass corrections, the

scale factors are roughly 0.92–1.10 with an uncertainty around 0.05. The Deep

AK8 tagger scale factors are roughly 0.99–1.05 with an uncertainty around

0.01.

• Fastsim jet response: In the b-tag SRs, the b-tagged jet response evaluated

for TChiWZ signal model is 2–3% higher than unity in 2017 and 2018 MC
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Figure 5.32: Comparison of the nominal pmiss

T -based and gen-pmiss
T -based distributions

for the TChiWZ(800,1) signal sample for the b-veto (top left), WHTag (top right),
WTag (bottom left), and HTag (bottom right) SRs. The systematic uncertainty is
calculated as half the difference between these two. The bottom panel’s hashed bands
display the relative statistical uncertainty in nominal terms.

samples. Correction in response is done by scaling the momenta of b jets down

by 3% and propagate the effect to pmiss
T , HT, and number of AK4 jets. The

difference between response corrected and uncorrected yields, which amounts

to 2% uncertainty, is applied for all models and mass points. Figure 5.33

shows the response of b jets in fullsim and fastsim samples.

• Other uncertainties: Uncertainty in luminosity measurement is 1.6% across

all the pmiss
T bins. Trigger efficiency uncertainties, similar to backgrounds

have been included. Data to fullsim AK8 tagger SFs vary from a few percent

to ≈ 15% depending on the tagger and the SR. The PDF uncertainty is

included in the signal cross section uncertainty. The jet mass resolution in

MC simulation is better than in data, therefore the resolution of the jets

is worsened in MC simulation by applying smearing so that the resolution
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Figure 5.33: Response of b jets in fullsim and fastsim for 2016 (left), 2017 (middle),
and 2018 (right) MC simulation samples as a function of closest gen-jet pT. All fullsim
samples and 2016 fastsim samples show response close to unity. Response in 2017
and 2018 fastsim is 2–3% higher than unity.

matches with data and the uncertainty on the JMR scale factor is applied as

systematic uncertainty.

Table 5.13 lists all the systematic uncertainties applicable on the signal yields.
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Table 5.13: Summary of systematic uncertainties (in %) on signal yields. A dash
(—) indicates that the source of uncertainty is not applicable.

Source b-veto b-tag
Pileup 1.0 1.0
b-tag SF 1.0 2–3
Deep-W SF 15 9.0
Deep-WMD SF 2.0 —
bb-vs-light SF — 4.0
JMR 1.2 —
JEC 1.0
JER 1.0
Luminosity 1.6
Trigger 2–3
MC sample size 2–5
QCD scale (shape) 0.25–5
ISR pT (shape) 1–22
Fastsim related systematic uncertainties
bb-vs-light SF — 4.0
AK8 mass (bb) — 4.0
b jet pT response — 2.0
AK8 near b jet pT response — 3.0
Deep-WMD SF < 1 —
Deep-W SF < 1
AK8 mass (qq̄) < 1
pmiss

T modeling 1–10
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5.6 Validation

5.6.1 Statistical modeling of backgrounds in the b-veto SR

In the b-veto analysis, there is one SR and two CRs (0T2M and wmdT2M)

binned in pmiss
T as discussed in Section 5.4.1. Four contributions to each of SR and CR

are considered: signal, and 0-res, 1-res, and rare backgrounds. The 0-res and 1-res

backgrounds are treated together by using the same rate parameters for both. The

rate parameters are placed in order to maintain the relative rates fixed in the SR and

CRs which is the same as multiplying the CR data yields by data yields.

In each of the pmiss
T bins, the nominal value is described by a collection of three

Poison distributions. Various unconstrained parameters are used to constrain the SM

backgrounds in the SR based on the observations in the CRs. Few correction factors

as described in Section 5.6.2 are applied through rate parameters on the 0-res and

1-res backgrounds. All the nuisances are modeled with log-normal prior distributions.

Figure 5.34 shows the prefit and postfit nuisance parameters from the fit.

5.6.2 Validation regions for the the b-veto SR

Validation regions are designed for b-veto analysis to check compatibility of

the tagger mistag scale factors that were derived and also the background estimation

procedure. All the validation regions and the corresponding CRs are required to pass

the baseline selections except the AK8 jet requirements as listed for each of the region.

The validation regions are identified by “xTyMzJ”, where “T” stands for tagger, “M”

stands for mass requirement and “J” stands for number of AK8 jets. The rest of the

terminology is explained below. The symbol “z” refers to the multiplicity of AK8 jets

satisfying pT > 200 GeV, |η| < 2.0. Out of “z” AK8 jets, if they also have its softdrop
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Figure 5.34: A comparison of prefit-postfit nuisance parameters from the fit to the
b-veto signal region and control regions. The TChiWZ(800,100) signal is used in this
fit. The yields are the actual data yields.

mass within 65 < mJ < 105 GeV (WZ mass requirement), then they are counted for

”y”. The “x” refers to the tagger type of only one AK8 jet that is tagged by either

Deep-W or Deep-WMD tagger.

The wT2M validation region requires almost the same selections as b-veto SR

except that WMD-tagging requirement is inverted. The wT2M VR requires at least

two AK8 jets with the WZ mass requirement but only one jet out of them is tagged

by the Deep-W tagger and the other jets are not tagged. This is the final validation

region that is close to the SR. The list of validation regions and their corresponding

control regions (inverted tag requirement from the VR) are described in Table 5.14.

The overview of the validation procedure is shown by a schematic in Fig. 5.35.

The first step is to test the Deep-W and Deep-WMD mistag scale factors

which were derived in Section 5.4.1.1. The wT1M1J and wmdT1M1J regions are
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Table 5.14: Summary of mass and tagging requirements used for the b-veto
validation regions (VRs). All of them veto on AK4 b-tagged jets. “xTyMzJ” below

stands for “x” tagged jet (x = Deep-W or Deep-WMD tagger), “y” stands for
number of AK8 jets with WZ mass out of total number of AK8 jets (“z”). The WZ

mass requirement is 65 < mJ<105 GeV.

“x”T1M1J regions (1 AK8 jet passing WZ mass requirement)
VR (wT1M1J) 1 jet passing Deep-W tag
VR (wmdT1M1J) 1 jet passing Deep-WMD tag
CR (for wT1M1J) no jet passing Deep-W tag
CR (for wmdT1M1J) no jet passing Deep-WMD tag
“x”T1M2J regions (≥ 2 AK8 jets, one of them passing WZ mass requirement)
VR (wT1M2J) 1 jet passing Deep-W tag
VR (wmdT1M2J) 1 jet passing Deep-WMD tag
CR (for wT1M2J) no jet passing Deep-W tag
CR (for wmdT1M2J) no jet passing Deep-WMD tag

Figure 5.35: Schematic showing the validation steps involved in b-veto analysis.

well-suited to validate these scale factors since events in this region contains one AK8

jet tagged by either Deep-W or Deep-WMD tagger. The CRs for these “1J” validation
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regions are defined by inverting the tagger requirement. The background prediction

is performed, and the data are found to agree with predictions very well in this region

as shown in Fig. 5.36.
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Figure 5.36: Data yields in the 1-jet W-tag (left) and V-tag (right) validation regions
compared to the predicted SM backgrounds as functions of pmiss

T . In these validation
regions, events are required to pass the baseline selection except for the second AK8 jet
requirement, and to have only one AK8 jet, which is W or V tagged. The predicted SM
0-res and 1-res backgrounds in each validation region are based on an extrapolation
from control regions defined by the inversion of the DNN requirement for the W or V
tag. The rare background is taken directly from simulation. The hatched gray bands
correspond to the total uncertainty in the prediction.

