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Synopsis

Since the discovery of the Higgs boson in 2012 at CERN, the Standard Model (SM) has become

a validated theory to understand the fundamental physics of the universe. All of the SM

parameters are now established as a result of this discovery. Despite this success, it does not

explain several observed phenomena such as dark matter, hierarchy problems, and neutrino

masses. This motivates to explore new theories beyond the SM (BSM), which could explain

these phenomena while preserving the achievements of SM. Apart from this, Higgs boson self-

coupling is yet to be determined precisely as Higgs boson pair production cross section is too

low to measure it with current experimental potential. Nevertheless, its range constrained by

current measurements allows the possibility of Higgs self-coupling interaction via BSM physics

The Large Hadron Collider (LHC) at CERN is the largest hadron collider, where hadron-

hadron collisions occur at high energies. It plays a vital role in the search for new physics and

SM precision measurements, including the measurements of Higgs trilinear self-coupling. For

the thesis work, we use LHC data collected by Compact Muon Solenoid (CMS) experiment. It

is a general-purpose detector at LHC, collecting hadron-hadron collision data to study a wide

range of physics phenomena. In the central part of the CMS experiment, a superconducting

solenoid of 6 m internal diameter provides a magnetic field of 3.8 T. A silicon pixel and strip

tracker, a lead tungstate crystal electromagnetic calorimeter, and a brass and scintillator hadron

calorimeter are found within the solenoid volume, each consisting of a barrel and two endcap

parts. Forward calorimeters expand the barrel and endcap pseudorapidity coverage of the

detector. Outside the solenoid, muons are detected in the muon gas-ionization chambers

embedded in the steel flux-return yoke. During the collision, a two-tiered trigger scheme is

used to select events of physics interest. The first level (L1), made up of custom hardware

processors, selects events at a rate of about 100 kHz within a time interval of less than four

ix



x

microseconds using data from calorimeters and muon detectors. The second stage, named the

high-level trigger (HLT), consists of a farm of processors that run a speed-optimized version

of the complete event reconstruction process and reduces the event rate to about 1 kHz before

data storage. Using the information from the various elements of the CMS detector, the object

reconstruction and identification algorithms recreate and classify each particle in an event. The

identified particles are the final objects to carry forward any analysis study.

As the last discovered piece of the SM, we use the Higgs boson as a handle to explore

BSM predictions. The thesis focuses on the di-Higgs production searches, where at LHC, a

pair of Higgs bosons gets produced in the proton-proton collision. We study both resonant and

non-resonant di-Higgs production modes.

The non-resonant Higgs boson pair production is the only possible process within SM to study

the shape of Higgs potential. Besides, the effective field theory (EFT) approach to study low

energy signatures of physics existing at a high energy scale is also suitable for such a production

mechanism. We explore BSM resonances for resonant di-Higgs production mode, predicted by

the warped extra dimension model and the next-to-minimal supersymmetric model that directly

couple with the SM-like Higgs boson. Therefore, it is more accessible to perform direct resonant

searches, which could improve the overall sensitivity of di-Higgs searches at LHC.

In the first part of the research work, we perform di-Higgs searches at the high luminosity

LHC (HL-LHC) in the final state of four b quarks at 14 TeV center-of-mass energy. With a

vast amount of data up to 3 ab−1 of the total integrated luminosity, the HL-LHC would allow

investigation of known SM mechanisms with high accuracy and rare new particles. The study

is made using simulations of phase-2 CMS detector assuming multiple proton-proton collisions

(up to 200) within each bunch-crossing. We start with the analysis for the vector boson

fusion (VBF) resonant di-Higgs production in a boosted regime. The resonance is a massive

spin-2 bulk KK graviton particle predicted by the warped extra dimension model. Previous

s-channel searches made by the ATLAS and CMS collaborations for these resonances observed

no deviation from the SM predictions, which indicates that the resonances might not directly

couple with SM quarks and gluons. This inspires us to study the massive resonance production

in the VBF production mode as quark-quark fusion starts contributing equally at high energies,

thus enhancing the VBF production cross section. The analysis is the first one that explores

the VBF resonant production mechanism. The Higgs bosons coming from the decay of massive



xi

resonance must be sufficiently Lorentz-boosted in order to reconstruct them as a large-area jet.

The signal also contains two energetic VBF jets in the forward pseudorapidity regions of the

detector. Despite having the largest branching fraction with four final state b quarks among

various di-Higgs modes, the channel suffers from high contamination of SM multijet processes.

The unique topology of the production and decay would benefit from the upgraded phase-2

CMS detector, which features an extended tracker coverage to identify b quark originated jet

and increase signal acceptance. On the other hand, a high granularity calorimeter in the forward

pseudorapidity region will help to identify energetic VBF jets in the signal from the background

jets. The SM multijet processes are considered as the main background. We optimize event

selection for signal topology and the algorithm to identify b quark-originated jets inside the

large-area jet from the Higgs boson. The systematic uncertainties are taken following the CMS

recommendations for HL-LHC conditions. Expected signal significance for observation of a bulk

KK graviton, having a mass between 1.5-3.0 TeV and up to 5% narrow-width, is projected,

assuming 1 fb signal cross section and considering di-Higgs invariant mass as an observable.

Following a similar boosted analysis strategy, non-resonant di-Higgs production for the SM

and effective field theory (EFT) motivated shape benchmarks are also studied in the same final

state. A 95% confidence level (CL) upper limit on the product of Higgs boson pair production

cross section and branching fraction is presented for the benchmarks. This boosted strategy

has not been proven optimal for the SM benchmark. However, the results project significant

sensitivity for EFT motivated non-resonant di-Higgs production benchmarks at the HL-LHC.

In the second part, we use the 2016, 2017, and 2018 LHC Run-2 period data collected by

the CMS detector at 13 TeV center-of-mass energy with 137 fb−1 total integrated luminosity

and present the study for resonant di-Higgs production via gluon-gluon fusion in the final state

of two photons and two bottom quarks (bb̄γγ) in a resolved regime. The physics is motivated by

the warped extra dimension model where spin-0/2 resonance decays into two Higgs bosons and

the next-to-minimal supersymmetric model where spin-0 resonance decays into a Higgs boson

and another spin-0 particle different from the discovered Higgs boson. This is the first analysis

in CMS collaboration, which explores an NMSSM motivated scenario in bb̄γγ state. The

analysis benefits from the excellent energy resolution of the CMS electromagnetic calorimeter

and good trigger efficiency, which improves the invariant mass of the diphoton system resulting

from the decay of the Higgs boson. This channel is the most sensitive among the di-Higgs decay
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modes, especially for low resonance masses. The data-driven diphoton QCD background and

simulated single Higgs production processes are used as the main backgrounds. The analysis

uses machine learning methods and validates them to reject these background contamination.

It increases the analysis sensitivity despite having a low di-Higgs branching fraction channel.

For signal extraction, the fit is performed in a two-dimensional mass plane of diphoton and

dijet invariant mass observables. The impact of systematic uncertainties on final results is

found to be around 1-2%. With the narrow-width approximation, a model-independent 95%

CL upper limit on the product of resonant di-Higgs production cross section and branching

fraction is set for resonance mass up to 1 TeV. The results are also compared with appropriate

BSM predictions to exclude allowed resonance mass ranges.
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Chapter 1

The Higgs Boson

1.1 Introduction

The universe has always been like a mystery box for us. The deeper we dig into it, our

curiosity gets increased. For the last many centuries, human beings have been trying to

understand this mystery. The foremost curiosity is the science behind the origin of the

universe that could explain all the observed physics phenomena.

After studying the results from many experiments, scientists have constructed a

particle theory named the standard model (SM) that consists of elementary constituents

of the universe and their interactions. There is no doubt that SM is the most successful

theory so far after the discovery of Higgs-like particle by the two largest collaborations

ATLAS [46] and CMS [47,48], at CERN.

However, SM only explains about 5% of the universe; the remaining 95% indicates

that SM might be an effective theory that shows a low energy signature of physics

existing at a high energy scale [49]. It does not explain many physics observations, e.g.,

gravitational force does not fit within it. However, this is not the only drawback. The

SM also does not provide any explanation for dark matter and dark energy [50–53],

baryongenesis [54], hierarchy problems [55], neutrino masses [56], amongst others.

The above drawbacks prove that even after being on the right track to unravel the

universe, we are still far from the fundamental science behind it. This is why physicists

1
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Higgs PhysicsNew Physics

Figure 1.1: Higgs Physics: Door to new physics?

are developing new theories that could reproduce the SM observations with providing

an explanation of the above mysterious phenomena. These are known as beyond the

standard model (BSM) theories. It comprises supersymmetry (SUSY) [57], warped extra

dimension (WED) [58] and many other models. However, the question is where to look

for new physics? One possibility is that we use the Higgs boson as a stairway to reach

the door of new physics.

After discovering Higgs boson at the large hadron collider (LHC) [59], CERN, all the

SM parameters have been measured. The couplings of Higgs boson with the SM gauge

bosons and fermions (known as Yukawa couplings) have also been measured within a

certain uncertainty by studying various production and decay modes. Considering these

uncertainties, we still have experimentally allowed phase space supporting the existence

of the BSM physics within the SM itself. Hence SM precision measurements are essential

in this prospect.

Following direct and indirect search techniques, colliders can play a crucial role in the

search for the new physics (might appear at a very high energy scale) and SM precision

measurements (any observed deviation from the SM predictions will be an indication for

the new physics). Thus, the goals of LHC include new physics searches at high energy

scale and SM precision measurements, including studies related to the self-interactions of



1.1. Introduction 3

the Higgs boson as the SM predicts that Higgs boson interacts with itself via trilinear self-

coupling. However, this trilinear coupling is yet to be determined. Experimentally, the

trilinear coupling can be directly measured using the Higgs boson pair production mode

pp→ HH, also known as Di-Higgs production. Within SM, non-resonant production

is the only process for di-Higgs production, while the resonant di-Higgs production has

its own importance to look for the new BSM particles. Briefly, we can understand the

importance of di-Higgs production in two ways:

1) Non-resonant di-Higgs production: It is a direct probe for the SM Higgs trilinear

self-coupling. This approach is also suitable for BSM effective field theories (EFT)

searches where resonance might appear at the large TeV scale, but we look for its low

energy signatures.

2) Resonant di-Higgs production: There are BSM theories that provide the solutions

to the SM inconsistencies like hierarchy problems, dark matter, etc. The predicted

resonances by these BSM models with an enhanced cross section directly couple to Higgs

boson, which might be easier to probe using the direct search methods.

We have explored these production modes with the two exciting decay channels, 1)

both Higgs boson decay into pair of bottom quark resulting in bb̄bb̄ final state, 2) one

Higgs boson decays into a pair of the bottom quark, and another one decays into a

pair of photon resulting in bb̄γγ final state. Since the H → bb̄ has the large branching

fraction among all Higgs boson decay modes, therefore HH →bb̄bb̄ also has the large

branching fraction (33%) but, the SM multijet backgrounds make it a challenging final

state to perform any study. On the other side, despite of low H → γγ branching ratio,

HH → bb̄γγ keeps benefit of high purity and selection efficiency due to low background

contamination for H → γγ handle.

This thesis work focuses on the searches using both the di-Higgs production. We can

divide this research work into two parts,

1) resonant and non-resonant di-Higgs HL-LHC projection studies in the bb̄bb̄ final state

using simulations.

2) resonant di-Higgs study in bb̄γγ final state with proton-proton collision data.
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Within projection studies, a search for a massive resonance produced by vector boson

fusion (VBF) at the high luminosity large hadron collider (HL-LHC) in proton-proton

collisions at
√
s =14 TeV is explored. The resonance decays into a pair of Higgs bosons,

each decaying to a bb̄ pair. The motivation for this search also comes along with detector

configurations for the phase-2 upgrade. The phase-2 CMS detector has a high-granularity

calorimeter in the forward pseudorapidity region to reject the background misidentified

jets and select signal VBF jets (additional jets along with Higgs boson pair) and larger

tracker coverage to identity b quark originated jets (b jets) using the information of the

tracks. Therefore, it might help to detect a clean signal for this topology. We analyze

heavy resonance searches within this analysis, which decay into highly Lorentz-boosted

Higgs bosons (i.e., Higgs bosons are in high transverse momentum (pT ) regime). The

Higgs bosons are reconstructed using a single large-area jet. The analysis selections are

optimized for the boosted regime. It includes a Higgs boson jet tagging (H tagging) [60]

and subjet (jet within a large reconstructed jet is called subjet) b jet identification

algorithms [61] to enhance analysis sensitivity. Events are categorized on the basis

of the number of subjets identified as b jet. The signal sensitivity is studied for a

narrow bulk KK graviton in extra-dimensional scenarios [19,58] using a simulation of the

upgraded phase-2 CMS detector, assuming multiple proton-proton collisions (pileup) in

the same bunch crossing (up to 200), for data corresponding to an integrated luminosity

of 3 ab−1. The expected significance for different assumed masses of the bulk graviton

is calculated using di-Higgs invariant mass mHH as an observable and 1 fb signal cross

section. The result projects a possible observation of 3 TeV bulk kk graviton using this

analysis strategy. This is the first CMS analysis that explores VBF topology for resonant

production mode.

For non-resonant di-Higgs studies in bb̄bb̄ final state, a similar VBF resonant analysis

strategy has been used to project analysis sensitivity in the boosted regime. The boosted

analysis is not optimal for the SM scenario. However, the BSM effective field theory

(EFT) motivated non-resonant di-Higgs production [62] shows good analysis sensitivity

due to strong contact interactions and high mHH event fractions. We set 95% CL
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exclusion limits on the product of non-resonant di-Higgs production cross section and

branching fraction.

In the second part of research work, we search for BSM motivated resonant di-Higgs

production mode in bb̄γγ final state using Run-2 data of compact muon solenoid (CMS)

experiment with the total integrated luminosity L=138 fb−1. For these searches, two

BSM models are explored.

The first one is the warped extra dimension (WED) model that predicts the existence

of small and compactified extra dimensions [19, 58]. The searches are performed in

the RS bulk scenario, where the coupling of resonances with top quark and SM bosons

is enhanced. The model provides an initial solution to the SM hierarchy problems.

It predicts bulk radion (spin-0) and bulk KK graviton (spin-2) resonances (X) with

significantly larger branching fractions to decay into the pair of the SM Higgs boson

(H).

Another one is the next-to-minimal supersymmetric standard model (NMSSM) that is

the most straightforward supersymmetric extension to the SM where the electroweak

scale originates from the SUSY-breaking scale [63]. The model extends the Higgs sector

by seven Higgs bosons allowing the heavy Higgs boson to decay into lighter Higgs boson.

We study gluon-gluon fusion production of X (spin-0) resonance, i.e., heavy Higgs boson,

decaying to an SM Higgs boson H and a Y NMSSM Higgs boson with the largest singlet

component [63].

The analysis strategy is motivated from the CMS di-Higgs searches [1,64] with the same

final state. Most of the developments and techniques have been adapted from them after

a dedicated study for the analysis. Events are selected using similar selections. The

analysis strategy mainly focuses on rejecting background events and extracting signal

events by fitting reconstructed mass mγγ and mjj observables in a two-dimensional (2D)

mass plane within an optimized reduced 4-body mass window. For background rejections,

a multiclass BDT (boosted decision tree) classifier is trained on signal and background

simulations. Based on BDT output and signal significance, the events are categorized into

three categories. The impact of systematic uncertainties on the final results is around
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1-2% and this analysis is statistically limited because of the purity of bb̄γγ channel,

therefore, statistical uncertainty dominates. The final results are presented as 95% CL

exclusion limits on the product of the resonant production cross section and branching

fraction for different signal mass hypotheses. The main highlight of this work is to

analyze a new strategy that improves the previously published 2016 CMS data results

from 6-25% [64] and NMSSM topology, which we are exploring for the first time in CMS

with bb̄γγ final state.

The thesis is structured in the following way: Chapter 1, motivates for the collider

searches discussed within Chapter 4 and 5. Chapter 2 and 3 convey the details of the

collider and experiment that provide us data used for the research work. Chapter 4 is

the first part of our research work where we perform projection studies for HL-LHC by

studying resonant and non-resonant di-Higgs production modes with the bb̄bb̄ final state

in the boosted regime. In the second part, Chapter 5 details the collider searches of

the resonant di-Higgs production mode in the bb̄γγ final state using CMS Run-2 data.

In Chapter 6, we conclude with a detailed summary of the main results from both the

analyses performed in Chapter 4 and 5. In the appendix A, B and E, additional studies

are added on which we have worked, and they are directly or indirectly adapted for our

research projects. So let us start reading about my research work with all the above

chapters.

1.2 The Standard Model (SM)

The SM [65–67] describes the fundamental non-gravitational forces and fundamental

constituents of the universe. The fundamental constituents list contains fermions,

including six quarks, three leptons and three neutrinos and gauge bosons, including

eight gluons, a Z boson, two W bosons, and a photon as given in Fig. 1.2.

Within the SM, particles are considered quantum fields of a gauge theory invariant

under local gauge transformations. Interactions between the gauge fields are mediated

via interaction specific gauge boson known as a propagator. The SM gauge theory is
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Figure 1.2: Particle spectrum of the Standard Model (image reproduced from Ref. [9])

given by gauge group [68],

GSM = SU(3)c × SU(2)L × U(1)Y (1.1)

where the subscript c stands for colour, L stands for the left-handed chiral group,

whereas Y is the hypercharge. The strong, weak, and electromagnetic forces arise

from the SM gauge symmetry, and gauge bosons are quanta of the fundamental forces

(i.e., gluons for strong force, W bosons and Z boson for weak force and photon for

electromagnetic force). The particle spectrum and their gauge transformation properties

under the GSM are given as,
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Qi ≡

 uLi

dLi

 ∼ (3, 2,
1

6

)
Ui ≡ uRi ∼

(
3, 1,

2

3

)

Di ≡ dRi ∼
(

3, 1,−1

3

)

Li ≡

 νLi

eLi

 ∼ (1, 2,−1

2

)
Ei ≡ eRi ∼ (1, 1,−1)

(1.2)

In the above expression, the index i runs over the three generations of SM; Qi represents

the left-handed up and down quark doublets; Li stands for left-handed lepton doublets;

Ui andDi refer to right-handed up and down quarks, and Ei refer to right-handed leptons.

The numbers given in parenthesis represents the transformation properties with respect

to SU(3)c, SU(2)L and U(1)Y groups. For example, for Qi quark doublets, the equation

tells that they transform as a triplet under SU(3)c of strong interactions, as a doublet

under SU(2)L of weak interaction and carry hypercharge (Y/2) of 1/6.

To preserve the SM gauge symmetry under the local transformations, fermions and

gauge boson are required to be massless as the mass terms are not invariant under these

transformations; but, the discovery ofW and Z bosons at super proton synchroton (SPS),

CERN [69], in 1983 with a mass around 80 GeV and 91 GeV respectively, questioned the

validation of the SM since the large mass values of W and Z cannot be considered as small

fluctuations to keep going on with the SM predictions. That indicates the spontaneous

breaking of the SU(3)c × SU(2)L × U(1)Y gauge symmetry. Thus, to solve this, the

BEH mechanism (Brout-Englert-Higgs or Higgs mechanism) [70–72] was proposed by

adding a new scalar particle to the SM particle content named Higgs boson.

1.2.1 Higgs mechanism

The Higgs field is a complex SU(2) doublet as shown in Eq. (1.3). Its electric charge is

zero; its weak isospin is 1/2, and the third component of weak isospin is -1/2; its weak

hypercharge (Y) is 1.
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Φ ≡

 φ+

φ0

 ≡ 1√
2

 H1 + iH2

H + iH0

 ∼ (1, 2,
1

2

)
(1.3)

The Higgs mechanism, referred as the spontaneous symmetry breaking of the

SU(2)L×U(1)Y gauge symmetry associated with the electroweak force, generates masses

for the particles and separates the electromagnetic and weak forces. In other words, at

energies much greater than O(100) GeV, all these particles behave in a similar manner,

but, at lower energies, SU(3)c×SU(2)L×U(1)Y symmetry is broken so that the photon

and the massive W and Z bosons emerge and we end up with SU(3)c × U(1)EM gauge

symmetry. The most general expression for SM Lagrangian contains three terms:

LSM = Lkin + LHiggs + LYukawa (1.4)

First is the kinetic term originating from Dirac fermion spinors and vector bosons,

given as follows:

Lkin = iΨ̄γµDµΨ− 1

4
(GµνAGA

µν +W µνIW I
µν +BµνBµν) (1.5)

with

GA
µν = ∂µG

A
ν − ∂νGA

µ + gsfABCG
B
µG

C
ν

W I
µν = ∂µW

I
ν − ∂νW I

µ + gfIJKW
J
µW

K
ν

Bµν = ∂µBν − ∂νBµ

where fABC(IJK) represent the structure constants of the SU(3) (SU(2)) non-abelian

group and Dµ represents the covariant derivative of the field given as,

Dµ = ∂µ − igsGA
µλ

A − ig
2
W I
µτ

I − ig′BµY

Here Ψ represents fermion field, A = 1, .., 8 with GA
µ representing the SU(3)c gauge

bosons and I = 1, 2, 3 with W I
µ representing the SU(2)L gauge bosons. The U(1)Y gauge

field is represented by Bµ. gs, g and g′ are the coupling constants corresponding to strong,
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weak and electromagnetic interactions.

The second term of Eq. (1.4) is given by

LHiggs = (DµΦ)†DµΦ− V (Φ) (1.6)

where Higgs potential is given as,

V (Φ) = µ2Φ†Φ + λ
(
Φ†Φ

)2

In the above equation, µ parameter belongs to Higgs boson mass and λ parameter

represents Higgs trilinear self-coupling. This is the most generalized renormalizable and

SU(2) invariant potential. For µ2 > 0, the minimum potential energy state is at zero

but, for µ2 < 0, it is not. Thus, the scalar field develops a non-zero VEV (vacuum

expectation value). The direction of the minima in SU(2)L space is not determined

because the potential depends only on Φ†Φ(= H2
1 + H2

2 + H2 + H2
0 ). Thus we choose

VEV (Eq. (1.7)) such that it breaks the SU(2)L × U(1)Y into a U(1)EM which is the

desired symmetry.

< Φ >≡ 1√
2

 0

υ

 (1.7)

Since Higgs is scalar particle, to preserve the electric charge only neutral component φ0

of Higgs doublet in Eq. (1.3) can acquire the VEV and if we work in unitary gauge1,

goldstone bosons H1, H2 and H0 are eaten away to make gauge bosons massive after

EWSB (electroweak symmetry breaking); thus, we end up with,

Φ ≡ 1√
2

 0

(H + υ)

 (1.8)

1The final results of the Higgs mechanism are independent of the choice of gauge. If we do the same
calculation in a gauge other than the unitary gauge, fields are parameterized accordingly. Here unitary
gauge has been chosen to make the calculation easier to understand the concept.
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Figure 1.3: Higgs potential [10]

Replacing Φ from Eq. (1.8) within kinetic energy term of Eq. (1.6), we obtain the physical

gauge field mass from Higgs mechanism:

(DµΦ)†DµΦ =
υ2

8
[g2Wµ

†W µ + (gW 3
µ − g′Bµ)2] (1.9)

from this equation the mass of W boson is obtained as mW = gυ/2. The second term

corresponds to neutral gauge bosons Z and A,

Zµ = (gW 3
µ − g′Bµ)/

√
g2 + g′2 with mass mZ = υ(g2 + g′2)/2, and

Aµ = (gW 3
µ + g′Bµ)/

√
g2 + g′2 with mass mγ = 0

Additionally, the fermions also interact with the Higgs boson through the

dimensionless Yukawa couplings given by

LYukawa = yuijQ̄iUjΦ̃ + ydijQ̄iDjΦ + yeijL̄iEjΦ + h.c. (1.10)

where Φ̃ = iσ2Φ (σ=Pauli matrices). These couplings make the fermions to attain masses

once the gauge symmetry is broken from GSM → SU(3)c × U(1)EM . Exceptionally,

neutrinos do not get any mass due to the absence of right-handed neutrinos in the

particle spectrum (This makes fermion mass term m2
ΨΨ̄Ψ = 0 for neutrinos).

The parameter υ can be found from the charged current for µ decay (µ → eν̄eνµ)

using Fermi coupling constant [12], which is measured very accurately to be GF =
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1.16638× 10−5 GeV−2. Since the momentum carried by the W boson is of order mµ, it

can be neglected in comparison with mW , and we make the following identification

GF√
2

=
1

2υ2
⇒ υ = (

√
2GF )

−1
2 = 246 GeV (1.11)

One of the essential points about the Higgs mechanism is that coupling of the Higgs

boson to fermions and gauge bosons are entirely determined by coupling constants and

fermion or gauge boson masses. Figure 1.4 shows the Feynman diagram of Higgs boson

coupling with gauge bosons (a) and fermions (b). The Higgs potential has two free

parameters, µ and λ, which can be traded for,

υ2 =
µ2

2λ

m2
H = 2υ2λ

(1.12)

Using the Eqs. (1.8) and (1.12) for Higgs potential (given at Eq. (1.6)), we get,

V =
m2
H

2
H2 +

m2
H

2υ2
υH3 +

1

4

m2
H

2υ2
H4 (1.13)

The Higgs boson couplings represent new type of interaction; very weak for light

particles, such as up and down quarks and electrons, but strong for heavy particles such

as the W and Z bosons and the top quark. More precisely, the SM Higgs boson couplings

to fundamental fermions are linearly proportional to the fermion masses, whereas the

couplings to bosons are proportional to the square of the boson masses. The SM Higgs

boson couplings to gauge bosons and fermions, as well as the Higgs boson self-coupling,

are shown in the Fig. 1.4. Because of charge-neutral and color-singlet property, the Higgs

boson does not couple at tree level to the massless photons and gluons. Its coupling to

gluons is induced at leading order by a one-loop process in which it couples to a virtual tt̄

pair (with minor contributions from the other lighter quarks). Likewise, the Higgs boson

coupling to photons is also generated via loops. In this case, the one-loop graph with a

virtual WW pair provides the dominant contribution. This interferes with the smaller
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contribution involving a virtual tt̄ pair (as such, the Higgs boson coupling to photons is

sensitive to the relative phase of the interactions between bosons and fermions).

V

V

H

H

)2υ / 2

V
 (MαGauge interaction 

f

f

H

)υ / 
f

 (MαYukawa interaction 

H

H

H

)2υ / 2

H
 (mαTrilinear self interaction 

H

H

H

H

)2υ / 2

H
 (mαQuartic self interaction 

(a) (b)

(c) (d)

Figure 1.4: Higgs interactions (image motivated from Ref. [11])

The self-interaction of the Higgs boson is determined in terms of the Higgs boson

mass. Within Eq. (1.13), the first term is Higgs boson mass, the second one corresponds

to Higgs trilinear self-coupling (λHHH or λ), and the last term is for Higgs quartic

coupling (λHHHH). The corresponding Feynman graphs are shown in Fig. 1.4 ((c) and

(d) respectively).

1.2.2 Higgs boson profile at LHC

At LHC, after discovering the Higgs boson, extensive efforts have been made to measure

the properties of this new particle. So far, experimental data show results consistent

with SM predictions with Higgs boson mass (mH) around 125 GeV [73–75] as given

in Fig. 1.5. Apart from mass determination, measurements for the Higgs boson decay

width [76], spin-parity [77] and couplings with other SM particles [78] have also been
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made.

 GeV
H
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 0.27) GeV± 0.43 ± 0.51 (±126.02 

 0.15) GeV± 0.31 ± 0.34 (±124.70 

 0.04) GeV± 0.52 ± 0.52 (±124.51 

 0.17) GeV± 0.42 ± 0.45 (±125.59 

 0.14) GeV± 0.25 ± 0.29 (±125.07 

 0.15) GeV± 0.37 ± 0.40 (±125.15 

 0.15) GeV± 0.21 ± 0.24 (±125.09 

 0.36) GeV± 0.21 ± 0.42 (±125.11 

 0.05) GeV± 0.37 ± 0.37 (±124.88 

 0.08) GeV± 0.20 ± 0.21 (±125.26 

Total Stat. Syst.

Tot. Stat. Syst.

ATLAS and CMS
7 TeV, 8 TeV and 13 TeV

Figure 1.5: SM Higgs boson mass measurements by ATLAS and CMS with Run-1 and
Run-2 data [12]

Various production processes have contributed to the precision measurement study of

Higgs boson properties. The process list includes gluon-gluon fusion (ggH), vector boson

fusion (VBF H), associated production with top (bottom) quarks ttH (bb̄H) and vector

bosons (V H). The respective leading order Feynman diagrams are shown in Fig. 1.6.

These production mechanisms are very crucial for Higgs coupling measurement with

other SM particles.

Higgs boson is not a stable particle. Its lifetime is of the order of 10−22 sec. As it gets

produced during the collision, it decays into the SM particles, which are further identified

as the final objects to carry forward any Higgs measurement study. Therefore, we collect

information of the final state objects at the detector level and further analyze them to

reconstruct the Higgs boson. How reconstruction is done, we will see in the upcoming

chapters. However, before that, we first need to understand the probability of Higgs

boson decay into any stable particles, which could be photons, jets (originating from

the hadronization of quarks coming from Higgs boson decay) or leptons. Here massless

neutrinos are not added as Higgs coupling to neutrino is suppressed within SM.

Figure 1.7 represents the branching ratio of Higgs boson decay channels for low mH
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Figure 1.6: Higgs production cross section as function of the centre-of-mass energy [13–
15] and corresponding contributing processes at LHC (a) gluon fusion, (b) Vector boson
fusion, (c) Higgs-strahlung (or associated production with a gauge boson at tree level
from a quark-quark interaction), (d) associated production with a gauge boson (at loop
level from a gluon-gluon interaction), (e) associated production with a pair of top quarks
(there is a similar diagram for the associated production with a pair of bottom quarks),
(f-g) production in association with a top quark [12]

region. From this plot, we conclude that for the measured Higgs mass mH = 125 GeV,

Higgs boson decays into pair of b quark, 58% of the times. It should be a golden decay

channel for Higgs physics, but, unfortunately, QCD and other SM multijet processes also

can produce a similar final state. This makes it a challenging study since there will be

less probability to identify the correct pair of b quark for Higgs physics measurements.

This example shows how important it is to pick an appropriate decay channel for a

precise measurement of any physics parameter with a huge amount of data.

1.2.3 Di-Higgs production

According to the SM predictions, di-Higgs boson production helps to understand the

shape of Higgs potential and is a direct probe of Higgs self-coupling. The precise

measurement of Higgs boson mass provides a precise value of the Higgs self-coupling.

Figure 1.8a and Fig. 1.8b illustrate di-Higgs boson production in the gluon-gluon fusion

mode via top-quark box diagram loop (depends on yt Yukawa coupling) and the top

quark triangle diagram loop (depends on Higgs trilinear self-coupling λHHH). There are
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other possible production modes like VBF HHjj, V HH and tt̄HH but gluon-gluon

fusion mode accounts for 90% of the total di-Higgs production cross section.

(a) (b)

(c) (d) (e)
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Figure 1.8: Feynman diagrams for the SM gluon-gluon fusion di-Higgs production (a)
box diagram (b) triangle diagram [16]

From trilinear coupling term of Eq. (1.13), we have λHHH = m2
H/2υ

2. The

experimentally measured Higgs boson mass, mH = 125.10 GeV [12], implies that

λHHH,SM = 0.13. The di-Higgs boson production cross section depends on the trilinear

self-coupling and it is roughly 3 orders of magnitude smaller than Higgs boson production

cross section. The reason behind a smaller cross section value is not only the small λHHH

value, but also the destructive interference between box and triangle diagrams.

In the search for di-Higgs boson production, the crucial step is to choose a decay

channel. This choice depends on the purity, selection efficiency and branching ratio

of the channel. Figure 1.10 shows the possible decay channel, which are explored and
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Figure 1.9: Higgs boson pair production via VBF at LO. On the left the diagram
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analyzed by various experiments to understand di-Higgs physics.
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Figure 1.10: SM di-Higgs decay branching ratio (BR) for mH =125 GeV

1.2.4 Why we need new physics theories?

So far the Higgs boson measurement studies, performed using the vast amount of proton-

proton collision data delivered by LHC, indicate that the properties of the observed

Higgs-like resonance is consistent with the SM Higgs boson. However, uncertainties in

the current measurements do not exclude the Higgs boson to have non-standard model

coupling as well. This points towards the existence of extended Higgs sector leading to

BSM scenario. Additionally, the BSM theories are also required to explain the following
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inconsistencies of the SM:

• Quanta of gravity?: Within SM, there is a quanta/propagator of each non-

gravitational fundamental force. But spin-2 structure of the graviton makes the

SM a non-renormalizable theory. Therefore, gravity does not fit within the SM.

• Dark matter and dark energy: From the cosmological observations and galaxy

rotational curves [79, 80], it has been proven that the universe mostly consists

of dark matter (27%) and dark energy (68%). Many experiments have been

performed to understand the interaction of dark matter with SM particles, but

a direct observation is yet to be seen. Dark energy is an unknown form of energy

that affects the universe on the largest scales. It is the most accepted premise

to explain the accelerated expansion of the universe. However, the SM does not

provide any dark matter candidate or explain the dark energy to understand our

observations.

• Baryon asymmetry: Following the SM baryon number and charge conservation

law, it is assumed that during Big-Bang, there was an equal amount of matter

and antimatter. However, with current observations, we find everything mostly

made of matter. So it creates curiosity for what happened with antimatter. This

asymmetry is known as baryon asymmetry or baryongenesis. No SM mechanism

supports the baryongenesis. Therefore theorists has given different ideas to explain

it. Sakharov suggested following set of conditions [81] to produce such asymmetry:

a) B violation

b) Loss of thermal equilibrium

c) C, CP violation

Currently there is no experimental evidence supporting any of these conditions and

the amount of CP-violation, that exist in SM, is not enough to produce matter-

antimatter symmetry. Thus, baryongenesis is counted as one of the great mysteries

of physics.

• Hierarchy problem: The hierarchy problem of SM is related to the difference
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in Higgs boson mass at the electroweak scale and the Planck scale (ΛPl) [82].

The calculation of the Higgs boson mass shows that mass term includes radiative

corrections. These radiative corrections are quadratic in Λ, the energy scale beyond

which SM is no more valid, leading to divergent Higgs boson mass beyond Λ. If

Λ ∼MPl Planck mass scale, the Higgs boson would become very massive. However,

we observe the Higgs boson to be around 125 GeV after EWSB. SM does not

provide any explanation of it.

• Neutrino masses: By studying neutrino oscillations, experiments have proven

that the neutrinos are massive particle [83–85], a similar concept as kaon-system

oscillations where transition or mixing occurs between flavor and mass eigenstate

of neutrinos. On the other side, within the SM, neutrinos are considered to be

massless particles, and it contradicts experimental observations.

To solve the above mysteries and understand the experimental observation, many

BSM models have been constructed by simply extending the SM hypothesis to

preserve its achievements within the BSM scenario. In the next section, we will

explore the basics of few well-motivated BSM approaches and their advantages,

which encourage us to search for new physics in these sectors.

1.3 Let’s explore Beyond the Standard Model

As we studied within the last section the shortcomings of the SM and the necessity of

the BSM physics, we will briefly go through some interesting BSM scenarios which are

related to thesis work. We start with effective field theories, a very nice approach to

study the low energy behaviour of physics existing at high energy scale. Apart from

this, we study the extra dimensional and supersymmetric models which provide solution

to SM’s open problems like hierarchy problem, gravity, dark matter etc. So let’s start

exploring the BSM physics and its advantages as a motivation for this research work.
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1.3.1 Effective Field Theory (EFT)

Before we look into EFTs approach used for the new physics searches with di-Higgs boson

production mechanism; it is worth mentioning its past achievements to keep ourselves

motivated with the EFT studies.

The Fermi theory of weak interactions [86,87] is an EFT for weak interactions at energies

below the W and Z boson masses. It is a low-energy EFT constructed from the SM

and was used for weak decay calculations even when the scales mW and mZ were not

known. The global Fermi coupling constant GF was measured via muon decay process,

considering it as a point-like EFT interaction. The momentum transfer in this process

is equivalent to muon mass, hence can be ignored, which results in GF/
√

2 = g2/(8M2
W )

(well-known equation from the calculation of muon decay using Fermi’s theory). Using

GF ∼ 1/Λ2 gives Λ ∼ 300 GeV. This indicates that we have an EFT with a scale of GeV

order. Later, with the discovery of W and Z bosons, the EFT scale had to be replaced

by the full SM using dynamical gauge fields.

Now that we have good reasons to explore the EFT scenarios, we return back to our

di-Higgs boson searches. The Higgs boson couplings to gauge bosons and top quarks

are currently consistent with the SM, but O(10%) deviations are still possible [88, 89].

Even larger deviations are not ruled out for Yukawa couplings with the first and second

generation fermions and the trilinear Higgs coupling. New physics in electroweak

gauge interactions usually are constrained to the O(1%) level by electroweak precision

measurements [90], but anomalous Higgs couplings have the potential to produce much

larger effects. It then appears natural to focus firstly on the couplings of the Higgs

particle. According to EFT, higher-dimensional operators may alter couplings of Higgs

boson and other SM field, resulting in anomalous couplings after electroweak symmetry

breaking.

Following this type of argument, one might propose a generalization of the SM in

which the gauge interactions remain unchanged (at leading order), but general anomalous

couplings for the physical Higgs boson are added. In theory, all of these couplings

will deviate from their (dimensionless) SM values by corrections of O(1%). As long
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as the anomalous couplings in the Higgs sector dominate over other corrections from

physics beyond the SM, the Lagrangian in Eq. (1.14) continues to explain the new physics

effects for smaller deviations. Thus, di-Higgs boson production in gluon-gluon fusion

can be defined as a leading approximation with the Lagrangian (in the context of BSM

theories) [62,91]:

LHEFT
=

1

2
∂µH∂

µH − 1

2
m2
HH

2 − κλυH3 − mt

υ
(υ + κtH +

c2

υ
HH)

+
1

4

αs
3πυ

(cgH −
c2g

2υ
HH)GµνG

µν
(1.14)

This Lagrangian gives three additional process (in addition to LO SM process shown

in Fig. 1.8) for non-resonant di-Higgs boson production via EFT couplings as given

in Fig. 1.11 and includes five parameters; the deviation of the Higgs boson trilinear

coupling λHHH (top Yukawa coupling yt) from its SM value λHHH,SM (yt,SM =
√

2mt/υ)

quantified by κλ = λHHH/λHHH,SM (κt = yt/yt,SM), and the coefficients of three pure

BSM operators which describe the contact interaction between two Higgs bosons and

two top quarks (c2), and the gluons contact interaction with one (cg) and two (c2g) Higgs

boson.
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Figure 1.11: Feynman diagrams illustrating non-resonant di-Higgs production in the
EFT framework [16]

Hence this five-dimensional coupling parameter space can be used to search for any

deviation from SM predictions of the di-Higgs boson production mechanism. How it is

done at the analysis level, we will study it in Chapter 4. Briefly, we can say that by

choosing various allowed set of these five parameters, we can study which parameter set

gives more consistent results with observed data. And, if it is not SM one (κλ = 1, κt =
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1, c2 = 0, cg = 0, c2g = 0), then it might be a hint for new physics.

1.3.2 Warped Extra Dimension (WED) model

Let us start with Newtonian Gravity, which uses an EFT approach to explain the

existence of gravitational force. The gravitational potential between two masses, M1

and M2, is calculated as follows:

V (r,M1,M2) =
1

Mpl

M1M2

r
(1.15)

where Mpl is a constant Planck mass scale (1019 GeV) that accounts for weak strength of

gravity. However, the electroweak scale exists around O(100 GeV). This inconsistency

among strengths of fundamental forces is known as the hierarchy problem.

Theorists have made various efforts to make a consistent model to explain the

hierarchy problem. Supersymmetry (SUSY) and grand unified theories (GUT) introduce

additional energy scales between the Planck scale and electroweak scale by extending the

particle spectrum. On the other side, WED model brings down the Planck scale to a

lower scale (TeV) which could be probed at the experiment.

The idea of extra dimension was introduced in 1920 by Kaluza and Klein to unify

gravity with electromagnetism by assuming that gravity particles propagate through

extra dimensions; hence, in 4D-space, it is not easy to probe gravitational forces. The

extra dimension theories assume that the SM fields and interactions are localized on a

weak brane, and gravity particles propagate in bulk between weak brane (low energy) and

gravity brane (high energy). As it is known, there is no extra dimension evidence within

our experimental reach; while introducing such theories, the length of extra dimension

is made finite and compactified. It does not contradict our observed four space-time

dimensions, which are very large (or infinite). The next question is how we can probe

extra dimensions. As we do not see them in the experiment, with the assumption that

the size of the extra dimensions is small, we need extremely large energies to be able to

see the consequences of the extra dimensions. Thus, making the extra dimensions very
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small can effectively hide these dimensions without conflicting the observations.

Two well-known BSM theories involve the concept of extra dimensions to resolve

SM’s discrepancy with nature. These are described in Sections 1.3.2.1 and 1.3.2.2.

1.3.2.1 Kaluza-Klein (KK) theory

It was postulated by Kaluza and Klein. To understand this concept, let us consider one

extra dimension compactified on a circle with radius R [92,93] as given in Fig. 1.12. The

coordinates are denoted as xM = (xµ, y), where M runs up to 5, µ up to 4 and y is a

5th component of x (x5) presenting coordinate of compactified extra dimension. The

compactification means that the points y and y + 2πR are identified. So the action for

a free scalar massless field φ can be written as,

S =

∫
d5x

1

2
∂Mφ(xµ, y)∂Mφ(xµ, y) (1.16)

Because of compactification condition, φ(xµ, y) = φ(xµ, y + 2πR) and we can

decompose scalar field into its 4-dimension and extra dimension component using Fourier

decomposition:

φ(xµ, y) =
1

2πR

∞∑
n=−∞

φn(xµ)ei
n
R
y, n = 0,±1,±2, ...... (1.17)

Plugging the Fourier series expansion into the action of Eq. (1.16),

S =

∫
d4x

1

2
(∂µφ

(0)∂µφ(0) +
∞∑
n=1

[∂µφ
(n)†∂µφ(n) − n2

R2
φ(n)†φ(n)]) (1.18)

Eq. (1.18) describes a infinite series of particles with masses m(n) = n/R from 4D point

of view. Now we implement the same with a 5D gauge field A. Following the similar

approach, we can perform its Fourier decomposition,

A(xµ, y) =
1

2πR

∞∑
n=−∞

A(n)(xµ)ei
n
R
y, n = 0,±1,±2, ...... (1.19)

Using Eq. (1.19) for a gauge field action, we obtain a vector field with a real scalar in
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zero-mode, and non-zero modes appear as a longitudinal component of the massive 4D

vector field. The interactions become strong at energy scale E ∼ 1/g2
5 = 1/2πRg2

4 (g4

and g5 are 4D and 5D gauge couplings) and can only be treated as a low energy effective

theory with a cutoff Λ ∼ 4π/g2
5. From the 4D point of view, the strong interaction

comes from enhancing the number of KK modes accessible at the E energy scale. More

generally, if we start with a (4+n) extra dimensional gauge theory with n dimensions

compactified on a torus, the zero modes will contain a 4D gauge field together with

adjoint scalars, and each non-zero KK level will have a 4D massive vector field and

(n− 1) massive adjoint scalars.

R

Extra 
dimension

KK-modes

Bulk

Brane

Figure 1.12: An illustration of compactified cylindrical extra dimension with Radius
R and KK-modes of gravity particle traveling through bulk (image reproduced from
Ref. [17])

Following the same for gravitational field, given by a symmetric metric tensor in (4+n)

dimensions, the zero modes contain one 4D graviton, n massless vectors, and n(n + 1)/2

scalars (including radion). For nonzero modes, each KK level has one massive spin-2

tensor, (n− 1) massive vectors, and n(n− 1)/2 massive scalars. In the particle spectrum

from this decomposition, only the 4D graviton, the radion and their KK modes interact

with matter. Other fields do not couple to the matter fields on the brane directly.
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1.3.2.2 Randall-Sundrum (RS) model

Following the idea of the compactified extra dimension, in 1999, L. Randall and R.

Sundrum gave a theory to solve the hierarchy problem [19, 58]. The authors predicted

a universe scenario with one compact extra dimension. The compactification scheme

allows to describe the extra dimension as a line segment between two 4D branes, known

as Planck and TeV brane, as given in Fig. 1.13.

SM

Planck 
Brane

Bulk

TeV Brane

0     𝜋 rc

Planck B
rane

Bulk

TeV Brane

0     𝜋 rc

M ~ Mpl

Figure 1.13: Randall-Sundrum approach of WED; SM interactions are localized to TeV
brane in RS1 scenario while in RS bulk SM particle can travel in bulk; warp factor
generates the hierarchy between Planck and TeV scale given as e−κrcπ (image reproduced
from Ref. [18])

The model requires the existence of one extra dimension compactified on a circle of

radius rc with identity between upper and lower half (i.e. (xµ, φ) = (xµ,−φ), φ is a

angular coordinate for fifth dimension). In this context the most general solution to

solve the classical Einstein motion equations maintaining 4D Poincare invariance is:

ds2 = e−2σ(φ)ηµνdx
µdxν + r2

cdφ
2 (1.20)

where µ and ν represent the coordinates of 4D-space, ηµν is 4D Minkowski metric and

e−2σ(φ) is the warp factor. The full action can be written as,

S = Sgravity + STeV + SPlanck + Smatter (1.21)



26 Chapter 1. The Higgs Boson

here Smatter represents the action of matter fields and other actions are given as,

STeV/P lanck = −
∫
d4x
√
g(4)ΛTeV/P lanck

Sgravity = −
∫
d4x

∫ π

−π
dφ
√
g(5)(−Λbulk + 2M3

5R)
(1.22)

where Λ′s are vacuum energy densities on the branes, R is Ricci tensor, M5 is 5D Planck

mass, g(4)/g(5) refers to 4D/5D space-time metric. When Λbulk = −ΛTeV = ΛPlanck = Λ,

we get warp factor as,

σ(φ) = rc|φ|

√
−Λ

24M3
5

= rcφκ (1.23)

where κ is a curvature factor, and it depends on negative cosmological constant and

brane tensions. If in Eq. (1.22), the extra dimension is integrated out we get Planck

mass, M2
pl = M3

5 (1− e2πκrc)/κ. This also explains how an exponential hierarchy between

the weak and the gravity scales arise naturally from the theory.

The Higgs mechanism can be combined with the theory assuming Higgs boson mass

as M5. The action for a fundamental Higgs field can be expressed as

SH =

∫
d4xe−4πκrc [e2πκrcηµνDµH

†DνH − λ(|H|2 − υ2)2] (1.24)

where e2πκrcηµν is metric tensor localized at TeV brane. Normalizing the wave-

function, H → Heπκrc gives,

SH =

∫
[ηµνDµH

†DνH − λ(|H|2 − e−2πκrcυ2)2] (1.25)

If Higgs field is localized to only TeV brane, the vacuum expectation value is suppressed

and the physical mass scales are set by a symmetry-breaking scale given by,

υ = e−πκrcυ0 (1.26)

and any mass parameter on TeV scale will correspond to physical mass,
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m = e−πκrcm0 (1.27)

Conclusively, we can say that the electroweak scale is suppressed along the extra

dimension and the Planck scale is not that much affected by extra dimension for a large

value of κrc. If 5D Higgs VEV is taken of the order of Planck mass, the separation

between Planck mass and electroweak (EW) scales is produced by metric with κrc =

11. This Planck-EW hierarchy reduction is the most successful feature of warped extra

dimensional scenarios. Although κ and rc are the only model parameters but not to deal

with very large/small numbers, the free parameters are scaled as κ̃ = κ/Mpl and κrc.