Moving one step at a time, now the events in this validation regions, wT1M2J

and wmdT1M2J, have an extra AK8 jet that does not satisfy the WZ mass require-

ment. The CRs are defined for these validation regions as shown in Table 5.6. After

the background predictions are done in these VRs, the data agree well with the pre-

dictions at low pmiss
T , while at higher pmiss

T , some differences are seen as shown in

Fig. 5.37. One source of these differences could be that the quark-gluon mixture

differences in the “1M1J” and “1M2J” regions. In order to account for these dif-

ferences, a “non-closure” correction is obtained from the wT1M2J and wmdT1M2J
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regions for Deep-W and Deep-WMD taggers, respectively, as shown in Fig. 5.37. The

non-closure correction can be expressed as:

non-closure correction =
data - prediction (rare)

prediction (01-res)
. (5.8)

This correction is a systematic trend versus pmiss
T and is applied to all the “2M” CRs,

VRs, and signal regions. The 100% of the correction is assigned as the systematic

uncertainty for this correction. The correction factors are obtained and a linear fit is

performed as shown in Fig. 5.38.
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Figure 5.37: Data yields in the 2-jet, 1-tag validation regions, the W-tag region (left)
and the V-tag region (right), compared to the predicted SM backgrounds as functions
of pmiss

T . In these validation regions, events are required to pass the baseline selection
including the requirement of having at least two AK8 jets, but only one AK8 jet
may pass the WZ mass requirement of 65 < mJ < 105 GeV, and only one AK8 jet
is permitted to be W or V tagged. The predicted SM 0-res and 1-res backgrounds
in each validation region are based on an extrapolation from control regions defined
by the inversion of the DNN requirement for the W or V tag. The rare background
is taken directly from simulation. The deviation from unity of the ratio of the data
yields to the SM predictions in each of these validation regions is used to extract the
non-closure corrections for the W and V taggers as discussed in the main text, and
the full size of the correction is assigned as its uncertainty. The hatched gray bands
correspond to the total uncertainty in the prediction.
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Figure 5.38: The Deep-W and Deep-WMD tagging rate correction factors extracted
from data-prediction differences observed in wT1M2J and wmdT1M2J validation re-
gions (see Fig. 5.37) and a linear fit.
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Figure 5.39: Data yields in the one W-tag region (left) and one V-tag region (right)
compared to the predicted SM backgrounds as functions of pmiss

T . In these regions,
events are required to pass the baseline selection including the requirement of having
at least two AK8 jets, at least two AK8 jets must pass the WZ mass requirement of
65 < mJ < 105 GeV, but only one AK8 jet is permitted to be W or V tagged. The
predicted SM 0-res and 1-res backgrounds in each validation region are based on an
extrapolation from the 0-tag control region, in which events have at least two AK8
jets passing the WZ mass requirement of 65 < mJ < 105 GeV but none of them pass
the DNN requirements for the W or V taggers. The rare background is taken directly
from simulation. The hatched gray bands correspond to the total uncertainty in the
prediction.

The final step before moving to the SR is to test the non-closure corrections on

the wT2M VR and the wmdT2M CR (defined in Section 5.3.3). The CR considered for

both these 2M validation regions is the 0T2M CR. After the background predictions
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are performed for the 0-res and 1-res backgrounds, the data are found to be in fair

agreement with the predictions as shown in Fig. 5.39. These validation regions are

close to the SR, in the sense that there are two or more AK8 jets passing the WZ

mass requirement as also in the SR, but only one of them pass either one of the tagger

requirements.

5.6.3 Statistical modeling of backgrounds in the b-tag SRs

Similar to the modeling of backgrounds in the b-veto SR, the likelihood is

a binned likelihood with each pmiss
T bin of each SR and the 0`-antitag CR explicitly

modeled. Each of the SR and CR bins have contributions from non-resonant, top, and

rare backgrounds. The observed yields in the SR and 0`-antitag CR are modeled by

two Poisson distributions. All the nuisance parameters from the systematic sources

are modeled.

The 0`/1` transfer factors, used in deriving the top backgrounds (both for

the tag and anti-tag CRs), is modeled by a gamma function that can constrain the

expected yields of resonant backgrounds. The non-resonant backgrounds are modeled

using rate parameters that correlate expected yields across different regions. The

transfer factors are set by simulation which control the relative rates between the SR

and CR, but the yields themselves can float with rate parameters. To mitigate the

tagging differences between data and simulation, pass-fail ratio SF are used to adjust

the expected yields in the 0`-antitag CR so that the transfer factors are the same

across several pmiss
T bins. All the systematic uncertainties are modeled by log-normal

distributions and are uncorrelated across various b-tag regions and pmiss
T bins except
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the pass-fail ratio SF nuisance parameter which is correlated across all pmiss
T bins. The

pulls for each nuisance parameter is shown in Fig. 5.40.
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Figure 5.40: Prefit and postfit comparison of nuisance parameters and their uncer-
tainties for fits to the H tag validation region. Uncertainties and any shifts in the
central value of a nuisance parameter are plot relative to the corresponding nuisance
parameters prefit uncertainty.

5.6.4 Validation regions for the b-tag SRs

The background estimation procedure for the b-tag analysis is validated in

so-called pseudo signal regions. The validation regions are orthogonal to the SR and

0`-antitag CR by requiring exactly one AK8 jet. So two validation regions, 1J W

tag and 1J H tag validation regions, are defined by the following selections and are

summarized in Table 5.15.

The 1J W-tag pseudo-SR derives the predictions based on the CR where there

is exactly one AK8 jet with WZ mass requirements but fails the Deep-W discrim-

inator. Based on Eqs. (5.6) and (5.7), the predictions are made directly from the

simulations and the distributions are shown in Fig. 5.41 (left). The right plot shows
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Table 5.15: Selections in validation pseudo-SR and CRs for b-tagged events after
the baseline selections have been applied. Each of the pseudo SR and VR have
single-lepton regions that are identical except that exactly one charged lepton is

required. A dash (—) indicates that no requirement is imposed.

W boson candidate Higgs boson candidate
W tagged not W tagged bb tagged not bb tagged

1J W tag pseudo SR 1 0 — —
1J W tag VR 0 1 — —

1J H tag pseudo SR — — 1 0
1J H tag VR — — 0 1

the postfit predictions using only the CRs after the likelihood parameterization is

minimized with respect to the background-only hypothesis. Various nuisance param-

eters are compared before and after the fit as shown in Fig. 5.42, suggesting some

mild pulls, where pull is defined as:

pull =
data − pred√

pred + ∆2
pred

(5.9)

where ∆pred is the total uncertainty in the prediction.
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Figure 5.41: Predicted yields in the 1J W tag validation region. The left plot shows
the prediction based on Eqs. (5.6) and (5.7). The right plot shows the prediction
based on a fit to the pseudo signal region and the control regions.
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Figure 5.42: Prefit and postfit comparison of nuisance parameters and their uncer-
tainties for fits to the W tag validation region. Uncertainties and any shifts in the
central value of a nuisance parameter are plot relative to the corresponding nuisance
parameters prefit uncertainty.

The 1J H-tag pseudo-SR follows the equivalent testing as the 1J W-tag pseudo

signal region except that the AK8 jet is considered for ZH mass requirements and

bb-vs-light tagger. Similar comparisons are made between equation based predictions

and postfit predictions as shown in Fig. 5.43.
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Figure 5.43: Data yields in the W (left) and H (right) b-tag validation regions com-
pared to the predicted SM backgrounds as functions of pmiss

T . In these regions, events
are required to pass the baseline selection except for the second AK8 jet requirement.
Events are required to contain exactly one AK8 jet and at least one b-tagged AK4
jet. The hatched gray bands correspond to the total uncertainty in the prediction.
The open histograms show the expectations from selected signal models, which are
denoted in the legend by the name of the model followed by the assumed masses of
the NLSP and LSP.
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5.7 Results and interpretations

5.7.1 Results

The background estimation procedure described in the previous section is ap-

plied on b-veto and b-tag search regions. Utilizing a statistical model of our SM

background predictions, simultaneous fits to our SRs and CRs are performed to fur-

ther constrain our predictions and their uncertainties.

5.7.1.1 Results in b-veto SR. The background predictions in the signal region

are obtained after simultaneous fits to two control regions only, and the predictions

obtained are called post-fit predictions for 0- and 1-res backgrounds. The observed

data yields and predictions are consistent with each other as shown in Fig. 5.44.

Table 5.16 shows the number of events in each pmiss
T bin for the observed yields, signal

and different backgrounds. No statistically significant excess of events is observed in

the data with respect to the SM background predictions.

Table 5.16: Observations and SM background predictions derived from the fit to the
data in the CRs in the b-veto SR. The column labeled “Signal” provides the

expected signal yields from the TChiWZ model with an NLSP mass of 600 GeV and
an LSP mass of 100 GeV.

pmiss
T (GeV) 0- and 1-res bkg. Rare Total bkg. Obs. Signal
200 – 250 86.7± 9.2 1.5± 0.3 88.1± 9.2 82 4.4± 0.2
250 – 300 46.8± 6.7 1.4± 0.3 48.2± 6.7 48 5.3± 0.3
300 – 350 24.2± 4.3 1.1± 0.3 25.4± 4.4 24 5.6± 0.3
350 – 400 14.8± 3.7 0.7± 0.2 15.5± 3.7 9 6.0± 0.3
400 – 450 11.7± 3.1 0.6± 0.2 12.3± 3.1 8 5.5± 0.3
450 – 500 7.4± 2.1 0.4± 0.1 7.9± 2.1 6 5.7± 0.3
500 – 600 9.1± 2.7 0.4± 0.1 9.6± 2.8 9 7.6± 0.3
600 – 800 5.7± 2.2 0.4± 0.1 6.2± 2.2 6 3.0± 0.2
≥800 0.8± 0.7 0.1± 0.1 0.9± 0.7 3 0.4± 0.1
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Figure 5.44: Data yields and the post-fit predictions in the b-veto SR

5.7.1.2 Results in b-tag SR. After the good agreement between the data and

predictions is observed in the b-tag validation regions, similar background estimation

procedure is used to predict the backgrounds in each of the three b-tag signal regions.

Table 5.17 shows the observed yields, background predictions and pulls in each of

the b-tag signal regions. The yields of the SM backgrounds, determined from the fit

applied only to the CRs under the background-only hypothesis, are shown along with

the predicted yields of the signals and the observations in Fig. 5.45. No statistically

significant excess of events is observed in the data with respect to the SM background

predictions.

5.7.2 Interpretations

A careful comparison is performed to statistically interpret the deviation of

data from SM backgrounds in each of the search bin. This section aims to discuss
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Figure 5.45: The observed numbers of events and post-fit SM background predictions
in three b-tag signal regions: (top) WHTag SR, (middle) WTag SR, (bottom) HTag
SR 150



Table 5.17: Observations and SM background predictions derived from the fit to the
data in the CRs in each of the b-tag SRs. The column labeled “Signal” provides the

expected signal yields from the TChiWH model with an NLSP mass of 1000 GeV
and an LSP mass of 100 GeV.

pmiss
T (GeV) Rare Top 0-res Total Obs. Signal

WH SR

200–250 1.93± 0.38 22.4± 3.9 10.5± 4.0 34.9± 5.4 32 0.36± 0.02
250–300 1.19± 0.22 11.4± 3.0 3.5± 1.2 16.2± 3.3 13 0.42± 0.02
300–350 0.72± 0.16 1.81± 0.91 2.67± 0.83 5.2± 1.3 8 0.46± 0.02
350–400 0.49± 0.10 1.49± 0.98 1.13± 0.78 3.1± 1.3 8 0.46± 0.02
400–450 0.37± 0.07 1.7± 1.1 0.88± 0.52 2.9± 1.2 4 0.53± 0.03
450–500 0.24± 0.06 0.55± 0.52 0.49± 0.34 1.29± 0.62 3 0.53± 0.03
500–600 0.33± 0.06 0.0+1.0

−0.0 0.86± 0.50 1.19+1.1
−0.50 1 1.13± 0.04

≥ 600 0.29± 0.07 0.0+1.0
−0.0 0.73± 0.42 1.02+1.1

−0.43 1 3.70± 0.07

W SR

200–250 11.6± 1.6 455± 27 282± 42 749.4± 46.1 680 0.22± 0.02
250–300 8.7± 1.4 205± 16 118± 28 332.4± 32.5 312 0.31± 0.02
300–350 7.8± 1.4 114± 11 54.9± 8.0 176.4± 13.5 175 0.38± 0.02
350–400 4.77± 0.94 57.8± 7.9 36.7± 5.4 99.4± 9.9 95 0.41± 0.02
400–450 4.5± 1.2 33.3± 5.5 22.9± 4.0 60.7± 6.9 63 0.41± 0.02
450–500 2.03± 0.32 15.8± 3.5 16.9± 2.8 34.7± 4.7 23 0.42± 0.02
500–600 2.14± 0.32 9.8± 2.7 15.0± 2.4 26.9± 3.6 28 0.90± 0.03
600–800 1.41± 0.21 9.0± 2.7 8.4± 1.7 18.8± 3.2 17 1.74± 0.05
≥ 800 0.31± 0.06 0.00+1.4

−0.0 3.2± 1.0 3.5+1.7
−1.0 4 1.32± 0.04

H SR

200–250 25.5± 3.6 592± 28 626± 59 1244± 61 1212 0.44± 0.02
250–300 18.0± 2.7 267± 18 270± 26 555± 27 563 0.63± 0.03
300–350 11.7± 1.6 132± 11 166± 17 311± 20 282 0.71± 0.03
350–400 8.2± 1.1 63.4± 6.9 84± 12 156± 14 160 0.74± 0.03
400–450 7.3± 1.2 31.7± 4.7 53.9± 8.7 93± 10 115 0.80± 0.03
450–500 4.67± 0.66 14.9± 3.0 57.6± 7.6 77.1± 8.0 60 0.83± 0.03
500–600 5.64± 0.78 9.9± 2.3 40.2± 6.4 55.8± 7.1 65 1.77± 0.05
600–800 4.15± 0.60 2.5± 1.2 23.5± 4.5 30.2± 4.8 39 3.21± 0.07
≥ 800 1.27± 0.19 1.49± 0.89 4.8± 2.3 7.5± 2.5 8 2.16± 0.05

a few statistical interpretations of the results. A modern frequentist method is used

to compute the exclusion limits which defines the test statistic as ratio of likelihood

ratio. A likelihood is defined as a probability of observed events given the expected

number of events. A fit function is constructed to maximize the likelihood. Detailed

introduction to the bayesian and frequentist approaches can be referred from [74].
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The likelihood is a function dependent on parameters µ and θ. In this case,

the parameter of interest is the signal strength modifier (µ), defined as the ratio of the

observed cross-section divided by the nominal cross-section. The nuisance parameters

whose values are not known are called prior nuisance parameters θ̃ that need to be

fitted using the data. With around nine search bins in each of the four SRs defined in

this analysis denoted by i, and the nuisance parameters denoted by j, the likelihood

function can be described as:

L(data|µ, θj) = Poisson(data |µsi(θj) + bi(θj)) p(θ̃j, θj) (5.10)

where p denotes the Poisson nuisance term. Predicted signal si, and predicted back-

ground bi are also dependent on the nuisance parameters as shown below:

Poisson(data |µsi + bi) =
∏
i

(µsi + bi)
ni

ni!
e−(µsi+bi), (5.11)

p(θ̃j, θj) =
∏
j

1√
2πσ(θ̃j)

1

θj
e

−(ln(θj/θ̃j))
2

2(σ(θ̃j))
2


, (5.12)

si(θj) = s0,i

∏
j

R
θj
ij (s), (5.13)

bi(θj) =
∑

x ∈ BG

(
x0,i

∏
j

R
θj
ij (x)

)
. (5.14)

In the case of limited number of events in the control region, as in some of

the b-tag CRs, the uncertainty is modeled by a gamma distribution. All the nuisance

parameters have a prior mean θ̃j of zero and sigma σ(θ̃j) equal to one. BG is a set

of all backgrounds for the analysis, and x0,i (s0,i) are the nominal prediction for a

background (signal). The symbol Rij denotes the signal and background dependent

systematic uncertainty correction values for each bin and nuisance parameter, and ni

is the observed number of data events per bin.
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As discussed above, the test statistic can be expressed mathematically as:

qµ = −2 ln
L(data |µ, θ̂µ)

L(data | µ̂, θ̂)
, with a constraint 0 ≤ µ̂ ≤ µ (5.15)

where the numerator is for the background-only fit in which µ is fixed to zero and the

denominator is for the signal + background fit in which µ is allowed to float freely.

Both fits to likelihood functions are performed separately, and best fit is chosen that

maximizes the likelihood function.

The level of agreement between the data and predicted yields with a value µ

can be quantified using the p-value. The p-value is found for a non-zero µ value using

the probability distribution function, given by:

f (tµ | µ′) =
1

2
√
tµ

1√
2π

[
exp

(
−1

2

(√
tµ +

µ− µ′

σ

)2
)

+ exp

(
−1

2

(√
tµ −

µ− µ′

σ

)2
)]

(5.16)

Then, the p-values are given by:

pµ =

∫ ∞
qobsµ

f(qµ|µ, θ̂obs
µ ) dqµ (5.17)

pb =

∫ qobsµ

−∞
f(qµ| 0, θ̂obs

0 ) dqµ. (5.18)

The symbol pµ denotes the p-value for the signal + background hypothesis

with some floating value of µ in the numerator of qµ with some signal injected. The

symbol p0 denotes the p-value for background-only hypothesis with no signal injected.

Finally, these p-values are used to construct confident levels CLs, defined by:

CLs(µ) =
pµ

1− pb
≤ 1− α (5.19)

The results are quoted for most of the CMS experiments at the 95% confidence level

(i.e., α = 0.95). Upper limit quoted at 95% confidence level on the value of µ is

denoted by µup, which is often a gaussian distribution. Uncertainty on this value is
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denoted by ±1σ (68%) and ±2σ (95%) as shown in Fig. 5.46, which is relevant for

expected limits. Figure 5.46 shows the distribution of the probability distribution

function and the calculation of p-value.

Figure 5.46: Distribution of the PDF and p-value calculation (left). Distribution of
the upper limit on µ at 95% CL (right).

In the context of this analysis, the fit obtained by the predictions to SM

backgrounds are determined only from the fit to control regions under background-

only hypothesis. All the b-veto and b-tag SR and CRs are used to derive limits for

each model. The production of chargino pair or chargino-neutralino pair is the prime

focus of this analysis; therefore, 95% CL upper limits are placed on these production

cross sections. By comparing the upper limits on the production cross sections to

the cross-sections predicted for chargino-pair production and for chargino-neutralino

production, 95% CL mass exclusion contours are derived in the NLSP-LSP plane

(LSP here is χ̃0
1). For the case of NLSP being wino-like, the mass exclusion are

obtained for three signal models:
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• TChiWW model: Assuming a pair of chargino production, the masses of

NLSP (χ̃±1 ) are excluded between 290 and 670 GeV as shown in Fig. 5.47

(top left). Since the observed events in 300 < pmiss
T < 500 GeV region of the

b-tag SR are lower than the SM predictions in that bin, the observed limits

are stronger than the expected limits.

• TChiWZ model: In the case of chargino-neutralino production, where the

chargino decays 100% to a Z boson is denoted by TChiWZ model. Figure 5.47

(top right) shows the mass exclusions of NLSP between 230 and 760 GeV at

low values of LSP. The last pmiss
T bin of b-tag SR has higher number of observed

events compared to the predictions which make the observed limits weaker

than expected limits.

• TChiWH model: When the chargino decays 100% to a H boson in chargino-

neutralino production is denoted by TChiWH model. The limits on this

model are mostly driven by the b-tag’s WH signal region. The excess in a

few intermediate pmiss
T bins in this SR makes the observed limits weaker than

the expected limits as shown in Fig. 5.47 (bottom) and the NLSP masses

between 240 and 970 GeV are excluded for low LSP masses.

In addition to these simplified models listed above, two more specific scenarios in

which all the winos or all of the higgsinos are mass degenerate are considered, which

are referred to as the wino- and higgsino-like NLSP scenarios. For the simultaneous

production of χ̃±1 χ̃
∓
1 and χ̃±1 χ̃

0
2, the χ̃±1 and χ̃0

2 are considered to be mass-degenerate

wino-like NLSPs. The combination includes signal models of TChiWW along with

either TChiWZ or TChiWH. The TChiWW + TChiWZ combination excludes the

NLSP masses up to 870 GeV are excluded while the expected limit exclusion goes up
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Figure 5.47: The 95% CL upper limits on the production cross sections for χ̃±1 χ̃

∓
1

assuming that each χ̃±1 decays to a W boson and χ̃0
1 (upper left, the TChiWW model)

and χ̃±1 χ̃
0
2 production assuming that the χ̃±1 decays to a W boson and χ̃0

1, and that the
χ̃0

2 decays to a Z boson and χ̃0
1 (upper right, the TChiWZ model) or that the χ̃0

2 decays
to a Higgs boson and χ̃0

1 (lower, the TChiWH model). The black curves represent the
observed exclusion contour and the change in this contour due to variation of these
cross sections within their theoretical uncertainties (σtheory). The red curves indicate
the mean expected exclusion contour and the region containing 68% (±1σexperiment)
of the expected exclusion limits under the background-only hypothesis. The mass
exclusion limits are computed assuming wino-like cross sections.

to 1010 GeV. The TChiWW + TChiWH combination excludes the NLSP masses up

to 960 GeV are excluded while the expected limit exclusion goes up to 1110 GeV as

shown in Fig. 5.48.

With the NLSP having higgsino-like cross sections and the LSP considered as

lightest neutralino, the production cross sections are too low compared with wino-like

cross sections. Since this analysis is sensitive to large class of electroweakino models as
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shown above, it is the first analysis from CMS experiment to become sensitive to the

direct production of higgsino-like NLSPs under the MSSM model with the neutralino

LSP. The production processes include χ̃±1 χ̃
∓
1 , χ̃±1 χ̃

0
2 productions. Fig. 5.49 shows the

mass exclusions for higgsino-like NLSP masses that are excluded from 300 to 650 GeV

and the expected exclusion limits from 320 to 810 GeV.
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Figure 5.48: Expected and observed 95% CL upper limits on mass-degenerate wino-
like χ̃±1 χ̃

∓
1 and χ̃±1 χ̃

0
2 production, assuming B(χ̃±1 →Wχ̃0

1) = 100%, and either B(χ̃0
2 →

Zχ̃0
1) = 100% (left) or B(χ̃0

2 → Hχ̃0
1) = 100% (right). In each of these two plots, the

red (black) contours represent the expected (observed) mass exclusion limits. Mass
exclusion limits are computed assuming wino-like cross sections.