Massless gauge bosons

kk Graviton

Ligth quarks

H

Planck TeV
0

1

Figure 1.14: RS bulk scenario [19]

This approach is known as the RS1 model in which only gravity particles are allowed

to propagate along the extra dimension. In the updated version, matter particles are also

allowed to travel along the extra dimension. This is known as the RS bulk model. This

new approach explains the mass hierarchy (why there is a big difference in the measured

masses of SM particles) of the SM particles very well. The model says that heavy SM

particles are localized on the TeV scale; therefore, Yukawa interaction with Higgs boson

is strong. Lighter particles are localized towards the Planck scale, making the Yukawa
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interaction with Higgs boson weak (as Higgs boson is only localized to TeV brane). The

massless particles’ profile (field component along extra dimension) remain flat along the

extra dimension. This can be understood using the Fig. 1.14 which shows profiles of SM

particles along extra dimension and between Planck and TeV scales.

In WED model, quantum fluctuations are considered as particles. The fluctuation modes

decompose into a 4D tensor, 4D vector and scalar components, using the same Kaluza-

Klein theory approach. The tensor fluctuations represent graviton (spin-2) modes, while

scalar ones are for radion (spin-0) modes. The KK expansion of these modes provides

particle-spectrum where zero modes of graviton and radion are massless and localized to

Planck brane. The higher KK-modes of these can be massive and interact with matter

particles. They are called bulk KK graviton and bulk radion particles.

In our research work, we only work with the RS bulk scenario. Detailed

phenomenology of such WED theories predicts enhanced di-Higgs boson production cross

section. If the mass of bulk KK graviton and bulk radion is sufficiently large, they can

decay to the di-Higgs boson final state according to branching ratio given in Fig. 1.16.

The dominating resonant production mode is gluon-gluon fusion as given in Fig. 1.17a.

The vector boson fusion (VBF) mode, in Fig. 1.17b, also becomes significant as we tend

towards masses greater than 1 TeV since quark-quark fusion starts contributing equally

which enhance the VBF rate as shown in Fig. 1.15.
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Figure 1.15: Gluon-gluon fusion and vector boson fusion (VBF) production cross
section [19]; for heavy masses VBF production dominates
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Figure 1.17: WED (RS Bulk) resonance production modes at LHC with di-Higgs final
state; X= bulk radion or bulk KK graviton

1.3.3 Supersymmetric Standard Model (SUSY)

SUSY is a generalization of quantum field theory’s space-time symmetries that transform

fermions into bosons, and vice versa [94]. It is an extension to the SM to understand

physics at high energy scale, i.e., in low energy limits SUSY tends to be SM theory. In its

particle spectrum, each SM particle has its superpartner, the spin of which differs by a

half-integer, i.e., SM fermions have bosonic superpartners, and SM bosons have fermionic

superpartners. The SM-SUSY particle spectrum is shown in Fig. 1.18 where SUSY
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Figure 1.18: Particle spectrum of the Standard Model with their SUSY partners (image
reproduced from Ref. [20])

particles are labeled with a “∼” over them. The superpartners of SM quarks are squarks

(stop t̃, sbottom b̃, charm squark c̃, strange squark s̃, up squark ũ and down squark d̃), SM

leptons are sleptons (selectron ẽ, smuon µ̃, stau τ̃ and three sneutrino ν̃e/µ/τ ), SM gauge

bosons are gaugions (three Wino, Bino, eight gluinos) and SM Higgs boson is Higgsino

H̃. The composite state of neutral SUSY particles Bino, Wino, Higgsino is known

as neutralino. There are four such neutralinos labeled with χ0
1, χ

0
2, χ

0
3, χ

0
4. Similarly, the

composite state of charged Wino and Higgsino is called chargino and labeled with χ±1 , χ
±
2 .

The main motivations behind the ideas of SUSY can be understood by the following

points:

• Extended Higgs sector: With additional Higgs doublet, the SUSY models

extends the Higgs sector by predicting more than one Higgs bosons and enables

cascade decays of Higgs. It motivates to search for di-Higgs sector using SUSY

scenarios with enhanced di-Higgs production cross section.
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• Solution to hierarchy problem: By guaranteeing the quadratic divergence of

all orders cancels out in perturbation theory, SUSY could solve major hierarchy

problems in gauge theory (like divergent Higgs mass radiative corrections).

• Candidate for dark matter: SUSY models predict the weakly interacting

massive particle (WIMP), like neutralino, that does not interact via strong or

electromagnetic forces. Thus if it gets to produce, it can escape from the detector

without any signal. The WIMP may be a good candidate for dark matter searches.

• Gauge coupling unification: Within SUSY, the SM particles and their

superpartners interact with same coupling strength. It predicts that SM

interactions have the same strength at very high energy, a basis for GUT showing

that there was only one fundamental interaction/force in the early universe after

the Big Bang.

If we consider SUSY as an ideal symmetry, i.e. it does not break, SUSY sparticles will

share the same mass and internal quantum numbers (besides spin) as their SM-partners.

However, since we have not observed any SUSY spectrum so far, it points towards SUSY-

breaking. This breaking mechanism gives higher masses to SUSY sparticles compared

to their SM counterpart and keeps SUSY a valid theory within allowed ranges of masses

and couplings of sparticles. In other words, we can label SUSY as a valid model only

from a certain energy scale (O(TeV)) with extended particle spectrum, which can solve

major problems of SM.

Now, we start going through two supersymmetric models with Sections 1.3.3.1

and 1.3.3.2 and try to understand their importance from thesis point of view. Firstly,

the minimal supersymmetric extension of SM, known as the minimal supersymmetric

standard model (MSSM) is described. After studying its features, its shortcomings are

explained which leads towards NMSSM motivated di-Higgs boson searches.
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1.3.3.1 MSSM

Pierre Fayet proposed the MSSM in 1977 as the first practical SUSY version of the

standard model. It is based on the same symmetry group as SM and extends the

minimal particle content [12, 68, 94, 95]. Within it, each SM particle is pair-wise

combined with its superpartner into a superfield. The SUSY models are constructed

using the concept of superspace that includes space-time coordinates and fermionic anti-

commuting coordinates. The superfield is a function of the superspace coordinates. We

deal with two types of superfields: chiral and vector superfields. The MSSM particle

content is built by replacing the SM vector field with a vector superfield and the SM

matter field with a chiral superfield. In simple words, the gauge boson fields and their

gaugino partners are included in vector superfields, and the spin-0 Higgs supermultiplets

and spin-1/2 matter fields are added in the chiral superfields. This doubles the SM

particle content as we see in Fig. 1.18. The MSSM particle content and its transformation

under GSM is given below:

Qi ≡

 uLi ũLi

dLi d̃Li

 ∼ (3, 2,
1

6

)
U c
i ≡

(
uci ũci

)
∼
(

3, 1,
2

3

)

Di ≡
(
dci d̃ci

)
∼
(

3, 1,−1

3

)

Li ≡

 νLi ν̃Li

eLi ẽLi

 ∼ (1, 2,−1

2

)
Ei ≡

(
eci ẽci

)
∼ (1, 1,−1)

(1.28)

The notations in Eq. (1.28) are followed from Eq. (1.2) and i stands for generation

index. The main feature of MSSM is two Higgs doublets which is required for anomaly

cancellation. The MSSM consists the same spectrum of chiral spin-1/2 particles (quarks

and leptons) so their anomalies get canceled. The corresponding superpartners are scalars

which do not contribute to anomaly. Apart from it, the superpartners of gauge bosons

are left-right symmetric Majorana fermions. Hence, they contribute zero to anomalies.

The only new fermionic particles are Higgsinos which may contribute to anomaly loop.
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Therefore, by adding two Higgs doublet with opposite hypercharge, the anomalies caused

due to one Higgs doublet get canceled by another Higgs doublet. Therefore, MSSM

consists two special features; a) it uses conjugate of the right handed particles instead of

right handed particles itself, b) it has two Higgs superfields- one gives mass to up-type

quarks and other gives mass to down-type quarks and charged leptons (also known as

TypeII-2HDM model). The two Higgs superfields and its transformation under GSM are

given as,

Hu ≡

 H0
1 H̃0

1

H−1 H̃−1

 ∼ (1, 2,
−1

2

)

Hd ≡

 H+
2 H̃+

2

H0
2 H̃0

2

 ∼ (1, 2,
1

2

) (1.29)

In the above equation, H̃ are the Higgsinos and they are fermionic superpartners of

Higgs.

After constructing the MSSM particle spectrum, it should also be tested if MSSM

Lagrangian is renormalizable including gauge invariance under SM gauge symmetry. The

conservation of the baryon and lepton number arise naturally within the SM construction.

But this is not the case with MSSM. Therefore, in MSSM, R-parity symmetry (R =

(−1)L+3B+2S) is imposed to evade the baryon and lepton number violating terms. The

value of the R quantum number is 1 and -1 for SM fields and their superpartners,

respectively that makes it a conserved symmetry for every superfield. Also, the R-parity

condition claims existence of a weakly interacting stable neutral SUSY particle which

might be a good dark matter candidate, e.g., neutralino.

Another important point is the cancellation of divergent Higgs boson mass

corrections. In SM, Higgs radiative mass corrections are quadratic due to the fermionic

loop, and corresponding superpartner scalar squarks contribute to Higgs mass correction

with an opposite sign as shown in Fig. 1.19. Thus, both get to cancel out and theory

change logarithmically with the new physic scale. However, for a considerable large fine-

tuning, the SUSY particle masses should not exceed the TeV scale. With this constraint,
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the MSSM can be considered a renormalizable theory.

H H

t

t H H

t
~

Figure 1.19: Cancellation of the Higgs boson quadratic mass corrections between
fermionic quark loop and scalar squark loop Feynman diagrams in MSSM (image
reproduced from Ref. [21])

The MSSM Lagrangian is constructed by including all possible interactions that follow

SM gauge invariance and conservation laws. The SM gauge couplings, Higgsino mass

parameter and Yukawa couplings of one generation of left and right-handed leptons

and quarks, and their superpartners to the Higgs bosons and Higgsinos, all are SUSY-

conserving parameters. Within MSSM Lagrangian, these parameters enters via R-parity

conserving superpotential,

WMSSM = YuQ̂ĤuÛ − YdQ̂ĤdD̂ − YeL̂ĤdÊ + µĤuĤd; µ = Higgsino mass parameter

(1.30)

After this, soft SUSY breaking terms are added, which are consistent with the gauge

symmetries. The tree level MSSM Higgs potential is given in Eq. (1.31) which has SUSY

breaking two real squared Higgs mass parameters m2
1, m2

2 and one complex squared-mass

parameter m2
12.

V soft
MSSM = (m2

1 + |µ|2)H†dHd + (m2
2 + |µ|2)H†uHu + (m2

12HuHd + h.c.)+

1

8
(g2 + g′2)(H†dHd −H†uHu)

2 +
1

2
g2|H†dHu|2

(1.31)
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where m2
u,d = µ2 +m1,2 and other terms correspond to Higgs quartic couplings given

in terms of gauge couplings as a consequence of SUSY.

The MSSM two Higgs doublets holds eight degree of freedom (dof). After EWSB,

both Higgs doublets get VEV υd and υu and five Higgs bosons get generated consisting

two CP-even Higgs (H and H ′), a CP-odd Higgs (A) and two charged Higgs (H±) bosons.

Other three dof are Goldstone bosons which makes SM vector bosons massive particles.

We can choose MSSM Higgs potential minima such that υd and υu are real and positive

with constraint υ =
√
υ2
d + υ2

u ∼ 246 GeV. The ratio of both the VEVs is defined as

parameter tanβ = υu/υd; (0 ≤ β ≤ π/2). For MSSM, there are only two free parameters

at tree level, tanβ and mA (mass of CP-odd Higgs A). Other Higgs masses are given in

terms of these two parameters. The tree-level light Higgs mass takes maximum value for

mA >> mZ with condition mH ≤ mZcos2β [96].

The discovered SM-like Higgs boson, if interpreted as the lightest MSSM Higgs boson

H with a mass of around 125 GeV, at tree-level couplings of two CP-even MSSM Higgs

bosons to vector boson V (= W/Z) will be given as,

gHV V = gVmV sin(β − α),

gH′V V = gVmV cos(β − α) ; gV =
2mV

υ

(1.32)

Where α with (−π/2 ≤ α ≤ 0) represents the mixing between Higgs doublets to form

CP-even Higgs bosons. From above equation we observe that in the limit cos(β−α)→ 0,

the lightest CP-even Higgs will behave as SM Higgs boson (H). A and H± do not couple

to gauge bosons at tree level. The relation between Yukawa couplings and fermions

masses is given by

yb,τ =

√
2mb,τ

υcosβ
, yt =

√
2mt

υsinβ
(1.33)
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and the coupling to all three Higgs with fermions (ff̄) are given as,

Hbb̄/hτ+τ− ∝ −sinα
cosβ

, Htt̄ ∝ cosα

sinβ

H ′bb̄/Hτ+τ− ∝ cosα

cosβ
, H ′tt̄ ∝ sinα

sinβ

Abb̄/Aτ+τ− ∝ γ5tanβ,Att̄ ∝ γ5cotβ

(1.34)

MSSM Higgs Phenomenology: Presence of MSSM signatures may modify SM

Higgs boson couplings and branching ratio [96]. If the MSSM lightest CP-even Higgs

is SM Higgs boson, it can also decay into the lightest SUSY particle. Apart from

this, coupling of light stops, sbottoms with photon and/or gluon can also sizeably

deviate Higgs loop-induced interaction to gg and γγ. At hadron colliders, gluon fusion,

mediated by loops comprising heavy top and bottom quarks and the corresponding SUSY

partners, is the dominant neutral Higgs boson production mechanism at moderate values

of tanβ. In the larger tanβ region, neutral Higgs boson coupling with bottom-quarks

gets enhanced. The SM di-Higgs boson production box and triangle diagrams, in low-

energy supersymmetric models, receive additional contributions from loops mediated by

the third generation of squarks. Furthermore, the triangle diagrams are linked to the

trilinear Higgs coupling, which is crucial for reconstructing the Higgs potential. As a

result, new physics contributions are especially sensitive to the HH production searches.

ATLAS and CMS have studied various channel considering all possibilities for MSSM

signal. The precision measurements of Higgs physics in the future, combined with data

from heavy Higgs boson searches, might provide a depth of information about the SUSY

parameter space.

Why MSSM fails?: The Higgs mass parameter µ given in Eq. (1.34) is a SUSY

preserving parameter up to Planck mass scale, but for EWSB, it is required to be at

electroweak scale. This is known as µµµ-problem [97]. A Type-II 2HDM model with an

additional singlet (NMSSM) provides a solution to the µ-problem. This is explained in

the next paragraph.
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1.3.3.2 NMSSM

The NMSSM is the most straightforward supersymmetric extension of the SM where

the electroweak scale originates from the SUSY-breaking scale only. It accommodates

not only the SM Higgs-like boson but also preserves all the MSSM advantages. It adds

a complex scalar singlet field Ŝ to MSSM Lagrangian, which couples only with Higgs

doublet fields of MSSM in the superpotential by redefining MSSM µ parameter with

VEV of Ŝ field [12, 94, 95] as µeff = λsυs. λs is coupling between Higgs singlet and

doublet fields. For Higgs potential minimization when Ŝ also acquires a VEV υs, all

three VEVs should be the order of MSUSY effective SUSY-breaking scale. This brings

down the µeff from Mpl to electroweak scale. Hence µ-problem gets solved. With this

solution, the NMSSM enriches the Higgs sector by extending the MSSM Higgs sector

with two more Higgs bosons. Thus, we have seven Higgs bosons; three CP-even scalars,

2 CP-odd pseudoscalars, and two charged Higgs bosons. The NMSSM superpotential

and soft-breaking terms in the Higgs-sector are given by Eqs. (1.35, 1.36). In these

equations, λs and κ are dimensionless coupling coefficients and Aλs and Aκ are the

soft-breaking parameters. Other notations are as same as MSSM superpotential and

soft-breaking Higgs potential in Eqs. (1.30, 1.31). At the tree level, the Higgs sector of

the NMSSM can be represented by six independent parameters, λs, κ, tanβ, µ, mA, Aκ

with m2
A = 2µ(Aµ + κυs)/sin2β.

WNMSSM = YuQ̂ĤuÛ − YdQ̂ĤdD̂ − YeL̂ĤdÊ + λsĤuĤdŜ +
1

2
κŜ3 (1.35)

V soft
NMSSM = m2

u|Hu|2 +m2
d|Hd|2 +m2

s|S|2 + (AλsλsŜĤuĤd +
Aκ
3
κ3 + h.c.) (1.36)

The λsĤuĤdŜ term in superpotential changes the tree-level Higgs mass terms as

m2
H = m2

Zcos
22β + λsυ

2sin22β. It enhances the SM Higgs mass at the tree level. The

mixing between Higgs singlet and doublet fields can further increase the SM Higgs mass

up to 125 GeV. Such phenomena make large radiative corrections from top-squark loops

unnecessary to predict a Higgs boson at 125 GeV. Due to singlet-doublet Higgs fields

mixing, the three CP-even fields mix to form H1, H2, H3 and 2 CP-odd fields mix to form
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A1, A2. Therefore, physics of the Higgs bosons, i.e., masses, couplings and branching

ratios, can differ significantly from the MSSM. In many regions of the allowed parameter

space, one of the lighter two CP-even Higgs bosons will have a large singlet component.

Similarly, the A1 can easily have a large singlet component.

NMSSM Higgs phenomenology: In the NMSSM scenario, gluon-gluon fusion

mode of the Higgs pair-production dominates at the LHC as given in Fig. 1.20. Exploring

the NMSSM phenomenology in light of the 125 GeV Higgs boson and identifying

benchmark scenarios with new topologies that include Higgs boson decay chains has

sparked much interest. It also allows to have a fundamental theory valid up to the

Planck scale and yielding a rich and interesting Higgs boson phenomenology at the LHC.

The extended CP-even and CP-odd Higgs sectors allow for the possibility of additional

Higgs-to-Higgs decays compared to the MSSM.

In this thesis work, the gluon-gluon fusion production of NMSSM neutral heavy Higgs

boson X has been analyzed. X further decays to NMSSM neutral light Higgs boson Y ,

and SM CP-even Higgs H (X and Y can be a CP-even or CP-odd Higgs bosons) [63]

with a mass of mY < mX−mH . The Y Higgs boson could have a dominant admixture of

singlet, leading to the suppression of its couplings to SM particles and thus of its direct

production at the LHC. The production of an X boson and subsequent decay into Y H

might become the dominant Y production mechanism. In spite of the small couplings to

SM particles, the branching fraction of Y is assumed to be as same as H. This happens

in NMSSM where Y is closer to SM Higgs boson mass since mixing angle of Y and H

are largest. Therefore couplings of Y with SM particles are proportional to H following

the same branching fractions for Y and H. As Y tends to be heavy particle, this is no

longer true.

Although considering MSSM possibilities, various searches have been performed at

LHC and LEP. However, this is the first time searches for the NMSSM Higgs pair

production process using CMS data at LHC are performed. A wide range of allowed

X and Y mass parameters are explored within this search, and exclusion limits are set
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Figure 1.20: Feynman diagram showing the gluon-gluon production of NMSSM X
resonance that further decays to Y and H particle with a bb̄γγ final state

on resonance production cross section.

1.4 Current status of di-Higgs boson searches at LHC

This section presents an overview of the results of previous searches similar to signal

process we are studying in this thesis work. Searches for di-Higgs boson production

processes, in which the Higgs boson is used as a platform to look for BSM phenomena,

have been carried out in a number of different ways, depending on the subsequent decays

of the Higgs boson. At LHC, both resonant and non-resonant di-Higgs boson production

have already been performed by ATLAS and CMS collaborations using various decay

channels as bb̄bb̄, bb̄V V , bb̄γγ, bb̄ττ , WWγγ, WWWW using Run-1 and Run-2 data.

1.4.1 Non-resonant di-Higgs boson searches

ATLAS and CMS have performed searches for non-resonant di-Higgs boson production

for Higgs trilinear self-coupling and cross section or signal strength (µ = σHH/σ
SM
HH)

measurements, using 2016 Run-2 data at
√
s = 13 TeV. The SM predicts an inclusive

31.05 fb (NNLO) gluon-gluon fusion di-Higgs boson production cross section [98] which

is small. Therefore, to obtain measurements with accuracy various decay channels are

combined for the final results. The combined results from both the collaborations for

2016 Run-2 data at 13 TeV, are added in Figs. 1.21 and 1.22. In Table 1.1, the 95%

CL exclusion limits on di-Higgs boson production cross section and constraints on “κλ”
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parameter are provided. For BSM EFT shape benchmarks (defined in Ref. [62]), CMS

has also provided upper limits on cross section as given in Fig. 1.21c. The results are

consistent with the SM model predictions within 2σ deviation.

Searches, using 2016+2017+2018 Run-2 data, are also being carried out by both the

collaborations. CMS has made results public for bb̄bb̄, bb̄γγ and bbZZ channels while

ATLAS has public results for bb̄bb̄, bb̄γγ and bb̄lνlν channels with gluon-gluon fusion and

vector boson fusion di-Higgs boson production modes. The results are summarized in

Table 1.2.

Table 1.1: Combined observed (Expected) 95% CL exclusion limits for non-resonant SM
di-Higgs boson searches by ATLAS and CMS using 2016 Run-2 data at 13 TeV

95% CL limits on ATLAS CMS
σ(pp→ HH) [fb] 6.9 (10) × SM 22.2 (12.2) × SM

κλ -5.0 (-5.8) < κλ < 12.0 (12.0) -11.8 (-7.1) < κλ < 18.8 (13.6)

Table 1.2: Observed (Expected) 95% CL exclusion limits for non-resonant SM di-Higgs
boson searches by ATLAS and CMS using 2016+2017+2018 Run-2 data at

√
s = 13

TeV [1–6]
limits bb̄γγ bb̄bb̄ bb̄lνlν

(ATLAS) µ (ggF+VBF) 130(180) (VBF) 840(550) (ggF) 40(29)

limits bb̄γγ bb̄bb̄ bbZZ

(CMS) σ×BR [fb] (VBF+ggF) 7.7(5.2)×SM (VBF+ggF) 3.6(7.3)×SM (ggF) 30(37)×SM

1.4.2 Resonant di-Higgs boson searches

For resonant searches, model-independent limits are set as function of resonance mass

by both collaborations. The spin-0 and spin-2 narrow-width signal hypotheses with wide

range of mass points are studied in resolved and boosted scenarios. For low masses bb̄γγ,

bb̄ττ channel are more sensitive while as we tend to higher masses bb̄bb̄ channel becomes

sensitive. The 2016 Run-2 combination results are consistent with the SM background

prediction; no significant excess is found across the entire mass range for either a spin-0

or a spin-2 resonance, as shown in Figs. 1.23 and 1.24.
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Apart from spin-0 and spin-2 searches, 95% CL exclusion limits are also set for EWK-

singlet and hMSSM BSM scenarios and large part of parameter space is excluded. For

EWK-singlet model, Fig. 1.25a excludes the heavy scalar from 260 GeV to 700 GeV

mass range at tanβ = 1.0 depending upon sinα. Fig. 1.25b excludes heavy pseudoscalar

particle mass from 190 GeV to 550 GeV depending upon tanβ within hMSSM scenario.

Using 2016+2017+2018 Run-2 data also, CMS and ATLAS have made some results

public for different BSM resonant scenarios. Using same strategy as non-resonant vector

boson fusion, ATLAS has performed spin-0 searches for narrow-width and broad-width

approximations in 4b channel [3]. For bb̄ττ channel, studies have been performed for

boosted scenarios for mass > 1 TeV using a di-τ tagging technique considering it as a

merged single final state object [24]. For bb̄γγ channel, ATLAS recently made results

public which set 0.9-0.1 fb upper limit on product of resonant production cross-section

and branching fraction for resonance mass up to 1 TeV [6].

On the other side, CMS has extended search criteria up to NMSSM predictions.

It has made NMSSM motivated model-independent results public using narrow-width

approximation, in bb̄ττ final state [25]. In Fig. 1.27, the maximum allowed ranges for

σ(pp → H → hS(bb̄)h(ττ)) (H=heavy NMSSM Higgs boson, h=SM Higgs boson and

hS=light NMSSM Higgs boson) within the NMSSM can be constrained for mH masses

between 400 and 600 GeV. The strongest constraint is achieved for mH=450 GeV and

mhS = [60, 80] GeV, where the maximum allowed value for σ(pp → H → hS(bb̄)h(ττ))

is reduced by a factor of five by this search.
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Chapter 2

The Large Hadron Collider (LHC)

2.1 What is LHC?

The LHC (Large Hadron Collider) machine is a particle accelerator at CERN that

accelerates protons or ions close to the speed of light (c). In its name, “Large” refers to

its size, “Hadron” refers to protons or ions getting accelerated within the ring, and

“Collider” stands for a circular machine where collisions occur between accelerated

hadronic particles. It is the most powerful collider in the world. It is a 27 km ring of

superconducting magnets connected by a series of accelerating structures that raise the

energy of the particles as they move along the ring. It consists of two concentric beamlines

made up of quadrupole and superconducting dipole magnets. In the beam tube, it collides

high-energy hadrons circulating along the concentric beamlines in opposite directions.

LHC program started in 2009, and at a high instantaneous luminosity, proton-proton

collisions have occurred at the center-of-mass energies of 7 TeV (2011), 8 TeV (2012),

and 13 TeV (2015-2018).

2.1.1 Dipole magnet

As the LHC collides beams of particles with the same charge, the two beams must

have opposite magnetic dipole fields to make them collide. Because of the 3.7 m internal

diameter of the LHC tunnel, installing two completely separate proton rings is extremely

47
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difficult, which led to the use of a twin-bore magnet configuration with two sets of coils.

To bend the beam around a circular ring with a design center of mass energy of 14 TeV

for proton-proton collisions, 1232 dipole magnets with a peak dipole field of 8.33 T are

required. The superconducting dipole magnets of LHC use superfluid helium at 1.9 K

to cool the magnet’s Nb-Ti alloy coils to a superconducting state, allowing them to

generate the required magnetic field. Figure 2.1 shows the cross-sectional view of LHC

dipole magnet.

Figure 2.1: Cross-sectional view of LHC dipole magnet [26]

2.2 How does LHC work?

The CERN accelerator complex contains a chain of machines, as given in Fig. 2.2, that

sequentially increase the energy of injected particle beam. Before the beam gets injected

into the next machine, each machine accelerates the beam up to a certain energy limit.

The next unit increases the energy of the beam to a higher level than the previous one,

and so on. The LHC is the target element of this chain, where the beams are split
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into two different directions. The beams collide at their highest energies (beam velocity

becomes close to c) at LHC to produce interesting physics events.

The proton beam acceleration begins with a duoplasmatron source [99], which produces

protons by ionizing the hydrogen atoms. Protons with 90 keV energies from the duoplasmatron

source are sent to a radio frequency quadrupole (RFQ) cavity [100], where they are

accelerated to 750 keV. The protons are then accelerated to 50 MeV using a linear

accelerator (LINAC2) [101], after which they are injected into a booster ring. It boosts

their energy to 1.4 GeV. They are then transported to the proton synchrotron (PS) [102],

where their energy increases to 26 GeV. In the next step, beams are injected into the

super proton synchrotron (SPS). Here, they are accelerated to 450 GeV before being

injected into the LHC ring. In LHC, they are accelerated to their maximum energy (up

to 7 TeV per beam). Eight RFQ cavities around the LHC ring oscillate at 400 MHz and

use an electric field to accelerate each beam with a voltage of 2 MV per cavity.

There are two LHC run happened so far. They are known as Run-1 (7-8 TeV) and

Run-2 (13 TeV). For the Run-2 period, the important figures of the LHC are tabulated in

Table 2.1. With given 25 ns bunch spacing and 6.5 TeV beam energy the instantaneous

luminosity (L) of Run-2 is 1034 cm−2s−1. The event rate for a physical process with cross

section σ is given by,
dN

dt
= L.σ (2.1)

As a result, the number of events per unit time corresponding to that physical process

for a given data collection duration is proportional to the “integrated luminosity” L =∫
dtL. Figure 2.3a shows the integrated luminosity delivered by LHC for Run-1 (2011-

2012) and Run-2 (2015-2018) data-taking years. With a higher integrated luminosity,

the probability of the rare physics events increases; therefore, it helps to study the rare

physics signatures with more accuracy. However, during this bunch crossing, more than

one proton-proton collisions occur, so whatever collision is picked as an interesting event,

the contribution from other collisions is taken as a pileup effect. The pileup (PU) profile

for Run-1 and Run-2 is given in Fig. 2.3b, which shows how PU (labeled with < µ >)

varies with luminosity. PU suppression is one of the main challenges for any analysis.
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Various algorithms and techniques are used to mitigate PU. We will study this within

the Chapter 3.

Figure 2.2: Accelerator chain at CERN [27]

2.3 Goals of LHC

The discovery of the Higgs boson at CERN was the first step of LHC towards achieving

its goals. Still, there are many open challenges, as we studied in Chapter 1. Run-2

data at higher energy (almost double of Run-1 energy) and luminosity might help to

study rare signals that could solve open questions of SM. The searches are performed

in many sectors, e.g., Higgs physics, SM precision measurement, BSM signatures, B-

physics, quark-gluon plasma study, to name a few. At CERN, various detectors are used

to collect data for these searches. The construction of each detector is specific to its

physics goal. We will have a quick overview of all the detectors in the next section.
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Figure 2.3: Integrated luminosity and Pile-up profile for Run-1 and Run-2 [28]

2.4 Experiments at LHC

At LHC, linear and circular accelerators make proton beams collide with high energy to

produce a possible rare signal at a significant rate. At every collision point, a detector

works like a camera to capture the collisions with high resolution. This high-resolution

image information is obtained in different discrete pieces. It needs to join them using

various algorithms and techniques since the detector is not ideally efficient to catch the

signal. It combines background events with signal events. This makes it very tedious

work to separate an interesting event from the background events. At LHC, we have

four main experiments, known as ATLAS, CMS, ALICE, and LHCb. ATLAS and CMS

are the general-purpose detectors where SM measurements and BSM-specific studies are

performed using proton-proton collision data. ALICE detector uses proton-proton and

heavy-ion collision data to study quark-gluon plasma, an early universe state just after

the Big Bang. On the other side, LHCb concentrates on B-physics and CP-violation-

specific studies. Figure 2.4 shows the position of these experiments within LHC ring.

Our research work has used data collected by CMS detector. We will thoroughly study

it in the Chapter 3.
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Quantity Number
Circumference 26,659 m
Dipole operating temperature 1.9 K (-271.3C)
Number of magnets 9593
Number of main dipoles 1232
Number of main quadrupoles 392
Number of RF cavities 8 per beam
Nominal energy, protons 6.5 TeV
Nominal energy, ions 2.56 TeV/u (energy per nucleon)
Nominal energy, protons collisions 13 TeV
No. of bunches per proton beam 2808
No. of protons per bunch (at start) 1.2 ×1011

Number of turns per second 11245
Number of collisions per second 1 billion

Table 2.1: Important figures of LHC Run-2 program [7]

LHC

SPS

PS
  

p

pb

CMS

  ATLAS

LHCb

ALICE

Figure 2.4: Major experiments at LHC (image reproduced from Ref. [29])



Chapter 3

Compact Muon Solenoid (CMS)

Detector

One of the four major experiments at the LHC is the CMS detector [103]. It is a general-

purpose detector exploring a wide range of physics searches. A number of collaborating

institutes around the world have contributed for assembling the detector. During the

data-taking, the LHC instantaneous luminosity is very challenging task for detector.

With an instantaneous luminosity of about 2× 1034 cm−2 s−1, a peak pileup (PU) of

almost 50 extra pp-interactions is expected during collisions. This additional activity

raises detector occupancy while lowering detector performance.

In achieving the wide range physics goals, the main challenges for CMS are good

electron and muon detection, high trigger-efficiency and offline tagging of leptons and

jets associated with b quarks, good electromagnetic energy resolution and good dijet,

diphoton and dielectron mass resolution, and identification of missing transverse energy.

Apart from efficient readout electronics performance, by construction the detector is

prone to radiation damage, particularly in the forward regions.

The CMS coordinate system is right-handed as given with Fig. 3.1. The origin of the

CMS coordinate system is located within the detector, with the y-axis pointing vertically

upward, the x-axis pointing radially inward to the middle of the LHC ring, and the z-

axis pointing along the beam direction. The detector design can be understood using the

53
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spherical coordinate system where r is the distance from the z-axis, φ is the azimuthal

angle (measured from the x-axis in the x-y plane), and θ is the polar angle (measure from

the y-axis in y-z plane). The rapidity is defined, for a particle having momentum 4-vector

(E, px, py, pz), as ρ and in high energy limit rapidity converges to pseudorapidity (η) i.e.

(ρ → η ≡ −ln(|tan(θ/2)|) = 1/2 ln((p + pz)/(p − pz))). The transverse momentum is

defined as momentum projections on x-y plane and given as pT =
√
p2
x + p2

y. The usage

of η and pT at hadron colliders is motivated by the facts that the difference between

pseudorapidity is a Lorentz-invariant quantity and beams enter along ±z-axis within the

detector; therefore, the transverse component for colliding particles is zero. So after the

collision, all outgoing particles should have the sum of transverse momenta equal to zero

by following the momentum conservation law.

The schematic diagrams of the CMS detector and its workflow is given in Fig. 3.3.

The description of each CMS subdetector part is given in the next section.
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Figure 3.1: An illustration of the CMS detector with spherical co-ordinate system (image
reproduced from Ref. [17])
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3.1 Components of the CMS detector

The CMS detector collects data information using its subdetector components. The

output information from each subdetector is further used to identify the final state. The

overview of the CMS subdetectors (Fig. 3.2) is given by following subsections.

3.1.1 Superconducting magnet

A complex arrangement of niobium-titanium (Nb-Ti) coils, capable of carrying a current

of 19.5 kA and cooled by liquid helium, works as a superconducting solenoid magnet and

generates a 3.8 T magnetic field. This magnet has an inner diameter of 6 m and a length

of 12.5 m. The tracker and calorimeters are entirely contained inside it. It is the main

feature of the CMS detector, which bends the path of charged particles while passing

through the magnetic field. The curvature of the path within the tracker depends on the

energy and mass of the charged particle. It helps in particle identification and provides

good momentum resolution. A 14 m iron return yoke surrounds the magnet coils and

returns the magnetic flux before the muon chamber.

3.1.2 Tracker (TRK)

The CMS tracker [104] is mainly designed to precisely determine the trajectory of charged

particles within the magnetic field and distinguish the primary and secondary vertices of

an event. The tracker (used up to 2016 data-taking period with CMS phase-0 detector)

can be divided into two subsystems; a pixel detector that ranges radially from 4.4 cm to

10.2 cm away from the beamline and a silicon strip detector covering the radii between

20 cm and 116 cm. The silicon modules cover a pseudorapidity range of |η| <2.5 and

have a total active area of more than 200 m2.

The pixel detector is the closest part of the tracker to the collision point and divided

into 66 M n+ pixels with a scale of 100 µm by 150 µm that are implanted into an n-type

bulk with a thickness of 285 µm and a p-type backside. The barrel region of the detector

has three layers with radii of 4.3 cm, 7.2 cm, and 11 cm, and two discs on either side of
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the barrel (endcap regions) with radii of 34.5 cm and 46.5 cm from the interaction point.

Each of the 15840 readout chips (ROC) in the pixel detector reads an array of 52 by

80 pixels. The ROCs are organized into modules, with 1312 readout links transmitting

data. In 2017, pixel layers were increased up to four [105] during phase-1 upgrade of

CMS detector. It increased tracker acceptance from pseudorapidity 2.4 to 2.5. The

upgrade results in better momentum resolution and helps in all the track-based object

identification algorithms explained in Section 3.5. The general design of pixel detector

is similar to phase-0 pixel detector. The additional layer in phase-1 pixel detector uses

chips based on column-drain readout architecture. The chips can handle hit rates up to

600 MHz/cm2.

The silicon strip detector surrounds the pixel detector completing the tracking system.

It is segmented into 9.6 M p+ strips implanted into n-type bulk with 320 µm (500 µm)

thickness in the inner (outer) layers and n-type backside. The pitch of strips ranges 80–

205 µm. The detector has ten tracking layers (4 inner and 6 outer layers) in the barrel

area, covering radii of 25 cm to 110 cm and a z-axis of up to 120 cm. It also contains 12

disks (3 inner and 9 outer) in the endcap region with radii up to 110 cm and in z-axis up

to 280 cm. Stereo modules are mounted in four layers in the barrel and multiple layers

in the endcap regions, allowing for 2D measurement. Two silicon sensors are installed

back-to-back in these modules, with their strips aligned at a 100 mrad relative angle.

Both the tracker subdetectors are read using a set of analogue electronic and optical

links that can send absolute pulse height and pixel coordinates. All data processing for

the strips takes place in off-detector electronics.

Given the LHC collision conditions, the main challenges for the tracker system are

granularity, response time, and radiation hardness. It helps to detect the charged

particles by constructing their trajectory and measuring their momentum.

3.1.3 Electromagnetic calorimeter (ECAL)

The CMS has a homogeneous electromagnetic calorimeter (ECAL) [30, 106] made of

fine-grained 75,848 lead tungstate (PbWO4) crystals, just outside of the tracker system.
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The homogeneous medium minimizes the sampling fluctuations and provides a better

energy resolution for photons and electrons. It is highly transparent and scintillates as

electrons and photons pass through it. In other words, it generates light in proportion to

the particle’s energy. The crystals emit 80% of their light in less than 25 nanoseconds,

which is the nominal time between successive bunch crossings at the LHC; this satisfies

the requirement for quick detector response under LHC conditions. Since the light yield

of PbWO4 is temperature-dependent, a cooling system is needed to keep the crystals at

∼18 degree Celsius. The photo-detectors are used to detect this scintillated light and

covert it into an amplified electric signal.

The crystals are arranged in barrel region (EB), covering pseudorapidity up to |η| =

1.48, and in two endcap regions (EE), covering |η| =3.0. EB has a crystal length of

230 mm (220 mm in EE) with 26 (25) radiation lengths. The crystals on the front face

have a transverse dimension of 2.2×2.2 cm2 in EB (2.86×2.86 cm2 in EE). The total

volume of the crystal is 11 m3, and its weight is 92 t. The barrel calorimeter is divided

into 36 supermodules, each with 1,700 crystals. The endcaps are divided into two dees,

each with 3,662 crystals.

The photon separation is improved by a preshower detector (ES) based on lead

absorber and silicon strips sensors (4,288 sensors, 137,216 strips, 1.9061 mm2 with x-

y view) mounted in front of the endcaps at 1.65< |η| <2.6. The ES has a cumulative

thickness of around three radiation lengths. It resolves the highly collimated photon-

pairs coming from the light and short-lived π0−meson decay, which is not possible to

resolve using ECAL.

The ECAL energy reconstructions are crucial for the rare physics searches with final

states having charged leptons and photons, e.g., H → γγ, H → ZZ → 4l or many

others.

3.1.4 Hadron calorimeter (HCAL)

Hadron calorimeter [30, 107] completes the CMS calorimetric systems. It is a

sampling calorimeter which uses alternating layers of absorber and fluorescent scintillator
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materials. HCAL determines a particle’s location, energy, and arrival time as the particle

passes through calorimeter. The scintillating light is collected by special optical fibres

and fed into readout boxes, where photo-detectors amplify the signal. The total amount

of light in a given area, known as tower, is a measure of a particle’s energy which is

summed up over several layers of scintillator tiles in depth. HCAL also consists of two

parts: the barrel region (HB) and the endcap region (HE).

The sampling calorimeter is made up of the active material (4 mm thick plastic

scintillator tiles) placed between copper absorber plates. The absorber plates are 5 cm

thick in the HB region and 8 cm thick in the HE region. The active elements are read out

using wavelength-shifting (WLS) plastic fibres. The depth of the barrel HB is around

79 cm or 5.15 nuclear interaction length.

The CMS also uses a separate forward calorimeter (HF) 6 m downstream of the HE

endcaps. It extends the hermeticity of the central HCAL system to a pseudorapidity of

5.0 (as needed for an excellent missing transverse energy measurement). Quartz fibres

are used as the active medium, and they are contained in a copper absorber matrix. It is

specifically sensitive to Cerenkov light from neutral pions due to the quartz fibre active

element. As a result, it has the unique and attractive property of providing a highly

localized response to hadronic showers.

Along with measuring the energy of hadrons, HCAL also allows the detection of

non-interacting and uncharged particles as missing transverse energy (MET). Measuring

these particles is crucial because the measurement can reveal whether new particles have

formed, such as the supersymmetric particles (much heavier versions of the standard

particles). The decay products of these new particles leave no trace of their existence

in any part of the CMS detector. To detect them, the HCAL must be hermetic, which

means it must catch any particle that emerges from the collisions to the greatest extent

possible. We can deduce the existence of the invisible particles if we see particles fly out

one side of the detector but not on the other side, with an imbalance in momentum and

energy. More about MET reconstruction has been explained in Section 3.4.2.
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3.1.5 Muon chamber

As the name of the detector “Compact Muon Solenoid” indicates, muon physics is a vital

task for CMS. Muons are the charged leptons similar to electrons but 200 times heavier

than electron mass. Despite being a charged particle, it can penetrate the detector for

several meters as it does not interact and deposit energy within calorimetric systems.

Therefore, the outer part of the detector is entirely covered by muon chambers [30, 108]

to detect muons, almost the only surviving particles till the range of the muon chambers.

There are four muon stations outside that solenoid and interleaved with iron return yoke

plates. They are used to reconstruct the hits made by muons while passing through

them. Muon also leaves hits within the tracker. The strong solenoidal magnet field

bends the muon track which helps in measuring muon’s momentum. The hits within the

tracker are combined with hits within the muon champers for high energetic muons.

The muon system contains gas ionization chambers. There are 1400 chambers in

total. The 250 drift tubes (DTs) and 540 cathode strip chambers (CSCs) monitor the

particles’ positions and provide a trigger, and 610 resistive plate chambers (RPCs) form

a redundant trigger network that quickly determines whether or not to hold the muon

data acquired. All these components are robust and capable of suppressing background

noise. The muon barrel (MB) region contains RPCs and DTs, while the endcap contains

RPCs and CSCs. The arrangements depend on the muon rate in MB (low rate) and ME

(high rate) region.

The DTs cover the pseudorapidity region |η| <1.2. They can reconstruct the muon

track from its hits within the stations with excellent time resolution and efficiency. A

gas mixture of 85% Ar+15% CO2 is surrounded by a gold-plated stainless-steel anode

wire in each cell, resulting in a drift time of 380 ns.

The CSCs cover a pseudorapidity region 0.9< |η| <2.4. In each endcap, the 468

trapezoidal CSCs are arranged into four stations. Six anode planes are interleaved

among seven cathode panels in each chamber, with wires running azimuthally. The

ME chambers uses a gas admixture of 50% CO2 + 40% Ar and 10% CF4.

The RPCs are interspersed in both the MB and ME covering |η| <1.9 region. The
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RPCs are made of two resistive Bakelite plates separated by a gas volume. They provide

an independent triggering system and a fast response with good time resolution (less

than 25 ns) for muons.

18/04/2021 RetrieveFile (3178×2245)

https://cms-docdb.cern.ch/cgi-bin/PublicDocDB/RetrieveFile?docid=12038&filename=CMS_SketchUp.png&version=1 1/1

Figure 3.2: Components of the CMS detector [30]
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3.2 Collecting and collating the data

The data collection is a very important step of the CMS detector. The amount of the

collision data is too huge to store everything. That is why identifying only interesting

events and storing them is very crucial. In this section, the workflow of the CMS detector

is explained. After following it, the data are used for any analysis.

3.2.1 Pattern recognition
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Figure 3.3: Pattern recognition within the CMS detector [30]

The main virtue of any new physics signal event is that its final decay products carry

different kinematics properties. These properties are used to identify the event and to

decide if it has something interesting to analyze. However, there is always a probability

for background events to mimic the signal. This is something we have to deal with while

doing any analysis.

Every different particle leaves a different pattern within the subdetector depending

upon the interactions with its components. Based on this pattern, the objects are
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recognized and used at the trigger level to decide if they should be discarded or not.

Also, to avoid mixing of particles from two events, detectors must have a high time

resolution, and signals from millions of electronic channels must be synchronized so that

they can all be detected as coming from the same event.

The main final state objects are photons (γ), electrons (e), muons (µ) and hadrons. In

Fig. 3.3, the pattern of interactions of each object is shown. All the charged particles leave

(e, µ, charged hadrons) the curved tracks within the tracker while passing through the

strong magnetic field. They further deposit the energy within the calorimetric systems,

while neutral objects (γ, neutral hadrons) only deposit energy within the calorimetric

systems. Within the ECAL, the electrons and photons deposit the energy, but hadrons

hardly deposit any energy. Hadrons only interact within HCAL and lose all their energy.

3.2.2 Trigger system

L1-Trigger

     HLT

Detectors

Front-end 
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Figure 3.4: Flowchart of CMS trigger system (image

reproduced from Ref. [31])

At LHC, the proton-proton collision

occurs at very high luminosity,

which leads to producing a rare

physics signal at a good rate.

However, most of the collisions

are soft (low energy), so they

do not produce any interesting

physics event. Also, The size

of each event is around 1 MB,

and the frequency of collision is

40 MHz, i.e., 40 TB data per

second get generated during the

collision. Considering the fact

that in this huge data collection,

only a few events are of physics

interest, a trigger system is used to select potentially interesting events. Only this
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fraction of data is stored on a computer disk for subsequent analysis. The full trigger

system decreases the rate of interesting events to 1k per second. A series of trigger

levels are used to achieve this. The detector stores all of the data from each crossing in

buffers. A small amount of key data is used to perform a fast, approximate calculation

to identify features of interest such as high-energy jets, muons, or missing energy. The

levels are known as “L1-trigger” or level-1 trigger and “HLT” or high level trigger as

given in Fig. 3.4.

3.2.2.1 L1-trigger

The L1-trigger is based on hardware. It uses a rapid and completely automated method

that scans the basic signs of interesting physics, such as particles with high energy or

rare combinations. From the billion events, 100k events are selected at this level with

a latency of few microseconds using a simplified readout of the calorimeters and muon

subdetectors.

A simple schematic for CMS L1-trigger is given in Fig. 3.5. The trigger primitives

(TP) from ECAL and HCAL as well as muon detectors (drift tubes (DT), cathode strip

chambers (CSC), and resistive-plate chambers (RPC)) are processed in several steps

until the combined event information is evaluated in the global trigger (GT). After this,

a decision is made to accept the event. A regional calorimeter trigger (RCT) and a

global calorimeter trigger (GCT) make up the L1 global calorimeter trigger (GCT). The

RCT receives the transverse energies. The RCT processes this data in parallel and sends

objects and their energy information as outputs. The GCT sorts the objects using their

energy information and classified them as isolated, non-isolated, central, forward jets,

and several global quantities (Emiss
T ).

To ensure good coverage and redundancy, each of the three muon detector systems

participates in the L1 muon trigger. The front-end trigger electronics of DTs and CSCs

identify tracks (hits) and transmit them in regional track finders. They further identify

muons based on pattern recognition algorithms and measure their energy. In the overlap

region of the DT track finder and CSC track finder, the information is shared for efficient
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coverage. For RPC hits, the information is sent to pattern comparator trigger logic

boards via front-end electronics that identify muon candidates. The three regional track

finders sort the muon candidates that have been detected and send them to the global

muon trigger (GMT) with their pT and position information. The GMT then combines

muon candidates identified by multiple systems to exclude candidates that pass multiple

muon triggers. The GMT also conducts a consistency assignment so that candidates

can be rejected at the final trigger stage if their quality is poor and they can only be

reconstructed by one muon track finder.
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Figure 3.5: Overview of the CMS L1 trigger

system. The information from the GCT and GMT

is combined in a global trigger (GT), which makes

the final trigger decision. This decision is sent to

the tracker (TRK), ECAL, HCAL or muon systems

(MU) via the trigger, timing and control (TTC)

system. The data acquisition system (DAQ) reads

data from various subsystems for offline storage after

HLT decision. MIP stands for minimum-ionizing

particle. [32]

The global trigger (GT) completes

the CMS L1 trigger scheme by

implementing a menu of triggers,

a set of up to 128 selection

requirements applied to the final

list of objects required by the

HLT algorithms to satisfy the

physics data-taking objectives.