The projection from this Run 2 CMS search with 137 fb−1 of data for elec-

troweak production of supersymmetric particles to the full expected integrated lu-

minosity (3000 fb−1) of the high-luminosity LHC (HL-LHC) operation is performed.

The HL-LHC is a major upgrade for the LHC with more than 10 times increase in

the luminosity [75] from the current value. The LHC has delivered only around 5%

of the expected data within its life span. Therefore, the large amount of data are

expected to improve the sensitivity towards the higgsino production (cross section

of higgsino is many orders of magnitude smaller than the gluinos). The expected
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Figure 5.49: Expected and observed 95% CL exclusion for mass-degenerate higgsino-
like χ̃±1 χ̃

∓
1 , χ̃±1 χ̃

0
2, χ̃±1 χ̃

0
3, and χ̃0

2χ̃
0
3 production as functions of the NLSP and LSP

masses with 95% CL upper limits on the production cross sections. The χ̃±1 , χ̃0
2, and

χ̃0
3 are considered to be mass degenerate.

limits are projected with the higgsino cross sections in this analysis and are shown

in Fig. 5.50. More details on the procedure used to derive these projections are de-

scribed in Appendix A. The HL-LHC projection results are compared to the Run 2

results, where gains in sensitivity of around 500 GeV are expected, pushing higgsino

(wino) sensitivity as high as 1390 (1590) GeV.
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Figure 5.50: Projected 95% CL exclusion for 3 ab−1 (red) for mass-degenerate wino-
like χ̃±1 χ̃

∓
1 and χ̃±1 χ̃

0
2 production assuming B(χ̃0

2 → Hχ̃0
1) = 100% (upper left) or

B(χ̃0
2 → Zχ̃0

1) = 100% (upper right) and higgsino-like χ̃±1 χ̃
0
2, χ̃±1 χ̃

0
3, χ̃±1 χ̃

∓
1 , and χ̃0

2χ̃
0
3

production (lower) as functions of the NLSP and LSP masses. Projections are com-
pared to results from LHC Run 2 with 137 fb−1 (black). Projected 5σ and 3σ expected
significance curves (blue) are also included.
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CHAPTER SIX

Summary

Although the standard model (SM) of particle physics explains the majority

of the empirically observed data, there are still a number of unanswered questions

including those concerning the nature of dark matter, neutrinos, gauge hierarchy

problem, and the mass of the Higgs boson. One of the proposed extensions of the

standard model is supersymmetry (SUSY), which offers a candidate for dark mat-

ter that interacts weakly and can solve the significant corrections to the Higgs bare

mass by introducing a superpartner for each SM particle. The hunt for supersym-

metric particles called charginos and neutralinos, which decay to SM bosons and the

lightest supersymmetric particle, is the foundation of this dissertation study. Two

hadronically decaying bosons are reconstructed and a significant amount of missing

transverse momentum is required in this search. Machine learning algorithms are

utilized to identify hadronically decaying W, Z, and Higgs bosons reconstructed as

large-size jets. The Run 2 data set from the CMS detector at the LHC is used for

this search which corresponds to an integrated luminosity of 137 fb−1.

The study is split into two orthogonal search regions to increase the sensitivity

to the final states for three simplified SUSY models. Large-size (AK8) jets are used

for identification of boson decays while small-size (AK4) jets are used to identify the

b quark initiated jets in this analysis. The production of χ̃±1 χ̃
±
1 or χ̃±1 χ̃

0
2 signal with

W and/or Z bosons in the final states, which decay into a pair of light quarks (other

than b quark), is the focus of the b-veto search region, which requires events without
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a b-tagged small-size jet. The production of χ̃±1 χ̃
±
1 or χ̃±1 χ̃

0
2 signal with W and Z or

H bosons in the final state, in which the Z and H bosons decay into a pair of bottom

quarks, is the target of the b-tag search region. The stable lightest supersymmetric

particle (LSP) escapes the CMS detector as a result of an R-parity conserving SUSY,

acting as a dark matter candidate. For each search region, the amount of background

is estimated using a data-driven background estimation technique. The background

estimation methods are well validated in orthogonal validation regions for both search

regions. No statistically significant excess of events is observed in the data with

respect to the expectation from the standard model.

Interpretations of this search are presented in terms of the upper limits on

the cross section as well as the mass exclusion(s) in the two-dimensional plane of the

parent next-to-lightest supersymmetric particle (NLSP) and the LSP. For all the in-

terpretations, findings from both search regions are combined. The limits established

by prior analyses that focus on the leptonic boson final states are exceeded by the

mass exclusions achieved through this approach at high NLSP masses. For simplified

SUSY models with WW, WZ, or WH final states, the NLSP mass exclusion limit set

by this search for low-mass LSPs extends up to 670, 760, and 970 GeV, respectively.

In addition, interpretations are also presented for more realistic SUSY models with

multiple signal topologies combined as all these signals are more likely to be produced

simultaneously.

With χ̃0
1 as the LSP in the minimal supersymmetric extension to the standard

model, this search yields a high sensitivity to the superpartner of the Higgs boson,

higgsino, for the first time in CMS analyses. The predicted exclusion limits lie between

320 and 810 GeV, while the observation in data excludes NLSP masses between 300
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and 650 GeV. Additionally, results of this research are utilized in the effort to combine

multiple electroweak SUSY searches [76].

With more data from the Run 3 operations of the CMS experiment, com-

bined with the latest improvement in deep tagging techniques, the mass exclusions

can be pushed further towards high NLSP masses. Aside from the energy increase,

the CMS detector is also undergoing a number of enhancements, including a new

high-granularity calorimeter, which replaces the endcap section of the current elec-

tromagnetic and hadron calorimeters and offers improved timing capabilities. The

sensitivities to higgsinos and other supersymmetric particles would still be improved

with the numerous advancements in the use of machine learning techniques for par-

ticle identification, combined with the techniques used to better identify signals and

reject backgrounds in various physics analyses. Attaining further sensitivities to hig-

gsinos would be a great way to test the concept of naturalness in SUSY. With more

data and detector upgrade efforts, there would be exciting results from the SUSY

sector towards the end of present Run 3 and much more through the HL-LHC era.
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APPENDIX

Projected future sensitivities for HL-LHC

In this appendix, the procedure used to extrapolate the Run 2 results to the

full high-luminosity LHC (HL-LHC) scenario is described. A projection is performed

based on the extrapolation of Run 2 results to access the future sensitivities of HL-

LHC to higgsino-like and wino-like signals with 3 ab−1 of data at 14 TeV.

A.1 Inputs to HL-LHC projection

The same binning and background prediction techniques from the Run 2 result

are applied to the projection. To simulate the 3000 fb−1 of data expected at the HL-

LHC, the yields for both signal and background are scaled by the ratio of integrated

luminosities for the HL-LHC and Run 2 (137 fb−1). The HL-LHC is expected to

collide protons at
√
s = 14 TeV. The signal and background yields are also scaled to

account for the difference in cross sections due to the increase in the LHC center-of-

mass energy from 13 TeV to 14 TeV. The cross section ratio scale factors for signal

are calculated using the Resummino prediction tool [77,78] for wino and higgsino pair

production. They are mass dependent and range from around 1.1 to 1.6, increasing at

higher masses. Cross section scale factors for standard model processes are taken from

Table 1 of Ref. [79]. The main backgrounds for this search are tt̄, with a 14/13 TeV

ratio of 1.18, and W+jets, Z+jets, and diboson processes, all with a 14/13 TeV ratio

of 1.1.