3.2.2.2 High-level trigger (HLT)

The HLT is made of software

farm that runs on scientific Linux

systems. The event selection

process at the HLT is as similar

as it is done in offline processing.

It reduces the event rate down

to 100 Hz. Objects such as

electrons, muons, and jets are

reconstructed for each event, and

identification criteria are used to

select only interesting events for
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data analysis. After the HLT

level selection, the data is stored

on tape for the analyses.

In HLT operation, the data from the readout buffers are sent to a processor farm

with 16000 CPUs. This trigger level is made up of a series of increasingly complex filters.

The filtering process uses the complete detector information from all the subdetectors,

starting from reconstruction to selection. In simple words, the HLT considers full data

events to decide if the event should be kept or not. In order to create datasets with

different physics signatures, the final stage of HLT processing involves the reconstruction

and event filtering. The time duration it takes to process an event varies depending on

the algorithms used. The average time between events is about 60 ms, but some events

can take up to a second.

3.2.3 Data analysis

Data events that pass the triggering stages and have been taped are duplicated using the

Grid to additional storage sites worldwide for easy access and redundancy. Even after

trigger selection, CMS produces huge amount of data that is handled by a distributed

grid computing and data storage infrastructure. The computing centres available to CMS

around the world are distributed and configured in a tiered architecture that functions

as a single coherent system. Each of the three tier levels provides different resources

and services. The T0-tier accepts RAW data from the CMS Trigger System and repack

them to tape and send their copy to all tier T1. Prompt calibration and reconstruction

is also performed at T0 and saved in RECO format. RECO is also copied to T1. From

RECO to AOD/miniAOD format, only skimmed information of final state objects is

saved. From T1, only miniAOD format is copied to T2 which is accessible to perform

any analysis. Physicists may then use the Grid to access the data from T2 and run their

analyses.
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3.3 CMS simulation tools

The simulation plays a fundamental role in data analysis to perform any measurement

or extract any relevant physics parameter. It consists of complete information on the

physics process used for event generation and corresponding particle content. For event

generation, Monte-Carlo (MC) based event generators are used. They use numerical MC

based techniques to produce collisions at the high energy as they occur in detectors. The

MC event generators provide a complete picture of the collision process from initial to

final stages, including the strongly inelastic interaction, the radiation process, parton-

hadronization, and the underlying event description. After the physical events are

produced using information from theoretical models incorporated into the generator,

the effects that a detector introduces into the basic theory must be considered. The

choice of event generator depends on the physics process.

In simulation each event has a weight that corresponds to its differential cross

section. Having equal weights for every event in simulation produces natural distributions

as observed in collision. While generating events at NLO order, the infra-red (IR)

divergences in the real-emission corrections and virtual corrections are taken into account

using IR subtraction method. The contribution of the soft singularities makes the

matrix element of real-emission finite. Therefore, the method adds a subtraction term

to make virtual corrections finite. The events are generated separately for Born and

real-emission phase space. For the events simulating real-emission, weights become

negative if simulation over-estimates real-emission matrix element. The negative weights

contributes as the negative differential cross section term for real-emission. This results in

reduction of effective simulation statistics. Generally the fraction of events with negative

weights is small, but still problematic while doing higher order calculation that requires

more computational sources per event. Therefore, the event generators that take care

of the negative weights issue are used for NLO order event generation [109, 110]. CMS

physics simulations are mostly based on the following event generators:

MadGraph: MadGraph [111] generates the matrix element for the multi-particle

final state process. The updated version allows for matrix element calculations at NLO
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accuracy (controls theoretical uncertainty) and provides a technique for parton shower

matching. Depending upon the Lagrangian of any renormalizable or effective theory, it

can generate events for any physics process predicted by that theory.

PowHeg: PowHeg [112, 113] also produces NLO-accurate calculations of the hard

scattering subprocess. PowHeg uses a condition in cross section calculation that do

not consider events with negative weights in calculation. The Refs. [110, 114, 115] have

detailed description of PowHeg NLO calculations.

Pythia: The Pythia [116] is a standard tool for the generation of events in high-energy

collisions, which works for various SM and BSM processes. It contains the models of

hard processes and initial- and final-state parton showers, matching and merging methods

between hard processes and parton showers, multiparton interactions, beam remnants,

string fragmentation, and particle decays.

The last step of the simulation process is to pass the generated events through the

detector response simulation. In CMS, it is done using Geant4 [117] toolkit. The

detector simulation includes the detector geometry, particle interactions with detector’s

materials, magnetic field effects, real conditions during detector operation, and electronic

readout. The additional pp-interactions (pileup) during collision are also super imposed

to the event at hit level using pileup mixing module. The module deals with a

sequence of bunch crossings to properly simulate the contributions affecting the in-time

bunch crossing. The next step in the event is modeling the response of the detector

readout electronics, which is also known as Digitization. The digitized signal is further

reconstructed and use for physics analysis after skimming steps.

Most of the aspects of simulations are integrated with standard analysis software known

as CMSSW [118]. The MC events are reconstructed using the same methods used for

real data, allowing for a consistent comparison between the data and the simulation. We

will briefly study these reconstruction algorithms in the next section.
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3.4 Object reconstruction and identification

algorithms

The event reconstruction within CMS is performed using two steps. The first step is to

reconstruct each object with a particle flow algorithm, whether they are leptons, jets or

missing energy.

After the collision, particles enter the tracker after leaving the beam interaction point,

where signals (hits) in the sensitive tracker layers are used to reconstruct charged-particle

trajectories (tracks) and origins (vertices). The tracker is embedded in a magnetic field,

which bends the trajectories and allows for measuring charged particle electric charge

and momentum. ECAL absorbs electrons and photons as they pass through it. The

corresponding electromagnetic showers are observed as energy clusters in neighbouring

cells, which are used to calculate the particle’s energy and direction. Hadrons, both

charged and neutral, may induce a hadronic shower in the ECAL, which is then fully

absorbed in the hadron calorimeter (HCAL). The energies and directions are calculated

using corresponding clusters. Muons and neutrinos pass through the calorimeters with

very few interactions. Muons generate hits in the muon detectors, located outside the

calorimeters, while neutrinos escape undetected.

All the above information from subdetectors are basis of CMS reconstruction

algorithms.

3.4.1 Tracks and Primary Vertices (PV) reconstruction

For any data analysis, it is essential to understand how the tracks and origin of every

physics process (also known as primary vertex) can be identified dealing with the large

PU interactions. A detailed procedure of CMS tracks and vertex reconstruction is given

in Ref. [119].

Tracks are essential for determining the production vertex of charged particles and

measuring their momenta. For their reconstruction, firstly, the hits within the pixel and

strip detectors are determined. They estimate the momentum and position parameters
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(longitudinal and transverse parameters) of the particles. For this estimation, tracking

software called combinatorial track finder (CTF) is used.

The CTF reconstruction method computes six iterations in total. Tracks with

pT >0.8 GeV and three pixel hits originating near the nominal interaction point (beam

spot) are chosen in the first iteration. Tracks with just two-pixel hits are chosen in the

next iteration. The subsequent iterations are used to find tracks that originate far away

from the beam location and new tracks that were not discovered previously. It should

be stated that at the start of each iteration, the previous iteration’s hits are no longer

taken into account.

After these iterations, track fitting is performed to determine trajectories of the

particles and smoothen the track path. After fitting, the final track is selected based on

the quality of the fit by checking χ2 of the track fit, the number of hits and missing hits

in the track.

Primary vertex reconstruction depends on the selected tracks where it finds a common

meeting point (vertex) among a set of tracks. It aims to determine the position and

associated uncertainty of all proton-proton interaction vertices, including the signal

vertex and any vertices from pileup collisions. It consists of three steps:

(1) Tracks selection

(2) Clustering of tracks originated from the same interaction vertex

(3) Track fitting for each vertex’s location using its corresponding tracks

Among the fitted vertices, one with the largest square-sum of the transverse momenta

of all tracks is considered the hardest scattering interactions or the “primary vertex”.

Other vertices are treated as PU vertices. The vertex-finding algorithms differ depending

on the physics study.

3.4.2 Particle Flow (PF) algorithm

The PF algorithm aims to classify and reconstruct all of the particles from a collision

by integrating the information from the various subdetectors in the most optimal way.

For each collision, the set of the identified and reconstructed particles (PF candidates)
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by the algorithm provides a global event description that leads to phenomenal CMS

performance for jet and τ hadronic decay reconstruction, MET determination, and e and

µ identification. This method also identifies particles from PU interactions; therefore, it

is used to build efficient PU mitigation techniques.

Any physics study is conducted purely based on final decay products, including the

features of the physics process. In this part, we study how the PF algorithm works for

final observable states that leave signals in the detector.

• Electron (e) and Photons (γ): Nearly all of the energy of electrons and photons

is deposited in the ECAL, where electrons also create hits in the tracker layers.

Extrapolation from the last measured hit in the tracker to any cluster in the ECAL

is used to link them. The signals in the ECAL crystals are reconstructed by

subtracting the PU contributions. This technique has been used for both the HLT

and offline event reconstruction during the entire LHC Run-2 data-taking period.

While travelling through the tracker material in front of the ECAL, an electron

can emit bremsstrahlung photons, and a photon can convert to an electron-positron

pair, producing the shower in the tracker. A dedicated algorithm is used to combine

the clusters from the individual particles into a single object that recovers the

energy of the primary electron or photon. For energy reconstruction, first, energy

is clustered around the group of ECAL crystal having one of the highest energy

deposited in any specific region, with a minimum transverse energy of 1 GeV. After

clustering, to include bremsstrahlung and photon conversions, losses are included

and called superclusters. The curvature of the tracker is also impacted by the

trajectory of an electron losing momentum by emitting bremsstrahlung photons.

All reconstructed tracks are tested for compatibility with an electron trajectory.

A dedicated algorithm is used to select generic tracks originated from the photon

conversion process in the tracker. All these ECAL clusters, superclusters, electrons

tracks, tracks from photon conversion are used as input to link this element into

a block of particles. Starting from electron tracks or superclusters, respectively,

the blocks are divided into electron and photon. At this point the supercluster is
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called a refined supercluster. A further track selection criteria are applied to these

object to reconstruct “PF electron”. Without passing this selection, the particle is

labelled as “PF photons”.

• Muons (µ): Muons are reconstructed using information from the tracker and the

muon systems in CMS [120]. The reconstruction is performed with three following

methods:

– The local reconstruction is the first step in the muon reconstruction chain.

First, digitized electronic signals are used to recreate hits in DTs, CSCs, and

RPCs. Hits are then matched within each DT and CSC chamber to form

segments (track stubs) using the Kalman filter method. The reconstructed

muons are labelled as “standalone muons”.

– A search is performed for tracks that fit each standalone muon track among

those reconstructed in the inner tracking system, with the best-matching

tracker track being chosen. The track fitting, using all hits in both tracks,

is performed for each tracker track-standalone muon pair, again using the

Kalman filter technique. The result is a collection of objects referred to as

“global muons”.

– Tracker muon tracks are built from the inner tracker trajectory reconstruction.

The tracker-muon algorithm is beneficial for identifying low-pT muons that

may not leave enough hits in the muon stations to be reconstructed as a

standalone muon. Tracker muons should not be used without additional

specifications because the default conditions for tagging a tracker track as

“tracker muon” are pretty loose.

The resulting muon candidate collections are used as input for PF muon

identification. The PF muon reconstruction has been fine-tuned to distinguish

muons within jets with high accuracy, resulting in a low rate of false positives due

to misidentified charged hadrons.
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• Jets and Missing Transverse Energy (MET): As the collisions occur at the

high energy the process may end up with having partons in the final state carrying

colour charge. Since they can not exist in a free state, they hadronize to produce

stable colourless hadrons as a result of QCD confinement. The produced hadrons

appear to move in the same direction as its origin parton, creating collimated

bunches of particles known as jets. After the identification of muons, electrons, and

isolated photons and their extraction from the PF blocks, the remaining particles

to be detected are hadrons originating from jet fragmentation and hadronization.

The jets are reconstructed by placing their components together using various

algorithm that follows collinear and infrared safety principles [121]. A final state

parton from hard-scattering and hadrons can have multiple collinear splitting or

soft emissions which create infrared collinear (IRC) divergences. In theory, these

divergences get cancel out with one order loop correction. But this cancellation

does not happen within jet algorithm. If algorithm is not IRC safe, it will result

in unrealistic infinite cross-section. Also, jet defined by any algorithm should be

invariant of choice of algorithm.

The anti-kT algorithm and Cambridge/Aachen (C/A) are the two of them [122].

The C/A algorithm is based on sequential recombination. It combines the closest

particles with a condition on the distance of two particles. The clustering process

uses distances dij between particles i and j and diB between particle i and the beam

(B). The clustering proceeds by identifying the smallest of the distances and if it

is a dij recombining particles i and j, while if it is diB calling i a jet and removing

it from the list of particles. The distances are recalculated and the procedure

repeated until no particles are left. The general definition of the distance measures

is given as:

dij = min(k2p
ti , k

2p
tj )

∆2
ij

R2 and diB = k2p
ti

where ∆2
ij = (yi − yj)

2 + (φi − φj)
2. The kti, yi and φi represent the transverse

momentum, rapidity and azimuthal angle of the particle i, respectively. The R

represent the jet clustering distance parameter. The C/A algorithm uses p = 0 in



3.4. Object reconstruction and identification algorithms 73

dij and diB for jet clustering.

On the other hand, anti-kT can be considered the generalized version of the C/A

algorithm. It uses p = −1 for distance measure. Therefore, distance measure is

taken as dij = min( 1
k2ti
, 1
k2tj

)
∆2
ij

R2 for jet clustering. The algorithm allows clustering

of the hard particles. First, it identifies the highest energetic particle and grows a

jet around that particle. Since the algorithm involves a combination of energy and

angle in its distance measure, hence it becomes IRC-safe growth. The achievement

of anti-kT is that it gives circular-shaped jets without using a cone-based jet

algorithm. The anti-kT algorithm is widely used to define a set of collimated

particles as a PF jet. The spread area of the jet is given in terms of jet distance

parameter R. The value of R depends on the collision energy. For the boosted

scenario where hadrons get produced at very high energy, it is hard to separate the

particles from two different hadronic processes. Therefore, the bunches of particles

from the hadrons are merged and reconstructed using a large R in the algorithm.

They are called fat or large jet.

At 13 TeV, CMS generally uses AK4 PF jets, i.e., anti-kT jets clustered with

distance parameter R = 0.4. For large area jets, the value of R is taken 0.8,

and they are called AK8 PF jets. Despite the excellent functionality of the jet

clustering algorithm, we get discrepancies between the energy of partons and the

reconstructed energy of jets due to the efficiency and acceptance of the detector.

That is why jet energy calibration (JEC) and jet energy resolution (JER) are

applied on the reconstructed jets including uncertainty associated with them [123].

The MET is identified as momentum imbalance in the transverse direction and

defined as the negative vector/scalar sum of the transverse momentum of the

reconstructed PF objects in the event [124, 125]. It originates from weakly

interacting neutrinos or any BSM particle that hardly leaves any sign within the

detector. Since W bosons, top quarks, and tau leptons may decay into neutrinos,

CMS uses MET to reconstruct them. Furthermore, several BSM physics models,

such as dark matter models, supersymmetric models, and models with warped
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extra dimensions, predict the presence of particles that might be invisible and can

carry momentum. Accurate MET reconstruction is complex because it requires the

precise reconstruction of all visible particles in an event. The CMS detector meets

these requirements with its highly granular electromagnetic calorimeters, hermetic

hadronic calorimeters, redundant muon systems, and silicon trackers in a strong

magnetic field.

There are two types of PF Jets used in CMS analyses. For PF CHS (Charged

Hadron Subtraction) jets, charged particles from non-primary vertices (pileup)

are removed before clustering. Another one is PF PUPPI (Pile-Up Per Particle

Identification) jets which use the PUPPI [126] algorithm. It is explained in detail

within Section 3.5.6. Apart from PF jets and PF MET, Calo jets/MET and

TRK jets/met is also used for various studies. Calo objects are reconstructed

using the energies in calorimeter towers, and their direction and TRK objects are

reconstructed using hits information from the inner tracker.

3.5 Other object specific algorithms

Once we have objects reconstructed and identified with the PF algorithm, specific

algorithms are applied depending upon the analysis final state to discriminate the object

contribution coming from similar background final states. These algorithms are based

on the energy of the physics process, type of final state and how stable decay product

behave within the detector.

For example, a jet can be originated from a light quark or a heavy quark. In both

conditions, it leaves different signs in the detector. Similarly, a new physics originated

photon or lepton will have some features to build a discriminator to remove the fake

object contamination.

We have worked in the boosted scenarios for HL-LHC projection studies. The boosted

Higgs jet tagging (H tagging using n-subjettiness) with subjet (jet within a large area

AK8 jet) b tagging for H → bb̄ handle is used. PUPPI and jet grooming algorithms
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remove the soft and pileup contributions.

For the project with real data in Chapter 5, we have b jets and photons in the final

state. To identify and discriminate them from background objects, neural network-based

b tagging discriminant and multivariate method (MVA) based photonID have been used.

The following subsections explain only those algorithms which are specifically used within

the thesis Chapters 4 and 5:

3.5.1 Jet b tagging

As the name reflects, b tagging aims to identify a heavy quark jet from a light quark

jet. Identification of the origin of jets is critical for studying and characterizing different

channels, such as top quark/Higgs boson events and a variety of new physics scenarios.

The long lifetime, high mass, and large momentum fraction of b hadrons and the existence

of soft leptons from semileptonic b hadron decays are used to develop CMS b tagging

algorithms.

PV
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Tracks

Jet 
direction

B-hadron

Lifetime (𝜏) ~ 1.5 ps

Mass ~ 5 GeV

High Track Multiplicity

Flight D
istance

B

Figure 3.6: An illustration of B-hadron decay and corresponding Impact parameter (IP)
(image motivated from Ref. [33])
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Semileptonic decays of b hadrons give rise to b jets that contain a muon. A cascade

decay of b → c → l also gives muon in the final state. Since the CMS muon systems

identify the origin of muons with high efficiency and resolution, this information helps

to tag the b jets.

Due to long lifetime, b hadron travels within tracker, and the point, it decays, is

called the secondary vertex (SV) shown in Fig. 3.6. The distance between PV and SV is

called flight distance. With the high resolution of the CMS tracking system, it is possible

to reconstruct the SV. In the SV vertex finding process, the tracks associated with PV

are not considered.

The distance of the closest approach of a track to the primary vertex is known as

impact parameter (IP) given in Fig. 3.6. IP’s sign is positive/negative if the track

passes closest to its associated jet direction down/upstream of the PV. It is calculated

in three-dimension, which benefit from the good x-y-z resolution from the pixel detector.

IP is a Lorentz invariant parameter. Due to the long lifetime, the IP from b jets is

mostly positive, while for light jets, the impact parameter remains symmetric around

zero. A tight selection on impact parameter helps to reject the tracks associated with

the background process.

The important variables for b tagging algorithms are IP significance of the tracks,

the position of the secondary vertex and transverse momentum of muon with respect

to jet direction. CMS used jet-probability (JP) (uses impact parameter significance

of the tracks) and combined secondary vertex (CSVv2) (combines the information of

displaced tracks with the information of secondary vertices associated with the jet using

a multivariate technique) taggers during Run-1 [127]. For Run-2, the new versions of

the b tagging algorithms known as DeepCSV and DeepJet have been developed using

deep neural network (DNN) [128] training.

DeepCSV and DeepJet: DeepCSV uses input tracks and secondary vertex

information similar to JP and CSVv2 taggers including track-variables up to six tracks,

pT , η information of all flavour jets to learn the correlation between jet kinematics and

other input variables. The DNN training is performed using jets with pT up to 1 TeV and
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within the tracker acceptance. A mixture of tt̄ and multijet events is used so that training

could learn about heavy flavour and light flavour jets and discriminate them. The neural

network uses four hidden layers that are fully connected. A normalized exponential

function is used to activate the nodes in the last layer so that the output value can be

interpreted as a likelihood/probability P(f) for a specific jet flavour category. There are

five such categories known as jet having one b hadron P(b), at least two b hadrons P(bb),

one c hadron without any b hadron P(c), at least two c hadrons without any b-hadron

P(cc) and not any b/c hadron P(udsg). A b discriminator P(b)+P(bb) is combined to

tag a b jet in physics analyses. The performance of DeepCSV improves with the 2017

and 2018 data-taking years.

Apart from DeepCSV, CMS has developed one more DNN based b tagger

DeepJet [34] which uses PF candidates as input, which results in similar and better

performance for 2016, 2017 and 2018 data-taking years. Unlike DeepCSV, it has seven

output categories. Four are similar to DeepCSV. The rest of the three (P(lepb), P(g)

and P(uds)) discriminate against b jet having lepton or jet originating from gluon or

light quark. The difference between both DNN based b taggers is explained in Fig. 3.7.
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Figure 3.7: DeepJet and DeepCSV b taggers [34]

Within an analysis, we can use either a selection on b discriminant or full shape of

b discriminant. The selection is applied depending upon the Loose, Medium or Tight
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working point corresponding to 10%, 1% or 0.1% misidentification probability or mistag

rate. While using b tagging algorithms, we need to consider how much differently the

algorithms behave for jets reconstructed in simulations and data. For this purpose, CMS

provides the scale factors (SFs) to

(a) correct separately for the final yield of jets tagged as heavy or light flavour (working

point-based calibration), or

(b) correct for the whole shape of the discriminator (shape calibration or reshaping), if

the analysis needs it (for example, as an input to MVA training).

The SFs of a jet depends on its flavour, pT and η (and jet discriminator value for

reshaping). Depending upon the properties of the jet, SFs are calculated and applied to

simulations to minimize discrepancy with data.

The approach of tagging a b jet in a boosted regime is different from general AK4 b

jet tagging. We will study it in Section 3.5.5 after going through the Higgs jet tagging

methods for the boosted H → bb̄ process.

3.5.2 b jet energy regression

The b jet composition contains leptons and neutrinos. Due to the weakly interacting

nature of neutrinos, they can escape from the detector easily. That is why the energy

of jets originating from b quarks cannot be fully reconstructed, making the jet energy

resolution worse. An analysis-independent b jet energy regression, developed by CMS

collaboration, is used to improve it. It is based on the neural network and trained on jet

properties and jet composition of truth b jet. With this technique, a correction factor

is calculated and applied for pT and energy of b jet. The regression results in around

20% improvement in the signal dijet mass (mjj) resolution within the analysis phase

space without altering the reconstructed dijet background mass shapes much. Additional

details on this regression can be found in the paper HIG-18-027 [35].
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3.5.3 Photon energy regression, scales and smearing methods

Due to shower leakages, gaps, and dead crystals, the ECAL is not suitable for collecting

all of the energy deposited by photons. They cause systematic variations in measured

ECAL energy and reduce photon energy resolution. A multivariate technique-based

correction is used to minimize the impact of these losses [36]. The target of this regression

is the ratio between generator level and reconstructed level photon energy1, and its output

correction factors are applied to reconstructed energy of data and simulated events to

obtain the best estimate of the true energy.

There remains a slight variation in energy scales and resolutions for data and

simulation after applying the energy regression, which is fixed by scaling and smearing

correction factors. The studies are performed using simulated Z → ee events. For

photons, only ECAL reconstructed information of Z → ee events is used [36].

The photon energy scales are adjusted by changing the data scale to match the scale

observed in simulated events. The results of fitting the invariant massmee distributions in

different eta regions, obtained from data and simulated events separately, are compared

to derive a scale offset. Spreading method extracts corrections to both the energy

1The methods are applicable for both electrons and photons, but I am explaining them considering
photon as the object of analysis interest.



80 Chapter 3. Compact Muon Solenoid (CMS) Detector

60 70 80 90 100 110 120

 [GeV]eem

0

0.2

0.4

0.6

0.8

1

1.2

1.4
610×

E
ve

nt
s 

/ 1
.0

0 
G

eV

Before energy corrections

After energy corrections

 (13 TeV) 2017-141.5 fb

 CMS

Barrel

Figure 3.9: Dielectron invariant mass distribution before and after all the energy
corrections (regression and scale corrections) for barrel for Z → ee events [36]

resolution in the simulation and the scale for the data in bins of |η| and R9 in the second

stage. It fixes the residual discrepancy between data and simulation in mee distributions

by applying an energy Gaussian spreading function to simulated events.

Depending on the pseudorapidity region and energy loss in the detector material, the

ultimate energy resolution after all corrections (regression and scale corrections) ranges

from 2 to 5%.

3.5.4 Photon Identification

There are two different methods to identify the photons in the final state of any physics

process at LHC. One is the cut-based method, where some selections are applied on

object-specific identification variables. The second one is the multivariate technique,

where using the same identification variables, BDT is trained to discriminate signal

and background photons. For precision measurements, the latter one is more optimal.

This section will briefly describe the identification variables and multivariate photon

identification technique [36].
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3.5.4.1 Identification Variables:

A photon from new physics is identified as a prompt (originated from PV) and isolated

photon. These features are used as identification variables to reject background photons,

e.g., jets reconstructed from light neutral mesons π0 or η, emerging from fragmentation,

can give two photons which is the most critical background for prompt photons. To

develop photon identification methods, the following identification variables are used:

• Isolation variables: This is constructed by the sum of the transverse momenta

of all hadrons and photons within a ∆R = 0.3 isolation cone in η−φ plane around

photon object. The isolation thresholds depend on the energy of the photon objects.

• Shower shape variables: Another strategy for rejecting high-electromagnetic-

content jets take advantage of the ECAL electromagnetic shower shape. The

energetic jets with photons from hadronic decay make a wider shower within ECAL

in comparison to an isolated single photon. The following are two of the most

relevant variables used for photon identification depending upon the geometric

shower shape from prompt and background photons:

H/E ratio: The ratio of energy stored in the HCAL in a cone of radius ∆R =0.15

around the supercluster direction compared to the energy of the photon candidates

is known as the H/E ratio. For low energy photons, HCAL contribution comes due

to HCAL noise and pileup, while for high energy photons, it is due to leakage of

photons through the inter-module gaps.

σiηiη :σiηiη :σiηiη : This variable is designed to filter out ECAL noise by ensuring that crystals

with energy deposits of at least 0.9% of E5×5 (the energy deposited in a 5×5 crystal

matrix around the most energetic crystal) contribute to σiηiη defined as:

σiηiη =

√∑5×5
i ωi(ηi − η̄5×5)2∑5×5

i ωi
(3.1)

where ηi is the pseudorapidity of the ith crystal, η̄5×5 is mean pseudorapidity of

crystal matrix, and ωi is weight factor defined as max(0, 4.7 + ln(Ei/E5×5)), and
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is nonzero if ln(Ei/E5×5) > −4.7 that implies Ei 0.9% of E5×5.

For single photon or electron shower, σiηiη the distribution should be narrow, but

for two-photon showers resulting from neutral meson decays, it should be wider.

• R9R9R9 variable: It is the ratio between the energy deposited in a 3×3 ECAL crystal

matrix around the most energetic crystal in the supercluster and the supercluster

energy. Photons that convert before reaching ECAL have a lower R9 value than

unconverted photons.

Using the above criterion, the photon identification methods are build and used for

physics analyses which are given in Sections 3.5.4.2 and 3.5.4.4.

3.5.4.2 Cut-based photon identification

In this approach, selections are applied to photon identification variables. According to

different working points, different thresholds are optimized on these variables.

3.5.4.3 Electron Veto

This selection is used to reject electron from photon identification. There are two

methods for vetoing the electrons, 1) conversion safe electron veto 2) pixel seed electron

veto. The first one requires the absence of charged-particle tracks, as well as a hit in the

pixel detector’s innermost layer that does not match with reconstructed conversion vertex

pointing to the ECAL photon cluster. It is appropriate for analyses where electrons do

not constitute a major background. The latter rejects the photons having at least two-

pixel hits in the pixel detector points to the ECAL around photon supercluster. It is

used when electrons are major background.

3.5.4.4 Multivariate technique based photon identification

It is commonly used photon identification based on BDT training. A BDT is trained

using very loose selections on photon identification variables with the median energy

per unit area (ρ), η and uncorrected energy of photon supercluster as input. The BDT
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output discriminates prompt photons from background jets which can be misidentified

as photons.

A comparison of the performance between cut-based identification and BDT

identification for photons is shown in Fig. 3.10 which clearly shows for a fix background

misidentification rate, MVA based photon identification performs better.
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Figure 3.10: Performance of the photon BDT and cut-based identification algorithms.
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tight [36]

3.5.4.5 Diphoton vertex identification method

For H → γγ, the mγγ mass resolution depends on the photon energy and angle between

two photons. By choosing a diphoton vertex within 10 mm distance from PV, removes

mass resolution dependency on angle variable. The methods can be studied in Ref. [129].

The kinematic features of the diphoton system and their correlations with the kinematic

properties of the recoiling tracks are used to identify the diphoton vertex indirectly. For

each reconstructed PV, three discriminating variables are used as BDT training input: 1)

~p 2
T , 2) -

∑
(~pT ·(~p γγT /|~p γγT |)) and 3) (|

∑
~pT |−|~p γγT |)/(|

∑
~pT |+|~p γγT |) (the sum runs over the

transverse momentum vectors of the charged tracks, ~pT and ~p γγT represents the transverse

momentum vector of the diphoton system). Additionally, to deal the case where photon

conversion leads to leave tracks within tracker, a pull variable gconv = |ze−zvtx|/σ is also

used where ze and zvtx are the longitudinal position of estimated PV and reconstructed
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vertex. The method is validated to Z → µµ simulation events by removing muon tracks

to mimic it like a diphoton event and checked how much efficient the training is to find a

vertex within 10 mm of true vertex. The use of tracks from converted photons for vertex

finding is validated on γ+jets simulated events. The ratio of the measured efficiency

in data and simulations is within one percent of unity. It, as function of Z boson pT ,

is further used for vertex finding in simulated Higgs boson events which results 80-90%

efficient. Apart from this, a second vertex identification is also used to select event by

event a diphoton vertex within 10 mm of diphoton interaction point. For this method,

BDT is trained with following inputs from each event:

• vertex identification BDT output for the three most likely vertices from first method

• the total number of reconstructed vertices

• the transverse momentum of the diphoton system

• the distances between the chosen vertex and the second- and third-best vertices

from first method

• the number of photons with an associated conversion track(s).

This BDT training is validated using similar approach as first one. The vertex probability

BDT score holds a linear relationship with the probability of identifying a close-enough

vertex (vertex probability).

3.5.5 Higgs jet tagging

Within HL-LHC projection studies in Chapter 4, BSM di-Higgs boson searches are

explored in the boosted regime. Therefore understanding of the boosted Higgs jet

identification is essential. As the SM predicts the highest branching ratio for bb̄ as

the final state for Higgs boson decay, boosted H → bb̄ tagging might be crucial for new

physics searches. In boosted regime, jet mass is the first jets’ property that distinguishes

signal jet from background one. The jet mass of the signal should peak around resonance
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mass (Higgs boson in our case). However, this happens only in an ideal picture. In reality,

the jet mass distribution gets worse, and its peak gets shifted due to soft emissions,

pileup and underlying events. For H → bb̄ decay, QCD multijet processes (mainly gluon

splitting in bb̄) are dominant backgrounds. The background jets acquire mass through

showering, which grows as a function of transverse momentum. Boosted hadronic objects

keep a different energy pattern than QCD jets of comparable invariant mass. It motivates

to go beyond jet mass and exploit jet substructure [130, 131]. It removes soft radiation

contamination and identifies and selects features related to hard decay.

The main idea of H tagging is to reconstruct a large area jet with jet substructure

(grooming and tagging) algorithms that remove soft contribution and try to understand

the subjet structure and jet-shape of the jet, which discriminate signal jets from

background jets. At this stage, selected jet is called the Higgs jet. In the end, using

boosted b tagging algorithms, subjets are identified as b jets, and the Higgs jet is identified

as a jet with two b-hadrons. Let’s understand all these steps one by one.

• Jet grooming: When a boosted large jet originate from Higgs boson, its

mass should peak near Higgs boson mass. Jet grooming removes background

contamination and related component from the jet mass calculation. Soft drop

declustering is one of the grooming technique. It suppresses wide-angle soft

radiation from a jet in order to mitigate the effects of contamination from initial

state radiation (ISR), underlying event (UE), and multiple hadron scattering

(pileup).

Starting from AK8 reclustered jet with radius R0, it does declustering of the last

step and drop the soft contributions unless

soft drop condition =
min(pT1, pT2)

pT1 + pT2

> zcut(
∆R12

R0

)β (3.2)

where pT i is transverse momenta of constituents, ∆R12 is distance in η − φ plane,

zcut is the soft drop threshold, and β is angular exponent. For wide-angle soft

radiation, soft drop condition does not fulfil. The efficiency and performance of
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grooming depends on zcut and β (β →∞ for ungroomed jet). For β < 0, it works

as tagger vetoing jets that do not have two well-separated hard prongs. While

for β > 0, it works as groomer changing the constituents of a jet. The steps to

understand the workflow are (starting from AK8 jet):

1) recluster jet with Cambridge-Aachen (C/A) algorithm for pair wise clustering

depending upon the distance between jet constituents.

2) break the jets by undoing the last step and form two subjets

3) check soft drop condition for two subjets. If pass then jet is final soft-drop jet.

Otherwise take highest pT subjet as jet and repeat all the steps.

4) if j can not be declustered further, one can remove j from selection (tagging

mode) or consider as final soft drop jet (grooming mode).

This technique is IRC safe and removes all soft contributions. CMS uses this

technique as a standard choice for jet grooming.

• Jet shapes: Jet shape methods effectively tag boosted objects with jet-based

observables that take advantage of the different energy flow in signal and

background jets’ decay patterns. Within thesis we use “N-subjettiness (τN)” [132]

which effectively count number of subjets by looking at the energy lobes distributed

in a given boosted jet and help to reject background jets by cutting on one-

dimensional function f(τ1, ..., τN). It also provide a inclusive jet shape and is

independent of any other jet substructure algorithm. For a boosted jet with n

subjets τN is defined as,

τN =
1

d0

∑
k

pT,k min(∆R1,k, ....,∆RN,k) (3.3)

where k runs over all constituents particle with pT,k transverse momenta in a given

jet of radius R0 and ∆RN,k =
√

(∆η)2 + (∆φ)2 is distance between Nth subjet and

kth constituent particle. The normalization factor d0 is given as d0 =
∑

k pT,kR0.

Jets with τN ∼ 0 will have N subjets. For higher τN jets will have at least N+1

subjets. An appropriate τN depends on correct choice of all subjet directions for
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which it acquires a minima. In that case, it becomes decreasing function of N, and

follow 0 < τN/τN−1 <1.

For H → bb̄ decay, we expect maximum 2 subjets thus, in Eq. (3.3), N might be

equal 1 or 2. This leads to take τ2/τ1 as discriminator for Higgs jet tagging.

• boosted b tagging: For boosted jets, b tagging can be applied either on the

AK8 jet or its subjets. For boosted training, jet mass is used to identify b jets from

Higgs boson decay. These jets are first corrected with jet substructure techniques to

remove soft-radiation and identify subjets. For thesis work, we use subjet b tagging

using DeepCSV b tagger where both subjets from H → bb̄ decay are required to

be tagged. For high pT regime, subjet b tagging gives the best performance to

reject background light jets as given in Ref. [61].

3.5.6 Pile-Up Per Particle Identification (PUPPI)

For HL-LHC projection studies, pileup is a big challenge that might increase up to 200.

PUPPI [126] is one of the new idea proposed for pileup mitigation. For projection studies,

we have used PUPPI weighted jets. The algorithm uses global information (like PV) of

an event and local information (like tracks) at particle level to identify pileup. Within

this algorithm, a weight is calculated, using this global and local information, for each

particle in the event. It is calculated by a shape parameter α, which distinguishes parton

shower-like radiation from pileup-like radiation for every particle in the event. Apart from

the shape parameter, pT also helps for pileup mitigation as pT distribution for pileup falls

much faster. The tracking information also helps to differentiate between charged tracks

that originate from the primary vertex (PV) and the charged tracks that originate from

the pileup. The PF algorithm can be used to relate these tracks to particles. Using

PF, particles can be sorted into three class: charged hadrons from PV, charged hadrons

from pileup and neutral hadrons from both pileup and PV. For all neutral particles, the

algorithm assumes them to be originated from PV and assign weights depending upon

their pT . Therefore, for soft contributions from pileup, it assigns low weights, which
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reduce pileup neutral contribution from the event. Hence PUPPI even works for the

region where tracking is not available.

The PUPPI weights are further used to rescale the four momenta of the particles.

Ideally, this weight is one for particles from hard scattering, and zero for pileup originated

particles. However, in the real picture, the weights can be in fractional form, depending

upon the particles’ properties. Particles with a very small weight are discarded. Using

PUPPI weighted particles, one can perform jet clustering without any other treatment

for pileup. This algorithm has proven very efficient to correct jet pT , jet mass and missing

transverse energy in a high pileup collision conditions.



Chapter 4

Searches for Higgs pair production

in bb̄bb̄bb̄bb̄bb̄bb̄ final state at HL-LHC

4.1 What is High Luminosity LHC (HL-LHC)?

The HL-LHC project aims to enhance the LHC’s performance in order to boost its

discovery potential after 2027 [133]. It consists of more powerful beam bending magnets

with upgraded accelerator chains (PS, SPS, PSB, LINAC). The aim is to increase

luminosity by a factor of ten compared to the LHC’s design value. The HL-LHC will

generate about 250 inverse femtobarns of data per year. For both ATLAS and CMS

experiments, the HL-LHC project will deliver proton-proton collisions at 14 TeV with

an integrated luminosity of 3 ab−1.

4.1.1 Phase-2 CMS experiment upgrades for HL-LHC

To handle the high pileup collisions with large amount of radiations, experiments at LHC

need an upgrade to work efficiently in HL-LHC collision conditions. Therefore a long

shutdown (LS) period has been scheduled in HL-LHC plans. During second and third

LS, CMS will upgrade its inner tracking system, trigger system, calorimeter, and muon

detection systems. This is called CMS Phase-2 detector shown in Fig. 4.1.

89
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_  __

REFERENCES:
1. Phase-2 Upgrade of the CMS - Technical Design Report (tracker, calo-barrel, EC)
2. Estimated Sensitivity for New Particle Searches at the HL-LHC for ECFA 2016 - CMS PAS FTR-16-005

TDR-17-007_v5 (EC-TDR)

Barrel EM calorimeter
● New FE/BE electronics with improved time resolution  
● Lower operating temperature 

Trigger/HLT/DAQ
● Track Information in Trigger (Hardware) 
● Trigger latency 12.5 µs - output rate 750kHz
● HLT output 7.5 kHz  

New endcap calorimeter
● Radiation tolerant
● High granularity: increased transverse and 

longitudinal segmentation
● Precise timing capabilities

Muon Systems
● New DT & CSC FE/BE electronics
● Complete RPC coverage 1.6 <|η| < 2.4
● Muon tagging 2.4 < |η| < 3

New Tracker
● Rad. tolerant, increased granularity, lighter
● 40 MHz selective readout in outer tracker for trigger
● Extended coverage to |η| ~ 3.8

Figure 4.1: Phase-2 upgrades for the CMS detector [37–45]
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4.2 Goals of HL-LHC projection studies

The number of collisions within a particular amount of time is related to luminosity, an

essential metric of an accelerator’s performance. Thus, the more data experiments can

collect, the more rare processes they will observe.

The HL-LHC would allow physicists to investigate known mechanisms in more depth,

such as the Higgs boson, and observe rare new occurrences. Precise SM measurements,

searches for BSM physics, flavor physics of heavy quarks and leptons, investigations of the

characteristics of the Higgs boson, and investigations of QCD matter at high density and

temperature are the five primary goals of the HL-LHC. For example, the HL-LHC will

produce at least 15 million Higgs bosons every year, compared to roughly three million

from the LHC in 2017 for precise Higgs boson measurements. For the thesis work, SM

and BSM Higgs boson physics sensitivities in the HL-LHC scenario are projected. The

work reveals future prospects for SM precision measurements and new particle searches

in the Higgs sector with the boosted regime only. Now we will go through the HL-LHC

projection studies with Sections 4.3 and 4.4.

4.3 VBF resonant di-Higgs production

The search for new physics resonances decaying to a pair of Higgs bosons (H) is motivated

by several BSM scenarios. Such models include warped extra dimensions (WED) [58]

having particles such as the spin-0 radion [134–136] and the spin-2 first Kaluza-Klein

(KK) excitation of the graviton [137–139]. Others, such as the two-Higgs doublet

models [140] (particularly, the minimal supersymmetric model [141]) and the Georgi-

Machacek model [142] also contain spin-0 resonances. These resonances may have a

sizeable branching fraction to decay into a HH pair.

Searches for a new particle X in the HH decay channel have been performed by the

ATLAS [143–145] and CMS [146–150] Collaborations in proton-proton (pp) collisions

at
√
s = 7 and 8 TeV. The ATLAS Collaboration published limits on the production

of a KK bulk graviton decaying to HH in the final state with a pair of b quark and
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antiquark (bb̄bb̄), using pp collision data at
√
s = 13 TeV, corresponding to an integrated

luminosity of 3.2 fb−1 [151] and 13.3 fb−1 [152]. More recently, the CMS Collaboration

has published limits on the production of a KK bulk graviton and a radion, decaying to

HH, in the bb̄bb̄ final state, with pp collision data at
√
s = 13 TeV, corresponding to an

integrated luminosity of 35.9 fb−1 [153]. Overall, the searches from ATLAS and CMS set

a limit on the production cross sections and the branching fractions σ(pp→ X)B(X →

HH → bb̄bb̄) for masses of X (mX) up to 3 TeV.

The above searches looked at the s-channel production of a narrow resonance X

produced from the SM quark-antiquark or gluon-gluon interactions. The WED models

are used in the interpretations of the results. In these models, the extra spatial dimension

is compactified between two branes (called the bulk) via an exponential metric κl (the

warp factor) and l the coordinate of the extra spatial dimension [154]. The fundamental

scale is the reduced Planck scale (Mpl ≡ Mpl/8π, Mpl being the Planck scale) and the

ultraviolet cutoff of the theory ΛR ≡
√

6e−κlMpl [134]. Assuming ΛR =3 TeV, a spin-0

radion of mass below 1.4 TeV is excluded at a 95% confidence level [153].

The absence of evidence of such a signal may point to highly suppressed couplings

of X with the SM quarks and gluons. In such cases, alternative production modes may

become the most dominant ones, such as through vector boson fusion (VBF). Moreover,

the particles may have a substantial width compared to their masses, owing to which

the sensitivity of dedicated searches for narrow resonances may be vastly decreased. In

either case, a much higher amount of data may be needed to detect these particles, owing

to a smaller VBF production cross section and the difficulty of locating a wide resonance

over the backgrounds.

In this analysis, the prospects of a search for a massive resonance produced through

VBF and decaying to HH (Fig. 4.2) using pp collisions at a center-of-mass energy of

14 TeV at the HL-LHC, assuming a data set corresponding to an integrated luminosity

of 3 ab−1 collected by the upgraded Phase-2 CMS detector, is explored. This is the first

CMS analysis which studies the resonant production in VBF mode. The produced Higgs

bosons are highly Lorentz-boosted for a high mass resonance, and each reconstructed as
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Figure 4.2: The vector boson fusion mode of production of a resonance X decaying to a
pair of Higgs bosons H, with both Higgs bosons decaying to bb̄ pairs.

a large area jet (Higgs jet). In addition, a signal event is characterized by two energetic

jets at large pseudorapidity η, θ being the polar angle of the jet measured in the CMS

detector coordinate system), arising from the VBF production mode. The background

consists mainly of the standard model multijet processes.

The unique topology of the production and decay would benefit from an upgraded

CMS detector as shown in Fig. 4.1. First, the production is accompanied by two energetic

forward jets. A high granularity calorimeter (HGCAL) would enable identification of

the VBF jets with an improved rejection of jets arising from additional pp collisions

in the same or adjacent LHC bunch crossings (pileup) accompanying the main event.

Second, the Higgs jets would benefit from the increased coverage of the tracker and the

calorimeters. Higgs jet tagging includes jet flavor tagging, which would improve with the

extended tracker coverage. The proposed CMS upgrades to calorimetry, the HGCAL,

would also enable a more precise measurement of the jet energies, thus improving the

resolution of the di-Higgs jet resonance. We study the search sensitivity of a bulk graviton

of mass between 1.5–3.0 TeV and a width narrow to up to 5% of the resonance mass.
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This study has been organized in the following way: Section 4.3.1 provides the details

of simulations used for the studies. All the event selections are described in Section 4.3.2.

The basic kinematic distributions are added in Section 4.3.3. Background estimation

method is explained within Section 4.3.4. In the end, results are added in Section 4.3.5.

4.3.1 Simulation samples

Simulated bulk graviton signals of different mass and width configurations are given in

Table 4.1. The cross sections are calculated for the narrow width approximation (NWA).

Table 4.1: All the generated signal mass points with respective widths and cross section,
using the narrow width approximation (NWA) [8].

Mass of Graviton ( TeV) Widths Cross section using NWA [fb]
1.5 1% 5% 1713
2.0 1% 416.2
2.5 1% 121.6
3.0 1% 39.20

The main backgrounds in this search are multijet events from quantum

chromodynamics (QCD) interaction. Trace amounts of tt̄+jets events may be present,

estimated to be < 1% in the CMS analysis using 2016 data [153, 155] and is neglected

in the present analysis. The names of the simulated signal and background samples are

given in Table 4.2.

Table 4.2: Simulations used for modeling the VBF bulk graviton production and the
backgrounds. The signal cross sections are what are used to normalize the figures.

Dataset σ [pb] Events
Signals

/VBF RS bulk M1500 W01pc 14TeV-madgraph/PhaseIITDRFall17MiniAOD-noPU 93X upgrade2023 realistic v2-v1 1× 10−3 80200
/VBF RS bulk M1500 W01pc 14TeV-madgraph/PhaseIITDRFall17MiniAOD-PU200 93X upgrade2023 realistic v2-v1 1× 10−3 27720
/VBF RS bulk M2000 W01pc 14TeV-madgraph/PhaseIITDRFall17MiniAOD-noPU 93X upgrade2023 realistic v2-v2 1× 10−3 100000
/VBF RS bulk M2000 W01pc 14TeV-madgraph/PhaseIITDRFall17MiniAOD-PU200 93X upgrade2023 realistic v2-v2 1× 10−3 81850
/VBF RS bulk M3000 W01pc 14TeV-madgraph/PhaseIITDRFall17MiniAOD-noPU 93X upgrade2023 realistic v2-v1 1× 10−3 91351
/VBF RS bulk M3000 W01pc 14TeV-madgraph/PhaseIITDRFall17MiniAOD-PU200 93X upgrade2023 realistic v2-v2 1× 10−3 87507
/VBF RS bulk M3000 W05pc 14TeV-madgraph/PhaseIITDRFall17MiniAOD-PU200 93X upgrade2023 realistic v2-v1 1× 10−3 42552

Backgrounds
/QCD Mdijet-1000toInf TuneCUETP8M1 14TeV-pythia8/PhaseIITDRFall17MiniAOD-noPU 93X upgrade2023 realistic v2-v1 99.1990 4098542
/QCD Mdijet-1000toInf TuneCUETP8M1 14TeV-pythia8/PhaseIITDRFall17MiniAOD-PU200 93X upgrade2023 realistic v2-v2 99.1990 3802314
/TT TuneCUETP8M2T4 14TeV-powheg-pythia8/PhaseIITDRFall17MiniAOD-noPU 93X upgrade2023 realistic v2-v1 864.5 4979816
/TT TuneCUETP8M2T4 14TeV-powheg-pythia8/PhaseIITDRFall17MiniAOD-PU200 93X upgrade2023 realistic v2-v3 864.5 2874776
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4.3.2 Event selection

The first task is to pick optimized event selection depending upon the signal topology.

The characteristics of the signal events is shown in Fig. 4.3 (AK8 jet pT ), Fig. 4.4 (AK8

jet soft-drop mass), Fig. 4.5 (AK8 jet N-subjettiness). The VBF characteristic of the

event is given by the separation ∆η(j1, j2) between two AK4 jets in the forward region,

as shown in Fig. 4.6.