In order to avoid possible contributions from signal events and statistical fluc-

tuations in the signal regions, the observed data from the signal regions in the Run 2
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results are not used. Instead, the projection is made based on a control-region-only

fit of the SM background. Those best fit values for the SM contributions in the signal

region are used and scaled up by the luminosity and cross section ratios.

The signal MC yields from the Run 2 result are used wherever possible. Since

the projection sensitivities reach to higher masses, additional simulation samples are

generated in a private production with the same configurations as used in the central

CMS sample, but extended to higher masses. Kinematic distributions are checked

between the private samples and the central CMS samples, and they agree well with

each other. For simplicity, only 2018 signal MC samples are generated for the private

production, and are scaled up to the full expected luminosity.

SUSY signal cross-sections are taken from our own Resummino studies [77,78]

at 13 TeV to 14 TeV and compared to centrally-produced values on the LHC SUSY

cross section working group twiki [80]. Comparisons between these generated cross

sections and centrally-produced values are shown in Fig. A.1 for wino-like production

and in Fig. A.2 for higgsino-like production. Aside from issues related to the com-

prehensiveness of the twiki values, such as the 13 TeV higgsino values not extending

to high enough masses and 14 TeV cross sections not covering all of the needed pro-

duction channels, especially in the case of higgsino cross sections, other limitations

possibly due to rounding precision are also observed along with 5–10% differences in

cross sections between the privately-computed and centrally-provided values as shown

in Figs. A.1 and A.2. For these reasons, the privately computed signal cross-sections

are used in this projection.

The Run 2 values for W-tagging uncertainties are halved and used for this

projection study. The HL-HLC projection in general suffers from limited number of
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Figure A.1: Comparison between privately- and centrally-produced [77, 78] Resum-
mino cross-sections for wino-like χ̃±1 χ̃

0
2 (left) and χ̃±1 χ̃

∓
1 (right) production.
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Figure A.2: Comparison between privately- and centrally-produced [77, 78] Resum-
mino cross-sections for higgsino-like χ̃±1 χ̃

0
2 (left), χ̃±1 χ̃

∓
1 (middle), and χ̃0

2χ̃
0
3 (right)

production.

MC sample events. The larger sample of events that becomes available at the HL-

LHC will allow us to reduce the tagging systematic uncertainties, and scale down these

contributions by a factor of 2 from their Run 2 values for the projection. For Higgs

tagging uncertainties, the same procedure as used for the W tagging uncertainties is

used. The details of the treatment of the systematic uncertainties have a small effect

on the final results.
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A.2 HL-LHC projection results

After applying this scaling to the analysis datacards, mass exclusions pro-

jected to the HL-LHC scenario are extracted for both wino-like and higgsino-like

interpretations as shown in Fig. A.3.
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Figure A.3: Projected mass exclusions and 95% confidence level upper limits on
cross sections for mass-degenerate wino-like χ̃±1 χ̃

∓
1 and χ̃±1 χ̃

0
2 production where either

B(χ̃0
2 → Hχ̃0

1) (left) or B(χ̃0
2 → Zχ̃0

1) (middle) is assumed to be 100%, and higgsino-like
χ̃±1 χ̃

∓
1 , χ̃±1 χ̃

0
2, χ̃±1 χ̃

0
3, and χ̃0

2χ̃
0
3 production (right).

The wino-like interpretation combines χ̃±1 χ̃
0
2 production and χ̃±1 χ̃

∓
1 production.

The individual channels contributing to the wino-like combinations are also projected

to understand the sensitivity of each independently as shown in Fig. A.4.

The 5σ and 3σ expected significance curves are also obtained for wino-like

and higgsino-like combinations that show thresholds for evidence and discovery in

the HL-LHC dataset, with results in Fig. A.5. Significance is calculated using an

a-posteriori model that accounts for the CR-only fit yields used to model projected

observations.

167



200 400 600 800 1000 1200 1400 1600
) [GeV] 0

 2
χ∼/± 

 1
χ∼m(

0

200

400

600

800

1000

1200

 [G
eV

]
 0  1χ∼

m

4−10

3−10

2−10

1−10

95
%

 C
L 

up
pe

r 
lim

it 
on

 c
ro

ss
 s

ec
tio

n 
[p

b] NLO+NLL Exclusion 0

 1
χ∼ H →  0

 2
χ∼,  0

 1
χ∼ ± W→ ± 

 1
χ∼,  0

 2
χ∼± 

 1
χ∼ →pp 

 

 

theoryσ 1 ±Observed 

experimentσ 1 ±Expected 

Phase-2 ProjectionCMS  (14 TeV)-13000 fb

200 400 600 800 1000 1200 1400 1600
) [GeV] 0

 2
χ∼/± 

 1
χ∼m(

0

200

400

600

800

1000

1200

 [G
eV

]
 0  1χ∼

m

4−10

3−10

2−10

1−10

95
%

 C
L 

up
pe

r 
lim

it 
on

 c
ro

ss
 s

ec
tio

n 
[p

b], NLO+NLL Exclusion 0

 1
χ∼ Z →  0

 2
χ∼,  0

 1
χ∼ ± W→ ± 

 1
χ∼,  0

 2
χ∼ ± 

 1
χ∼ →pp 

 

 

theoryσ 1 ±Observed 

experimentσ 1 ±Expected 

Phase-2 ProjectionCMS  (14 TeV)-13000 fb

200 400 600 800 1000 1200 1400 1600
 [GeV]± 

 1
χ∼m

0

200

400

600

800

1000

1200

 [G
eV

]
 0  1χ∼

m

4−10

3−10

2−10

1−10

95
%

 C
L 

up
pe

r 
lim

it 
on

 c
ro

ss
 s

ec
tio

n 
[p

b]  NLO+NLL Exclusion 0

 1
χ∼ ± W→ ± 

 1
χ∼, ± 

 1
χ∼ ± 

 1
χ∼ →pp 

 

 
theoryσ 1 ±Observed 

experimentσ 1 ±Expected 

Phase-2 ProjectionCMS  (14 TeV)-13000 fb

Figure A.4: Projected mass exclusions and 95% confidence level upper limits on cross
sections for mass-degenerate wino-like χ̃±1 χ̃

0
2 production assuming that the χ̃±1 decays

to a W boson and χ̃0
1 and the χ̃0

2 decays to a Higgs boson (TChiWH, left) or Z boson
(TChiWZ, middle), as well as wino-like χ̃±1 χ̃

∓
1 assuming that each χ̃±1 decays to a W±

boson and χ̃0
1 (TChiWW, right).

Comparisons are made with the Run 2 results in Fig. A.6, showing increased

sensitivity in all signal combinations. Projections made for higgsino and wino sen-

sitivity reach masses as large as 1340 and 1590 GeV, respectively, roughly 500 GeV

larger than the expected exclusion in the Run 2 results.
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Figure A.5: 5σ (black) and 3σ (red) expected significance for mass-degenerate wino-
like χ̃±1 χ̃

∓
1 and χ̃±1 χ̃

0
2 production assuming B(χ̃0

2 → Hχ̃0
1) (left) or B(χ̃0

2 → Zχ̃0
1) (mid-

dle) and higgsino-like χ̃±1 χ̃
0
2, χ̃±1 χ̃

0
3, χ̃±1 χ̃

∓
1 , and χ̃0

2χ̃
0
3 production (right) as functions

of the NLSP and LSP masses.