Figure 4.3: Leading (left) and subleading (right) AK8 jet pT for MBG = 1.5 TeV

Figure 4.4: Soft drop mass of leading (left) and subleading (right) AK8 jet pT for MBG =
1.5 TeV

The AK8 jets are first groomed to remove soft and wide-angle radiation using the

soft-drop algorithm explained in Section 3.5.5. The soft-drop algorithm gives two

subjets each, for J1 and J2, by undoing the last stage of the jet clustering. The
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Figure 4.5: N-subjettiness variable τ2/τ1 of leading (left) and subleading (right) AK8 jet
pT for MBG = 1.5 TeV

Figure 4.6: ∆η between the VBF jets for MBG = 1.5 TeV

invariant mass of the two subjets is the soft-drop mass of each AK8 jet, which has a

distribution with a peak near the Higgs boson mass mH = 125 GeV. The leading two

AK8 jets (J1 and J2) in the event are required to pass the Higgs jet criteria listed in

Table 4.3. It comprises selections on the jet pT and η, the soft-drop mass, and subjet b

tagging. In Appendix A.1.1, studies to select optimal b jet tagger between CSVv2 and

DeepCSV have been discussed. The subjet b tagging uses the DeepCSV algorithm

with a choice between the DeepCSVL (discriminator > 0.1522) loose threshold with

10% misidentification rate or DeepCSVM (discriminator > 0.4941) medium threshold

with 1% misidentification rate. We performed a detailed optimization of the soft-drop
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mass window and the subjet b tagging operating points (OP) based on expected signal

significance as given in Sections 4.3.2.2 and 4.3.2.1. If the event does not contain two

Higgs jet candidate, the event is discarded.

Table 4.3: Higgs jet selection based on AK8 jets.
Variable Applied selection criteria

Boosted jets pT > 300 GeV
Central jets |η| < 3

Soft drop mass 90-140 GeV
N-subjettines τ2/τ1 < 0.6

Subjet b tagging ≥ 1 pass DeepCSV medium

The AK4 jets must be separated from the H-tagged AK8 jets by ∆R > 1.2. An event

is required to have at least two AK4 jets (j1 and j2) passing the VBF jet requirements

in Table 4.4 to be selected as a signal event. The variation in signal and background

efficiencies with selection cuts is shown in Fig. 4.71.

Figure 4.7: Variation in selection efficiencies with selection criteria for bulk gravitons
(BG) of masses 1.5, 2.0 and 3.0 TeV with 1% widths (left) and QCD background(right),
200 pileups. The plots are shown using the DeepCSVM operating points for the subjet
b tagging.

1Although it should be mentioned that additional requirements on selecting VBF jets do not bring
any improvement in the analysis with current algorithms and techniques as shown in Fig. 4.7. Because
of the high pileup, we are much more likely to select the pileup jets as VBF jets. We expect to have a
better VBF jet tagging efficiency with future developments and techniques.
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Table 4.4: VBF jet selection based on AK4 jets
Variable Applied selection criteria

Separation from H jets ∆R(AK4, Higgs jets) > 1.2
Minimum AK4 jet pT pT > 50 GeV

Forward jets |η| < 5
Large η separation ∆η(j1, j2) > 5
Jets in opposite η ηj1 ∗ ηj2 < 0

Invariant mass mJJ > 300 GeV

After passing the Higgs jets and VBF selections, events are categorized according to

the number of b tagged subjets-3b or 4b-among the four subjets from the two Higgs jets.

Finally, the bulk graviton invariant mass mJJ is reconstructed from the 4-momenta of

two Higgs jets in the event belonging to the 3b or 4b categories separately.

4.3.2.1 Choice of subjet b tagging in the event selection

We looked at the optimization of event selection based on the choice of the operating

point (Loose or Medium) for DeepCSV subjet b tagger, with events categorized into

those having three of four subjets b tagged, the 3b or the 4b categories, respectively.

Table 4.5: Subjet b tagging operating point optimization for bulk graviton (3 Subjets
with DeepCSV operating point loose (0.1522))

Mass[TeV](Width) yields(PU=0) yields(PU=200) S/
√
B(PU = 0) S/

√
B(PU = 200)

1.5 (1%) 197.58 736.80 3.26 1.85
2.0 (1%) 237.09 891.39 3.90 2.23
3.0 (1%) 230.97 971.75 3.80 2.43
3.0 (5%) 225.14 965.38 3.70 2.41

QCD 3683.89 159181.12

Table 4.6: Subjet b tagging operating point optimization for bulk graviton (4 Subjets
with DeepCSV working point loose (0.1522))

Mass[TeV](Width) yields(PU=0) yields(PU=200) S/
√
B(PU = 0) S/

√
B(PU = 200)

1.5 (1%) 117.12 437.23 5.77 3.32
2.0 (1%) 129.84 489.64 6.40 3.71
3.0 (1%) 104.73 453.80 5.16 3.44
3.0 (5%) 104.77 466.02 5.17 3.54

QCD 411.21 17373.37
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Table 4.7: Subjet b tagging operating point optimization for bulk graviton (3 Subjets
with DeepCSV operating point medium (0.4941))

Mass[TeV](Width) yields(PU=0) yields(PU=200) S/
√
B(PU = 0) S/

√
B(PU = 200)

1.5 (1%) 120.22 447.19 5.48 3.38
2.0 (1%) 121.80 457.61 5.55 3.46
3.0 (1%) 79.54 353.90 3.62 2.68
3.0 (5%) 77.80 358.85 3.54 2.71

QCD 481.93 17461.61

Table 4.5 shows the signal and multijets yields and the metric S/
√
B, for PU=0 and

200, for the event selection using DeepCSVL subjet b tagging and for the 3b category.

Table 4.6 shows the same for the 4b category. Tables 4.7 and 4.8 show the signal and

multijets yields and the metric S/
√
B, for PU=0 and 200, for the event selection using

DeepCSVM for the 3b and 4b categories, respectively.

Table 4.8: Subjet b tagging operating point optimization for bulk graviton (4 Subjets
with DeepCSV operating point medium (0.4941))

Mass[TeV](Width) yields(PU=0) yields(PU=200) S/
√
B(PU = 0) S/

√
B(PU = 200)

1.5 (1%) 33.22 126.19 4.92 3.16
2.0 (1%) 28.47 114.43 4.21 2.86
3.0 (1%) 14.21 63.87 2.10 1.60
3.0 (5%) 14.27 70.29 2.11 1.76

QCD 45.63 1594.91

At PU=200, using DeepCSVL, the 4b category performs better than the 3b category.

However, using DeepCSVM at PU=200, the 3b category performs better than the 4b

category. To have a most optimal b tagging choice, we combine both categories, and

estimate the signal significance (including systematic uncertainties) as described in

Appendix A.2, Fig. A.22. Based on the significance estimates, the DeepCSVM using

the 3b or the 4b categories is our final choice for event selection2.

2This study to adapt optimal b tagger working point has been performed with first choice of soft-drop
mass window. The final choice of optimal working point is used with final choice of optimized mass
window selection.



100 Chapter 4. Searches for Higgs pair production in bb̄bb̄bb̄bb̄bb̄bb̄ final state at HL-LHC

4.3.2.2 Choice of the soft-drop mass window

The soft-drop mass of the AK8 jets after the “N-1” selections is given in Fig. 4.8 for

the 3b and the 4b event categories, using DeepCSV medium. The distribution for the

4b category is a bit sparse, but there are enough events in the range of interest, i.e.,

around the Higgs boson mass. Using these distributions, summing up them for the

two event categories, and using a figure of merit of S/
√
B, the soft-drop mass window

was optimized. The figures of merit are given in Table 4.9. Initially, we used different

soft-drop mass windows for the leading and 2nd-leading pT AK8 jets. The dedicated

study and plots are added in Appendix A.1.1. However, the ranking in pT is subject to

jet energy correction uncertainties, and hence, in the tuning of the soft-drop mass, we

stick with the same mass window for both the AK8 jets. We used a soft-drop mass of

90–140 GeV for the two AK8 jets based on optimization studies. It gives an overall

improvement of 20-30% on the expected significance in comparison to the first choice.

Figure 4.8: The soft-drop masses of the leading+2nd-leading pT subjets for the 3b (left)
and 4b (right) categories with pileup = 200. The DeepCSV medium threshold is used.

4.3.3 The N-1 kinematic distributions

The N-1 distributions for a few kinematic variables are shown here (PU=0 is not a

realistic scenario. Therefore, plots are for PU=200 only.):
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Table 4.9: The figure of merit, S/
√
B, for the event selections reported in Table 4.3,

with the exception of the soft-drop mass selection which is tuned, and Table 4.4.
Soft-drop mass [GeV]

S/
√
B

Comments
Leading-pT AK8 jet 2nd-pT AK8 jet

80–160 60–140 2.06 first
80–160 80–160 3.12 New
60–140 60–140 2.73 New
90–140 90–140 3.34 New
90–130 90–130 3.25 New

• Fig 4.9: 3b category and PU=200;

• Fig 4.10: 4b category and PU=200.

Since the N-1 plots hold the complete event selections, except for the concerned variable,

very few background events survive, especially in the 4b category. Hence, in the next

section, a method of estimating the background distributions after the entire event

selection is developed, which allows the prediction of the background shape with accuracy,

without the limitations of a small sample of events after the final selection.
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Figure 4.9: The N-1 distributions for the 3b category and PU=200 for τ21 (upper left),
VBF dijet invariant mass (upper right), and the AK8 soft-drop mass (lower).
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Figure 4.10: The N-1 distributions for the 4b category and PU=200 for τ21 (upper left),
VBF dijet invariant mass (upper right), and the AK8 soft-drop mass (lower).

4.3.4 Background estimation

The simulated multijet background events have a sample size of∼4 million, and no events

survive after the entire selections. Therefore, for background estimation, the subjet b

tagging efficiency is determined using a loose set of selections which require events to

have J1 and J2 passing only the soft-drop mass and τ21 requirements. The b tagging

efficiency is obtained for the different subjet flavors and as a function of pT and η. These

efficiencies are shown in Fig. 4.11 using the DeepCSVM operating point. The efficiencies

are estimated in events with an average pileup of 200. The b tag efficiency maps for

zero and 200 pileup for both DeepCSV loose and medium are given in Appendix A.3 in
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Figs. A.24 and A.23. The final results of this analysis focus on the 200 pileup scenario,

for which the results are presented here.

Figure 4.11: The b tagging efficiency for subjets from a b quark (upper left), c quark
(upper right), and light quark or a gluon (lower) in events with an average pileup of 200.
These figures are using the DeepCSVM operating point.

This b tagging rate is then applied to the multijet events passing all selections

except the subjet b tagging one. Based on the subjet flavors, the events are assigned a

probability of passing the 3b or the 4b categories. The mJJ distributions of the estimated

backgrounds and the signals are shown in Fig. 4.12.

2016 data analysis [153] shows the ratio of the QCD multijet yields in the data

to that in the simulations is about 0.7, i.e., the simulations overestimate the multijet

backgrounds by a factor of 1.43. Hence, in the background estimation, we have scaled

the QCD multijet backgrounds by 0.7 to attain a more realistic background yield. The

event yields after full selection are shown in Table 4.10.
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Figure 4.12: The estimated multijets background and the signal mJJ distributions for
the 3b (left) and 4b (right) subjet b tagging categories for bulk gravitons (BG) of masses
1.5, 2.0 and 3.0 TeV with 1% (and 5% for 3.0 TeV) widths, assuming a signal cross
section of 1 fb. These figures are using the DeepCSVM operating point and PU=200.

Table 4.10: Event yields and efficiencies for the signal and multijet background. The
product of the cross sections and branching fractions of the signals σ(pp→ X → HH →
bb̄bb̄) is assumed to be 1 fb.

PU = 200
Process Category 3b Category 4b

Events Efficiency (%) Events Efficiency (%)
Multijets 4755 1.6× 10−3 438 1.5× 10−4

BG (M=1.5 TeV, width = 1%) 326 11 95.2 3.2
BG (M=2.0 TeV, width = 1%) 316 11 81.2 2.7
BG (M=3.0 TeV, width = 1%) 231 7.7 41.4 1.4
BG (M=3.0 TeV, width = 5%) 233 8 45.8 1.5
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4.3.5 Results

The uncertainty on the product of the signal selection efficiency and fiducial acceptances

are as follows: H jet selection efficiency because of the H → bb̄ parton shower modeling

(10%), selection on the N-subjettiness τ2/τ1 (12.5%), H jet mass scale (2%), luminosity

measurement (2.5%), and mismatch in the pileup profile in the simulation with respect to

the real beam conditions (3%). All systematic uncertainties are projections based on the

analysis performed using 2016 data. The currently implemented systematic uncertainties

are given in Table 4.11.

Table 4.11: List of systematic uncertainties. All systematics are applicable to the
signal samples. The multjets background is “data-driven” and hence do not have these
uncertainties. The uncertainties obtained from Run-2 4b analysis are scaled by half.

Source Value Obtained from
H jet mass scale and resolution 1% Run-2, scaled by 0.5

H jet τ21 selection 13% Run-2, scaled by 0.5
H-tagging correction factor 3.5% Run-2, scaled by 0.5

Pileup modelling 1% Run-2, scaled by 0.5
PDF and scales 1% Run-2, scaled by 0.5

Luminosity 1.5% CMS recommended
Jet energy scale 1% CMS recommended

b tagging 1% CMS recommended

The expected signal significance of a bulk graviton of mass between 1500 and

3000 GeV, produced through vector-boson fusion, and decaying into a pair of Higgs

bosons, each of which decays to a bb̄ pair, is given in Fig. 4.13 for an integrated luminosity

of 3 ab−1. With this analysis strategy, the results project a possible observation of 3 TeV

bulk KK graviton assuming signal cross section 1 fb for all mass hypotheses. Results are

made public for 1% width only.
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Figure 4.13: The expected signal significance for three mass points of the bulk graviton
with 1% width assuming a production cross section of 1 fb and for PU=200.
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4.4 Non-resonant di-Higgs production

This work is an extension to the previous Section 4.3 to study the non-resonant di-

Higgs production in the boosted regime. The study of non-resonant Higgs boson pair

production (HH) is one of the main goals of the scientific program of the CMS experiment

at the HL-LHC. It gives direct experimental access to the Higgs boson self-coupling λHHH

and hence to the structure of the Higgs scalar potential itself and the origin of the mass

of the Higgs boson.

The experimental program of the CMS experiment involves several decay channels of

the HH system. One of the experimentally most interesting decay channels is HH →

bb̄bb̄, which holds the most significant branching fraction among all the decay channels

(33%). Searches made by the ATLAS and CMS collaborations with the data collected at
√
s = 8 and 13 TeV have proven that the bb̄bb̄ channel is indeed one of the most sensitive

and a vital part of the program of study of HH production. The HL-LHC not only

constitutes an unprecedented opportunity to study HH production in this decay channel

but also represents a formidable challenge because of the high instantaneous luminosity

and number of simultaneous pp interactions, or pileup, that will range between 140–200

or beyond. An essential program of the CMS detector upgrades is planned to mitigate

the effects of the pileup and improve the performance in the trigger and reconstruction

of bb̄bb̄ events.

This work aims to estimate the sensitivity to non-resonant HH production in the

bb̄bb̄ final state in the luminosity and pileup conditions of the HL-LHC within a boosted

regime. Boosted object reconstruction has been proven to be highly important in

exploring the scalar sector of the standard model and physics beyond it. While the

non-resonant HH production in the SM is typically associated with low pT Higgs bosons

and hence well separated b jets, BSM physics may manifest in the existence of new contact

interactions, such as gHH (cg), ggHH (c2g), and ttHH (c2), that mostly enhance the

cross section in the high mHH region, above 1 TeV. The bb̄bb̄ final state is one of the

most sensitive in this exploration because of the reduced background contamination at

high mHH .
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A study is carried out using the methods and tools developed for the prospect search

for VBF production of resonances that decay to bb̄bb̄ in Section 4.3. The selection of

events is identical to the resonant VBF analysis apart from the VBF jet selections. The

analysis is run on the same set of backgrounds, while the signal is from a fast parametric

simulation with the Delphes software [156]. The behavior of the upgraded detector

has been carefully studied, and the performance in the jet energy determination and

b jet identification and discrimination from gluon and light flavor quark jets has been

parametrized to generate samples with a Delphes fast simulation.

The signal models are considered with the SM coupling of the Higgs boson and

twelve other sets of values for the coupling parameters known as EFT shape benchmarks

as we studied in Section 1.3.1, given in Table 4.12. These parameters are chosen

based on representative kinematic features in the HH production process [16]. Signals

corresponding to the SM and shape benchmark number 2 were generated. The other

shape benchmarks, i.e., 1 and 3–12, were obtained by reweighting the events of shape

benchmark 2 based on the values of mHH and cos θ∗HH [16,62]. 95% upper limits of HH

production cross section are set for SM and BSM shape benchmarks.

Table 4.12: Parameter values of the couplings corresponding to the twelve shape
benchmarks and the SM prediction.

Shape benchmark κλ κt c2 cg c2g

1 7.5 1.0 -1.0 0.0 0.0
2 1.0 1.0 0.5 -0.8 0.6
3 1.0 1.0 -1.5 0.0 -0.8
4 -3.5 1.5 -3.0 0.0 0.0
5 1.0 1.0 0.0 0.8 -1.0
6 2.4 1.0 0.0 0.2 -0.2
7 5.0 1.0 0.0 0.2 -0.2
8 15.0 1.0 0.0 -1.0 1.0
9 1.0 1.0 1.0 -0.6 0.6
10 10.0 1.5 -1.0 0.0 0.0
11 2.4 1.0 0.0 1.0 -1.0
12 15.0 1.0 1.0 0.0 0.0
SM 1.0 1.0 0.0 0.0 0.0

This section has three subsections. Section 4.4.1 explains MC reweighting method
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for the BSM shape benchmarks. Section 4.4.2 explains the analysis strategy which is

motivated from Section 4.3. The results are discussed in Section 4.4.3.

4.4.1 Signal MC reweighting

The analytic formula used to calculate cross sections for any point of the parameter

space (κλ, κt, c2, cg, c2g) is reported in Ref. [62]. A script implementing this calculation

can be found here [157]. In this section we explain how the reweighting has been

implemented to reweight the simulated MC signal samples to any point in (κλ, κt, c2, cg,

c2g) representation. We are considering a LO 2 → 2 process. The two Higgs bosons are

produced with identical transverse momenta, and they are back-to-back before parton

shower. The final state can then be entirely defined by three kinematic variables (ignoring

the irrelevant azimuthal angle of emission of the bosons). Furthermore, one of these three

variables can be used to isolate all the information related to the PDF of the colliding

partons, which is also irrelevant to the physics of the production process once one focuses

on a specific initial state (the gluon-gluon fusion process). The magnitude of the boost

of the center-of-mass frame is taken as the variable factorizing out the PDF modeling.

The two remaining variables, which provide direct information on the physics of ggHH

production, can be the invariant mass of the HH system (mHH) and the modulus of the

cosine of the polar angle of one Higgs boson with respect to the beam axis (cos θ∗HH)

in the rest from of di-Higgs system. Since we are using parton-level information, this

last variable is equivalent to the polar angle in the Collins-Soper frame [158], which

is commonly used in experimental analysis. The Collins-Soper frame has the z-axis

bisecting the beam and target momentum vectors. The x-z plane is formed by four

vectors of two interacting protons. The two Higgs boson remain back to back in this

frame. The variables mHH and cos θ∗HH can thus be used to characterize the final state

kinematics produced entirely by different choices of the value of anomalous Higgs boson

(self-) coupling parameters.

By construction, the simulated signal samples listed in Table 4.13 are good

representatives of the kinematic phase space. Therefore using the generator level mHH
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and cos θ∗HH we can reweight the generated MC samples to any other point in (κλ, κt,

c2, cg, c2g) parameter space. Using this and the analytic formula parametrizing the

cross section of any point of the parameter space (κλ, κt, c2, cg, c2g) from Ref. [62] we

reweighted the mixture of all generated signal MC described above to match the clustered

benchmark points described in Ref. [16] and to the SM samples as well. Fig. 4.14 shows

the distribution of the Higgs boson pair mass at the generator level for 12 clustered

benchmarks. One can see that the distributions at the generator level obtained with the

reweighting procedure correspond to the distributions from Ref. [16].
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Figure 4.14: Distributions of the di-Higgs invariant mass mHH at the generator level for
12 clustered BSM benchmarks points.

4.4.2 Analysis strategy

The analysis looks for two large-area jets and reconstructs the mHH spectrum from their

invariant mass, mJJ . Substructure techniques are used to identify subjets originating
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from b quarks and discriminate from jets from other flavors, i.e., the charm, light quarks,

and gluon induced jets. The b tagging and misidentification rates for large area jets are

parametrized using the fully simulated samples from resonant VBF analysis and applied

in the Delphes simulation. The selection criteria for the boosted H → bb̄ jets is given in

Table 4.3. Events with two boosted H → bb̄ are selected. No additional selection criteria

from resonant VBF analysis are imposed to keep the selection as general as possible for

different BSM effects on the final state.

Two event categories defined respectively as containing 3 or 4 b tagged subjets

are used to look for the presence of a signal in the mJJ distribution, as shown in

Fig. 4.15. The longer tail in the mJJ distributions of the shape benchmark number

2 is clearly visible, wherein lies the sensitivity of this analysis over the fully-resolved

regime containing four separate b quark jets.

The resonant VBF analysis was developed for mJJ ≥ 1 TeV and hence used a

dedicated QCD sample with a selection on the invariant mass of the two leading-pT

partons: mqq ≥ 1 TeV. Thus its contribution is lacking in the lower mJJ region.

To complete the background description for lower mJJ , we use the QCD HT-binned3

background samples listed in Table 4.13. Events from these samples are required to

satisfy the requirement mqq < 1 TeV. This selection makes the phase space of the HT-

binned samples orthogonal to that of the high mqq QCD samples. The HT-binned

samples are b-enriched at the matrix element level and lack significant contribution

from light flavor jets. However, it was checked that the contribution from the light

jets background was less than 4%, that is why they are not included.

4.4.3 Results

After the entire event selections, the selection efficiency for the SM signal is 0.1%, while

it is 1.8% for the shape benchmark number 2. The values of the S/
√
B is 0.025 for the

SM signal and 0.52 for the shape benchmark number 2, assuming the same production

cross section (for both signals) with a new background modeling strategy. For the BSM

3HT-binning refers to different range of scalar sum of transverse energy of decay products.
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Table 4.13: Simulated signal and background samples
Physics process GEN dataset N. evts.

Signal
gg → HH → bb̄bb̄ (SM) GluGluToHHTo4B node SM 14TeV-madgraph 500000
gg → HH → bb̄bb̄ (BSM node 2) GluGluToHHTo4B node 2 14TeV-madgraph 500000

Backgrounds
QCD b enr., 200 < HT < 300 GeV QCD bEnriched HT200to300 TuneCUETP8M1 14TeV-madgraphMLM-pythia8 10704113
QCD b enr., 300 < HT < 500 GeV QCD bEnriched HT300to500 TuneCUETP8M1 14TeV-madgraphMLM-pythia8 9726551
QCD b enr., 500 < HT < 700 GeV QCD bEnriched HT500to700 TuneCUETP8M1 14TeV-madgraphMLM-pythia8 9819938
QCD b enr., 700 < HT < 1000 GeV QCD bEnriched HT700to1000 TuneCUETP8M1 14TeV-madgraphMLM-pythia8 7719024
QCD b enr., 1000 < HT < 1500 GeV QCD bEnriched HT1000to1500 TuneCUETP8M1 14TeV-madgraphMLM-pythia8 6860134
QCD b enr., 1500 < HT < 2000 GeV QCD bEnriched HT1500to2000 TuneCUETP8M1 14TeV-madgraphMLM-pythia8 9537208
QCD b enr., HT > 2000 GeV QCD bEnriched HT2000toInf TuneCUETP8M1 14TeV-madgraphMLM-pythia8 9932246

shape benchmark 2, the associated upper limits on cross section varies depending on the

specific combination of EFT couplings. However, the analysis is sensitive to parts of

this phase space and can exclude some values of anomalous couplings. The systematic

uncertainties are similar to resonant VBF analysis given in Table 4.11.