In the wino-like scenario, the Run 2 results show better reach for the Higgs

decay channel compared to the Z decay channel. This is due to the higher Higgs

tagging efficiency and larger H → bb branching ratio. In the HL-LHC projection,
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Figure A.6: Projected 95% CL exclusion for 3 ab−1 (red) for mass-degenerate wino-
like χ̃±1 χ̃

∓
1 and χ̃±1 χ̃

0
2 production assuming B(χ̃0

2 → Hχ̃0
1) (left) or B(χ̃0

2 → Zχ̃0
1) (mid-

dle) and higgsino-like χ̃±1 χ̃
0
2, χ̃±1 χ̃

0
3, χ̃±1 χ̃

∓
1 , and χ̃0

2χ̃
0
3 production (right) as functions

of the NLSP and LSP masses. Projections are compared to results from the LHC
Run 2 with 137 fb−1 (black). Projected 5σ and 3σ expected significance (blue) is also
included.

however, we see that the mass reach for the Higgs and Z channels are comparable.

The ratio of the expected cross section upper limits between the two channels is shown

in Fig. A.7. In the region of the Run 2 limits around wino mass of 800–1000 GeV,

the Higgs channel is better. In the region of the HL-LHC mass reach around wino

mass of 1600 GeV the limits are comparable. This effect is understood to be the

result of the different pmiss
T binning used in the b-tag and b-veto signal regions, where

the tightest b-tag region is pmiss
T > 600 GeV while the tightest b-veto signal region is

pmiss
T > 800 GeV. This is an artifact of the limited number of MC sample events and

data events available in the control regions for the Run 2 analysis. An analysis fully

optimized for the HL-LHC luminosity is expected to show a better mass reach for the

Z channel and much more for the Higgs channel.
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Figure A.7: Ratio of 95% CL upper limit cross sections for TChiWH and TChiWZ
(left) and for combinations TChiWW+WH and TChiWW+WZ (right).
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[54] W. Waltenberger, R. Frühwirth, and P. Vanlaer, “Adaptive vertex fitting”,
Journal of Physics G: Nuclear and Particle Physics 34 (2007) N343,
doi:10.1088/0954-3899/34/12/N01.

174

http://dx.doi.org/10.1088/1748-0221/15/10/p10017
http://www.arXiv.org/abs/2006.10165
http://dx.doi.org/10.1109/WSC.2008.4736059
http://dx.doi.org/10.1007/JHEP04(2015)040
http://www.arXiv.org/abs/1410.8849
http://dx.doi.org/10.1140/epjc/s10052-017-5199-5
http://www.arXiv.org/abs/1706.00428
http://dx.doi.org/10.1140/epjc/s10052-016-3988-x
http://www.arXiv.org/abs/1512.00815
http://dx.doi.org/10.1140/epjc/s10052-019-7499-4
http://www.arXiv.org/abs/1903.12179
http://dx.doi.org/10.1016/S0168-9002(03)01368-8
http://dx.doi.org/10.1088/1742-6596/331/3/032049
http://dx.doi.org/10.1088/1748-0221/12/10/P10003
http://www.arXiv.org/abs/1706.04965
https://news.mit.edu/2015/large-hadron-collider-first-results-1014
https://news.mit.edu/2015/large-hadron-collider-first-results-1014
https://news.mit.edu/2015/large-hadron-collider-first-results-1014
http://dx.doi.org/10.1088/1748-0221/13/10/P10034
http://www.arXiv.org/abs/1807.03289
http://dx.doi.org/10.1088/0954-3899/31/9/N01
http://dx.doi.org/10.1109/5.726788
http://dx.doi.org/10.1088/0954-3899/34/12/N01


[55] CMS E/Gamma POG, “Cut based electron ID for Run 2 legacy”. Twiki:
https://twiki.cern.ch/twiki/bin/view/CMS/EgammaIDRecipesRun2.

[56] K. Rehermann and B. Tweedie, “Efficient Identification of Boosted
Semileptonic Top Quarks at the LHC”, JHEP 03 (2011) 059,
doi:10.1007/JHEP03(2011)059, arXiv:1007.2221.

[57] CMS Collaboration, “Search for supersymmetry in pp collisions at
√
s = 13

TeV in the single-lepton final state using the sum of masses of large-radius
jets”, JHEP 08 (2016) 122, doi:10.1007/JHEP08(2016)122,
arXiv:1605.04608.

[58] M. Cacciari, G. P. Salam, and G. Soyez, “The anti-kT jet clustering algorithm”,
JHEP 04 (2008) 063, doi:10.1088/1126-6708/2008/04/063,
arXiv:0802.1189.

[59] CMS Collaboration, “Jet energy scale and resolution in the CMS experiment in
pp collisions at 8 TeV”, JINST 12 (2017) P02014,
doi:10.1088/1748-0221/12/02/P02014, arXiv:1607.03663.

[60] CMS Collaboration, “Determination of jet energy calibration and transverse
momentum resolution in CMS”, JINST 6 (2011) P11002,
doi:10.1088/1748-0221/6/11/P11002, arXiv:1107.4277.

[61] A. Harel and P. Schieferdecker, “Jet Identification”. TWiki:
https://twiki.cern.ch/twiki/bin/view/CMS/JetID.

[62] CMS Collaboration, “Identification of heavy-flavour jets with the CMS detector
in pp collisions at 13 TeV”, JINST 13 (2018) P05011,
doi:10.1088/1748-0221/13/05/P05011, arXiv:1712.07158.

[63] CMS Collaboration, “Identification of heavy, energetic, hadronically decaying
particles using machine-learning techniques”, JINST 15 (2020) P06005,
doi:10.1088/1748-0221/15/06/P06005, arXiv:2004.08262.

[64] D. Alves et al., “Simplified models for LHC new physics searches”, J. Phys. G
39 (2012) 105005, doi:10.1088/0954-3899/39/10/105005,
arXiv:1105.2838.

[65] J. Alwall et al., “The automated computation of tree-level and next-to-leading
order differential cross sections, and their matching to parton shower
simulations”, JHEP 07 (2014) 079, doi:10.1007/JHEP07(2014)079,
arXiv:1405.0301.

[66] S. Alioli, P. Nason, C. Oleari, and E. Re, “A general framework for
implementing NLO calculations in shower monte carlo programs: the
POWHEG box”, JHEP 06 (2010) 043, doi:10.1007/JHEP06(2010)043,
arXiv:1002.2581.

[67] ATLAS Collaboration, “Jet substructure measurements with CMS and
ATLAS”,.

175

https://twiki.cern.ch/twiki/bin/view/CMS/EgammaIDRecipesRun2
http://dx.doi.org/10.1007/JHEP03(2011)059
http://www.arXiv.org/abs/1007.2221
http://dx.doi.org/10.1007/JHEP08(2016)122
http://www.arXiv.org/abs/1605.04608
http://dx.doi.org/10.1088/1126-6708/2008/04/063
http://www.arXiv.org/abs/0802.1189
http://dx.doi.org/10.1088/1748-0221/12/02/P02014
http://www.arXiv.org/abs/1607.03663
http://dx.doi.org/10.1088/1748-0221/6/11/P11002
http://www.arXiv.org/abs/1107.4277
https://twiki.cern.ch/twiki/bin/view/CMS/JetID
http://dx.doi.org/10.1088/1748-0221/13/05/P05011
http://www.arXiv.org/abs/1712.07158
http://dx.doi.org/10.1088/1748-0221/15/06/P06005
http://www.arXiv.org/abs/2004.08262
http://dx.doi.org/10.1088/0954-3899/39/10/105005
http://www.arXiv.org/abs/1105.2838
http://dx.doi.org/10.1007/JHEP07(2014)079
http://www.arXiv.org/abs/1405.0301
http://dx.doi.org/10.1007/JHEP06(2010)043
http://www.arXiv.org/abs/1002.2581
https://cds.cern.ch/record/2772255
https://cds.cern.ch/record/2772255


[68] L. Gouskos, P. Kontaxakis, “DeepAK8 v2 scale factors and working points”,
(2020).
https://indico.cern.ch/event/877167/contributions/3744193/.

[69] CMS Collaboration, “Measurement of differential cross sections for the
production of top quark pairs and of additional jets in lepton+jets events
from pp collisions at

√
s = 13 TeV”, Phys. Rev. D 97 (2018) 112003,

doi:10.1103/PhysRevD.97.112003, arXiv:1803.08856.

[70] CMS Collaboration, “Measurement of the production cross section for single
top quarks in association with W bosons in proton-proton collisions at√
s = 13 TeV”, JHEP 10 (2018) 117, doi:10.1007/JHEP10(2018)117,

arXiv:1805.07399.

[71] CMS Collaboration, “Measurements of the pp → WZ inclusive and differential
production cross section and constraints on charged anomalous triple gauge
couplings at

√
s = 13 TeV”, JHEP 04 (2019) 122,

doi:10.1007/JHEP04(2019)122, arXiv:1901.03428.

[72] CMS Collaboration, “Measurements of pp → ZZ production cross sections and
constraints on anomalous triple gauge couplings at

√
s = 13 TeV”, Eur.

Phys. J. C 81 (2020) doi:10.1140/epjc/s10052-020-08817-8,
arXiv:2009.01186.

[73] CMS B-tag POG, “Methods to apply b-tagging efficiency scale factors 1(a)”.
TWiki: https://twiki.cern.ch/twiki/bin/view/CMS/BTagSFMethods#
1a_Event_reweighting_using_scale.

[74] ATLAS and CMS Collaborations, “Procedure for the LHC Higgs boson search
combination in Summer 2011”, Technical Report CMS-NOTE-2011-005.
ATL-PHYS-PUB-2011-11, 2011. https://cds.cern.ch/record/1379837.

[75] ATLAS and CMS Collaborations, “Snowmass white paper contribution:
Physics with the Phase-2 ATLAS and CMS detectors”, Technical Report
ATL-PHYS-PUB-2022-018, CMS-PAS-FTR-22-001, 2022.
https://cds.cern.ch/record/2805993.

[76] CMS Collaboration, “Combined search for electroweak production of winos,
binos, higgsinos, and sleptons in proton-proton collisions at

√
s = 13 TeV”,

CMS Physics Analysis Summary CMS-PAS-SUS-21-008, 2023.

[77] J. Debove, B. Fuks, and M. Klasen, “Threshold resummation for gaugino pair
production at hadron colliders”, Nucl. Phys. B 842 (2011) 51,
doi:10.1016/j.nuclphysb.2010.08.016, arXiv:1005.2909.

[78] M. Klasen, B. Fuks, and M. Sunder, “Precision predictions for associated
gluino-gaugino production at the LHC”, PoS EPS-HEP2017 (2017) 298,
doi:10.22323/1.314.0298, arXiv:1709.02680.

176

https://indico.cern.ch/event/877167/contributions/3744193/
http://dx.doi.org/10.1103/PhysRevD.97.112003
http://www.arXiv.org/abs/1803.08856
http://dx.doi.org/10.1007/JHEP10(2018)117
http://www.arXiv.org/abs/1805.07399
http://dx.doi.org/10.1007/JHEP04(2019)122
http://www.arXiv.org/abs/1901.03428
http://dx.doi.org/10.1140/epjc/s10052-020-08817-8
http://www.arXiv.org/abs/2009.01186
https://twiki.cern.ch/twiki/bin/view/CMS/BTagSFMethods#1a_Event_reweighting_using_scale
https://twiki.cern.ch/twiki/bin/view/CMS/BTagSFMethods#1a_Event_reweighting_using_scale
https://cds.cern.ch/record/1379837
https://cds.cern.ch/record/2805993
https://cds.cern.ch/record/2853345
https://cds.cern.ch/record/2853345
http://dx.doi.org/10.1016/j.nuclphysb.2010.08.016
http://www.arXiv.org/abs/1005.2909
http://dx.doi.org/10.22323/1.314.0298
http://www.arXiv.org/abs/1709.02680


[79] S. Sekmen et al., “HL-LHC and HE-LHC searches for new physics in hadronic
final states with boosted w bosons or top quarks using razor variables”,
CMS Analysis Note CMS-AN-18-251 v15, 2019.

[80] LHC SUSY Cross Section Working Group, “SUSY Cross Sections for 13, 14, 33
and 100 TeV pp Collisions”. TWiki: https:
//twiki.cern.ch/twiki/bin/view/LHCPhysics/SUSYCrossSections.

177

https://cms.cern.ch/iCMS/jsp/db_notes/noteInfo.jsp?cmsnoteid=CMS%20AN-2018/251
https://cms.cern.ch/iCMS/jsp/db_notes/noteInfo.jsp?cmsnoteid=CMS%20AN-2018/251
https://twiki.cern.ch/twiki/bin/view/LHCPhysics/SUSYCrossSections
https://twiki.cern.ch/twiki/bin/view/LHCPhysics/SUSYCrossSections

	LIST OF ACRONYMS
	LIST OF FIGURES
	LIST OF TABLES
	ACKNOWLEDGMENTS
	DEDICATION
	CONTENT
	Introduction
	Theoretical background
	The standard model of particle physics
	The standard model Lagrangian
	Quantum chromodynamics
	Quantum electrodynamics
	Weak interactions
	Electroweak interactions
	Higgs mechanism
	Need for beyond standard model physics

	Supersymmetry
	Fine-tuning problem
	Minimal supersymmetric standard model
	R-parity conserving SUSY
	Electroweak SUSY searches


	Experimental apparatus
	The Large Hadron Collider
	Tuning the LHC beam

	The Compact Muon Solenoid experiment
	Detector geometry and variables
	Tracker
	Superconducting magnet
	Electromagnetic calorimeter
	Hadronic calorimeter
	Muon system
	Trigger system and data storage


	Event simulation and reconstruction
	Event simulation
	Event generation
	Detector simulation

	Event reconstruction
	Tracks
	Calorimeter clusters
	Particle flow
	Physics objects
	MET event filters and further event cleaning


	Search for electroweak supersymmetry in final states with hadronic decays of a WW, WZ, or WH boson pair and large missing transverse momentum
	Introduction
	Data and simulation
	Data and triggers
	Signal and background simulation

	Event selection
	Baseline selection
	b-veto signal region
	b-veto control regions
	b-tag signal regions
	b-tag control regions

	Background estimation
	Background estimation for the b-veto SR
	Background estimation for the b-tag SRs

	Systematic uncertainties
	Systematic uncertainties for the b-veto SR
	Systematic uncertainties for the b-tag SRs
	Systematic uncertainties on signal models

	Validation
	Statistical modeling of backgrounds in the b-veto SR
	Validation regions for the the b-veto SR
	Statistical modeling of backgrounds in the b-tag SRs
	Validation regions for the b-tag SRs

	Results and interpretations
	Results
	Interpretations


	Summary
	Projected future sensitivities for HL-LHC
	Inputs to HL-LHC projection
	HL-LHC projection results

	BIBLIOGRAPHY