The event yields for the signals and the background are given in Table 4.14. With

the event yields and distributions shown in Fig. 4.15 we calculate the 95% confidence

level (CL) upper limits on the non-resonant HH productions in the SM, and for other

BSM couplings (nodes 1–12), as shown in Fig. 4.16. For this, the events from 3b and

4b categories are combined. The plot shows the highest expected sensitivity for shape

benchmark 2.
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Figure 4.15: Distribution of the two large radius jet invariant mass, mJJ , in the 3 (a)
and 4 (b) b tag regions.
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Table 4.14: Yields and significance for all 13 shape benchmarks with 3b and 4b categories
as well as for the background. The cross section is assumed to be 10 fb for all the nodes,
including the SM.

Shape benchmark yields(3b) yields(4b) S/
√
B(3b) S/

√
B(4b)

SM 26 4 0.03 0.01
1 136 17 0.13 0.05
2 537 61 0.52 0.16
3 85 11 0.08 0.03
4 44 4 0.04 0.01
5 261 31 0.25 0.08
6 80 10 0.08 0.03
7 14 2 0.01 0.01
8 139 17 0.13 0.05
9 191 23 0.18 0.06
10 50 6 0.05 0.02
11 108 13 0.10 0.03
12 16 2 0.02 0.01
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Figure 4.16: The expected upper limits for non-resonant HH production in the standard
model and other shape benchmarks (1–12). The inner (green) and the outer (yellow)
bands indicate the regions containing the 68 and 95% deviation, respectively, of the
distribution of limits expected under the background-only hypothesis.



Chapter 5

Searches for resonant Higgs pair

production in bb̄γγbb̄γγbb̄γγ final state

This analysis presents searches for resonant Higgs boson pair production in the final

state with two bottom quarks and two photons (bb̄γγ) in proton-proton collisions at

13 TeV center-of-mass energy using LHC Run-2 data collected by the CMS detector with

138 fb−1 total integrated luminosity. A model-independent approach with narrow-width

approximation in a warped extra dimension (WED) and next-to-minimal supersymmetric

standard model (NMSSM) motivated scenarios is explored. It performs a direct search

for pp→ X → Y H → bb̄γγ process where X can be a spin-0 or spin-2 particle, H is the

SM Higgs boson, and Y may be a H or another spin-0 boson.

As described in Section 1.3.2, the WED model predicts the existence of small and

compactified extra dimensions along which gravity particles propagate. The searches are

performed in the RS bulk scenario, where matter particles are also allowed to propagate

along the extra dimensions. The model provides an initial solution to the SM hierarchy

problem. In the RS bulk scenario of the model, the coupling of resonances with the top

quark and SM bosons is enhanced. It predicts bulk radion (spin-0) and bulk KK graviton

(spin-2) resonances (X) with significantly larger branching fraction (O(10%)) to decay

into the pair of the SM Higgs bosons (H).

The other BSM scenario is motivated by SUSY as studied in Section 1.3.3. The

115
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NMSSM is a further extension to MSSM, which generates an electroweak scale from the

SUSY-breaking scale providing a solution to well-known MSSM µ-problem. NMSSM

also enriches the Higgs sector by extending it up to seven Higgs bosons (three CP-even,

two CP-odd, and two charged Higgs bosons).

We concentrate on gluon-gluon fusion production of X (spin-0) resonance, i.e., a heavy

Higgs decaying to an SM-like Higgs boson H and a Y spin-0 Higgs boson with the

largest singlet component. Because of the dominant singlet nature, couplings of Y with

matter fields are suppressed. In such a case, the X → Y H process becomes essential

for Y production. However, the branching fraction of Y is considered as same as H.

This happens due to mixing of singlet and doublet fields which make couplings of Y to

quarks, leptons and gauge fields proportional to H giving the same branching fraction

for Y . This statement does not hold when we tend to heavy Y masses.

Figure 5.1 presents the Feynman diagram for the physics process. With this channel,

the analysis benefits from 1) H → γγ handle, having high purity and selection efficiency

because of excellent resolution of CMS electromagnetic calorimeter, and 2) H → bb̄

handle, having the large branching fraction among Higgs decay modes. The HH → bb̄γγ

process yields 0.26% of the total branching fraction of HH-decay. For the NMSSM

process, by choice, it is set for H to decay into γγ final state to preserve the benefits of

H → γγ handle.

The ATLAS and CMS have published results in the same final state for X → HH

searches using 2016 Run-2 LHC data [64,159]. ATLAS explored mass range mX =[260,

1000] GeV and set 0.4-2.4 fb observed upper limits on product of resonant production

cross section and branching ratio. On the other side, CMS studied mass range

mX =[260, 900] GeV and set 0.3-4 fb observed upper limits on product of resonant

production cross section and branching ratio. Both the results are comparable. In

this work, we have used newly developed object identification algorithms and machine

learning tools that efficiently reject background contamination. Using this analysis

method, we produce 2016 only expected results and get 6-25% improvement

compared to the previously published CMS expected results. For resonance
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mass up to 1 TeV and with 2016, 2017 and 2018 data, ATLAS has made

results public for X → HH →bb̄γγ searches which set 1.6–0.12 (0.95–0.11) fb

observed (expected) upper limits on cross section [6] while with our analysis

we set 0.82–0.07 (0.74–0.08) fb observed (expected) upper limits on cross

section. Our analysis gives ∼30–40% better results. More details about this

comparison study are added in Appendix B.5. Another main highlight of this

analysis is X → Y H →bb̄γγ searches explored in the CMS for the first time

using LHC data.

g

g

X H/Y

H

b

b

γ

γ

Figure 5.1: Feynman diagram for BSM X resonance production at LHC via gluon-gluon
fusion; X further decays to two scalars (both SM Higgs (H) or a combination of SM
Higgs (H) and NMSSM Higgs (Y )) with a bb̄γγ final state

This chapter is organized in the following way: The details related to data and

simulations have been added in Section 5.1. Section 5.2 briefly explains all the

analysis steps described in upcoming sections. Event reconstruction and selection with

background rejection methods have been thoroughly discussed in Section 5.3. Signal and

background modeling have been described in Section 5.4 and 5.5, respectively. Section 5.6

details the systematic uncertainties. In the end, results are presented in Section 5.7.
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5.1 Data and simulation samples

The data used for the analysis were collected by the CMS detector, during the Run-

2 period comprising 2016 (36.3 fb−1), 2017 (41.5 fb−1), and 2018 (59.8 fb−1) data-

taking years with total integrated luminosity 138 fb−1 and 13 TeV center-of-mass energy.

For data collection, the E/gamma triggers requiring two isolated energy deposits in

the electromagnetic calorimeter are used. The trigger details are briefly explained in

Section 5.3.1.

For the signal process, we study the resonant production from gluon-gluon fusion.

The resonance further decays into two scalars, either a pair of the SM Higgs boson or

a combination of the SM-like Higgs boson and NMSSM Y boson. Considering both

the BSM models and corresponding BSM couplings, samples have been generated using

MadGraph5 aMC@NLO, version 2.2.2 (2016)/2.4.2 (2017, 2018) (for WED) and 2.6.5

(for NMSSM) [160] for resonance (X) mass range up to 1000 GeV.

For WED, the complete list of the signal samples is available in Table 5.1. For

NMSSM, various Y mass points have been considered depending upon the allowed phase

space with the mass of X resonance. Figure 5.2 shows the (X, Y ) mass grids, which are

studied for the NMSSM scenario. Table 5.2 contains the list of NMSSM signal samples.

We start with 90 GeV mass for Y and 300 GeV mass for X to get rid of the turn-on

issue in mjj (around 70 GeV) and M̃X (=mjjγγ- mγγ- mjj + mH + mY ) distributions

(Fig. 5.37).

For background simulations, two types of background processes are considered:

resonant (single Higgs production) and non-resonant (diphoton QCD processes), where

resonant and non-resonant refer to the distribution of the diphoton invariant mass of the

background processes.

Non-resonant backgrounds are estimated in a data-driven way, while we rely on

MC simulations for single Higgs backgrounds. MC simulation for the non-resonant

background is used only in the multivariate discriminant, optimization, and validation

studies of the analysis. The main non-resonant backgrounds for the bb̄γγ final state come

from the SM multijet processes, with well-isolated photons coming from the hard scatter
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Table 5.1: Signal samples for WED resonances bulk radion and bulk KK graviton
Signal Dataset

Radion
2016

2017

2018

GluGluToRadionToHHTo2B2G M-{mass} narrow 13TeV-madgraph, mass = [260, 900] GeV
GluGluToRadionToHHTo2B2G M-1000 narrow TuneCUETP8M1 13TeV-madgraph-pythia8

GluGluToRadionToHHTo2B2G M-{mass} narrow 13TeV-madgraph correctedcfg,
mass = [260, 1000] GeV

GluGluToRadionToHHTo2B2G M-{mass} narrow TuneCP5 PSWeights 13TeV-madgraph-pythia8,
mass = [260, 1000] GeV

Graviton
2016

2017

2018

GluGluToBulkGravitonToHHTo2B2G M-{mass} narrow 13TeV-madgraph,
mass = [260, 1000] GeV

GluGluToBulkGravitonToHHTo2B2G M-{mass} narrow 13TeV-madgraph correctedcfg,
mass = [260, 1000] GeV

GluGluToBulkGravitonToHHTo2B2G M-320 narrow TuneCP5 13TeV-madgraph-pythia8 correctedcfg

GluGluToBulkGravitonToHHTo2B2G M-{mass} narrow TuneCP5 PSWeights 13TeV-madgraph-pythia8,
mass = [260, 1000] GeV

Table 5.2: Signal samples for NMSSM X resonance
Signal Dataset

2016/17/18 NMSSM
NMSSM XToYHTo2b2g MX-{massX} Tunetune 13TeV-madgraph-pythia8,

massX = [300, 1000] GeV, massY = [90,800] GeV, tune={2016: CUETP8M1, 2017/18: CP5}

(prompt photons) or jets misidentified as photons (fake photons). The prompt-prompt

background events are simulated with the Sherpa generator [161]; it includes the Born

processes with up to 3 additional jets at LO accuracy and the box processes at LO. We

studied other non-resonant background contributions and found them less than 1% after

event selections. Therefore, we neglect them.

For resonant background, we consider all possible Higgs production mechanisms:

gluon-gluon fusion (ggH), vector-boson fusion (VBF H), associated production with a

vector boson (V H), top quarks (ttH), and b quarks (bb̄H) where Higgs decays into two

photons. The corresponding cross sections and decay branching ratios are taken from

Ref. [162].

The background samples are listed in Table 5.3 and 5.4.

Table 5.3: Non-resonant background samples
Background

(non-resonant)
Dataset

2016/17/18

DiPhotonJetsBox MGG-80toInf 13TeV-Sherpa
GJet Pt-20to40 DoubleEMEnriched MGG-80toInf Tune{tune} 13TeV Pythia8
GJet Pt-40toInf DoubleEMEnriched MGG-80toInf Tune{tune} 13TeV Pythia8

tune={2016: CUETP8M1, 2017/18: CP5}
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Figure 5.2: X − Y mass point grid for NMSSM simulations

Table 5.4: List of the resonant background samples
Resonant background Dataset

2016

GluGluHToGG M-125 13TeV powheg pythia8
VHToGG M125 13TeV amcatnloFXFX madspin pythia8

VBFHToGG M-125 13TeV powheg pythia8
ttHToGG M125 13TeV powheg pythia8 v2
bbHToGG M-125 4FS yb2 13TeV amcatnlo
bbHToGG M-125 4FS ybyt 13TeV amcatnlo

2017

GluGluHToGG M-125 13TeV powheg pythia8
VHToGG M125 13TeV amcatnloFXFX madspin pythia8

VBFHToGG M-125 13TeV powheg pythia8
ttHToGG M125 13TeV powheg pythia8

bbHToGG M-125 4FS yb2 13TeV amcatnlo
bbHToGG M-125 4FS ybyt TuneCP5 13TeV-amcatnlo-pythia8

2018

GluGluHToGG M-125 13TeV powheg pythia8
VHToGG M125 13TeV amcatnloFXFX madspin pythia8

VBFHToGG M-125 13TeV powheg pythia8
ttHToGG M125 TuneCP5 PSWeights 13TeV powheg pythia8

bbHToGG M-125 4FS ybyt TuneCP5 13TeV-amcatnlo-pythia8
bbHToGG M-125 4FS yb2 TuneCP5-13TeV-amcatnlo-pythia8

All simulated samples are interfaced with Pythia8 for parton showering and

fragmentation with the standard pT -ordered parton shower (PS) scheme. The underlying

event is modeled with Pythia8, using the CUETP8M1 (CP5) tune for 2016 (2017,

2018) [163,164]. PDFs are taken from the NNPDF3.0 NLO (2016) and NNPDF3.1 NLO

(2017, 2018) set [165–170]. The detector response is modeled using Geant4 [117] toolkit.

The simulated events include similar additional proton-proton interactions (pileup) as

observed in the data.
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5.2 Analysis strategy

A basic flowchart for analysis strategy is given in Fig. 5.3. The upcoming sections

explain each step of this flowchart. Our study follows the approach of the di-Higgs

searches in the same final state, made public by CMS [1, 64] with Run-2 data1. Most

of the developments and techniques have been directly used from these analyses after a

dedicated study. Events are selected using similar online and offline selections. The final

state physics objects, the photons and b jets, are initially reconstructed and selected using

the loose object preselections. The diphoton and dijet systems are reconstructed using

event preselections from these photons and b jets. The analysis strategy then focuses on

rejecting backgrounds and extracting signal by fitting mγγ and mjj observables in a 2D

mass plane within an optimized M̃X mass window.

For non-resonant background rejections, a multiclass BDT classifier is trained on

signal and background simulations which is explained in Section 5.3.5. The training

inputs are the same as given in Ref. [1]. We also studied additional inputs to improve

the training performance as described in Appendix B.2, but overall improvement was less

than 5%. The event categorization is performed within MVA categories optimized using

the simulations. An NN-based ttHkiller discriminant (developed by CMS collaboration)

is used further to reject dominating ttH single Higgs contribution (Section 5.3.6).

The signal is extracted from a simultaneous two-dimensional (2D) fit to the invariant

mass of diphoton system mγγ and dijet system mjj in all categories. This method

benefits from different shapes ofmγγ andmjj distributions for signal and data. The signal

keeps peaking mγγ and mjj distributions while background events from data show falling

distributions of these observables. Also both observables have negligible correlation.

This fit is performed within the optimized M̃X window, which also suppresses resonant

background contribution. The impact of systematic uncertainties on final results is

around 1–2% on top of the dominated statistical uncertainty. The results are presented

as 95% CL exclusion limit on the product of resonance production cross section and

1This analysis uses the standard tools and frameworks from H → γγ searches. We contributed for
non-resonant HH → bb̄γγ analysis [1] and further extended study to resonant searches for thesis work.
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Figure 5.3: Analysis flowchart

branching fraction. The limits are also compared with their appropriate BSM predictions

to exclude allowed mass parameters.

5.3 Event reconstruction and selection

The analysis objects are initially reconstructed for trigger level selections. After that,

analysis-specific offline selections are applied to select events with two photons and two

b jets. We further make the event selection on machine learning-based discriminant

and resonance mass windows to suppress non-resonant and resonant background

contributions. The events which pass all the selection requirements are used for the

final results. Let us go through all these studies one by one with upcoming subsections.

5.3.1 Online event selections

Online events are selected using standard H → γγ double photon triggers in which both

photons are required to be isolated with some minimum pT threshold with more than

90 GeV diphoton invariant mass. The trigger paths for three data-taking years are as
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follows:

2016: HLT Diphoton30 18 R9Id OR IsoCaloId AND HE R9Id Mass90

2017: HLT Diphoton30 22 R9Id OR IsoCaloId AND HE R9Id Mass90

2018: HLT Diphoton30 22 R9Id OR IsoCaloId AND HE R9Id Mass90

The pT threshold was changed from 18 GeV (2016) to 22 GeV (2017/18) to keep

sustainable HLT bandwidth for subleading photons. Selections on photon isolation

variables or R9 variable maintains the high trigger efficiency. More details related to

the L1-trigger and HLT algorithm can be found in Section 3.2.2. Trigger weights and

uncertainty associated with them are also considered and explained in Section 5.6. The

trigger selections are thoroughly described in Ref. [129] for H → γγ analysis.

5.3.2 Photon reconstruction

Photons are reconstructed with some preselection requirements and using ECAL energy

deposits. The preselections are taken from H → γγ analysis [129] and applied on the

globally reconstructed particle-flow (PF) algorithm-based photon candidates. The ECAL

energy scale is corrected in data using Z → ee simulation and multivariate regression,

and photon energy is smeared within simulated events to match the resolution with

data as discussed in Section 3.5.3. The photon multivariate identification method

has been discussed in Section 3.5.4. Within this, the loose selections are applied on

shower shapes (R9), photon identification variables (H/E), kinematics, and isolation

variables (CHI) which are slightly tighter than the trigger ones to improve Data/MC

discrepancies. This multivariate identification method, trained on photon shower-shape

and kinematic variables, discriminates the signal photons from background photons. A

very loose cut on photonID (output variable from this multivariate method) with 99%

efficiency is also applied. This is further used as input for the BDT classifier discussed

in Section 5.3.5. Only events that have at least one diphoton candidate passing the

preselections requirements are considered. Table 5.5 summarizes the photon preselections

keeping more than 99% trigger efficiency for selected events. Scale factors are used to

mitigate Data/MC discrepancies. The corresponding systematics are included in the
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final list of systematics.

Table 5.5: Preselections for photon candidates
Requirements Leading Photon Subleading Photon

ET 30 GeV 20 GeV

|η| < 2.5 and outside 1.442 < |η| < 1.566

Shower shape and Isolation R9 > 0.8 or CHI < 20 GeV or CHI/ET < 0.3

Identification H/E < 0.08 and MVAID> −0.9

5.3.3 Jet reconstruction

Jets are reconstructed using anti-kT algorithm with a distance parameter R=0.4 as

discussed in Section 3.4.2; thus, we use AK4 jets. The preselections are directly used from

non-resonant HH → bb̄γγ analysis [1]. Events, passing jet identification [171] criteria to

reject jets from calorimeter noise, are required to have jets with pT > 25 GeV and |η| <

2.4 (2016) / 2.5 (2017, 2018) thresholds2. The |η| selection is based on selecting jets

within tracker coverage to benefit from track information to identify the jets originated

from b quark hadronization.

5.3.4 Offline event selections

To identify events with diphoton object within ECAL and tracker coverage |η| < 2.5, they

should pass selection on pT (γ)/mγγ (pγ1
T /mγγ > 1/3 and pγ2

T /mγγ > 1/4) and 100 < mγγ

< 180 GeV, where pγT and mγγ are transverse momenta and invariant mass of selected

photon-pair, respectively. The asymmetric pγT selection avoids the turn-on present in

data mγγ distribution. It also rejects the misidentified background photons. An electron

veto (from Section 3.5.4.3) requirement is also applied not to select an electron as a

photon. It suppresses dominant Z → ee background contribution. The primary pp

vertex is identified using a diphoton vertex identification multivariate technique as given

in Section 3.5.4.5. It has been proven 99.9% efficient for correct vertex assignment for

2As H → γγ handle is crucial for analysis sensitivity, we do not compromise with H → γγ selections.
For a completeness we tried with H → bb̄ pT selection of 20 GeV to gain in signal efficiency, especially
for low masses, but it made the BDT training performance worse
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bb̄γγ final state because of the additional jet selection requirements explained within the

next paragraph.

The reconstructed jets are corrected with pT based b jet energy regression as described

in Section 3.5.2. It improves the b jet energy resolution, resulting in a better mjj

resolution with 20% improvement. A ∆R =
√

(∆η)2 + (∆φ)2 > 0.4 selection is also

applied to have selected photons and jets isolated from each other. For tagging the jets

as b jets, deep neural network and secondary vertex algorithm-based tagger DeepJet is

used (discussed in Section 3.5.1). We do not apply any selection on the b discriminator.

It is used as one of the inputs to train a multiclass BDT classifier. The corresponding

reshaping scale factors and uncertainties are taken into account which are included in

Section 5.6. Additionally, a wider 70 <mjj < 190 (1200) GeV selection is also applied.

Within the mjj mass window, a dijet system is reconstructed using two jets with the

highest sum of DeepJet discriminator score in an event. The mjj window is kept

wider for the NMSSM signals to scan over the allowed Y mass points. All the offline

event selections are tabulated in Table 5.6. To use optimal b tagger in the analysis,

Table 5.6: Event selection criteria
Photons Jets

Variable Selection Variable Selection

photon pT >mγγ/3, mγγ/4 pT > 25. [GeV]

electron veto |η| < 2.4(2016)/2.5(2017/18)

mγγ [100, 180] [GeV] ∆Rγj > 0.4

njets > 1

mjj [70, 190/1200] [GeV] (WED/NMSSM)

DeepJet > 0,with highest sum of b -Tag score

we integrated the DeepJet in the analysis framework and studied the performance

with non-resonant HH → bb̄γγ analysis specific signal and background samples listed

in Table 5.7. From a comparison study between DeepJet and DeepCSV in Fig. 5.4,

it can be seen that the usage of DeepJet b tagger gives up to 10% improvement in

b-efficiency for 1% mistag-rate.

The variation in signal efficiency with offline selections, for different mass hypotheses,
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Table 5.7: Samples used for DeepJet performance study
signal GluGluToHHTo2B2G node SM 13TeV-madgraph

background QCD Pt-40toInf DoubleEMEnriched MGG-80toInf TuneCUETP8M1 13TeV Pythia8

Figure 5.4: Performance comparison between DeepJet and DeepCSV for 2016 (left)
and 2017 (right) data-taking years

is given in Fig. 5.5. It shows that signal efficiency increases along the x-axis. It happens

because more events pass selections as H → γγ and Y → bb̄ handles start entering

in a high pT regime with a higher X mass. Differing from this trend, signal efficiency

along the y-axis first increases because of mjj selection, which is a bit tighter for the

Y < 125 GeV mass region. Hence, it lowers the efficiency for Y < 125 GeV. As it starts

entering the higher Y mass region, the efficiency decreases because the H → γγ handle

becomes less energetic in this region. Therefore, photon selections dominate and make

the efficiency low. This can also be understood using Figs. 5.7 and 5.6 where the cut by

cut effect on signal efficiency, for each Y , is shown.
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Figure 5.5: Signal efficiency for each X-Y mass point after offline selections
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(a) Y=90 GeV (b) Y=100 GeV

(c) Y=125 GeV (d) Y=150 GeV

(e) Y=200 GeV (f) Y=250 GeV

Figure 5.6: Signal efficiency cutflow graphs for each Y mass point
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(a) Y=300 GeV (b) Y=400 GeV

(c) Y=500 GeV (d) Y=600 GeV

(e) Y=700 GeV (f) Y=800 GeV

Figure 5.7: Signal efficiency cutflow graphs for each Y mass point
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The bar graphs for the signal efficiency of bulk radion and bulk KK graviton after

passing the offline selections are in Fig. 5.8. The numbers in the bar graph for bulk

radion are consistent with numbers in the 2D efficiency plot for Y= 125 GeV case as the

kinematic distributions do not differ much for both the signal hypotheses as shown in

Fig. 5.9. For bulk KK graviton efficiency is slightly higher because of the spin-2 structure

explained in Section 5.3.5.6. In this case, the angular distribution of decay products

remain in more central region of detector; therefore events are in high pT regime.

Figure 5.8: Signal efficiency for bulk radion and bulk KK graviton
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(a) leading jet pT (b) subleading jet pT

(c) leading photon pT (d) subleading photon pT

(e) leading jet η (f) leading photon η

Figure 5.9: Generator level kinematic comparisons between NMSSM (Y=125 GeV) and
WED spin-0 hypotheses (legend RD=bulk radion and X=NMSSM X resonance)
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5.3.5 Non-resonant background rejection

A machine learning tool, XGBoost [172] with Scikit-learn [173], is used to have a

multiclass BDT classifier to discriminate signal and dominating non-resonant background

processes. To train the BDT, simulated samples are used. The samples are put in three

different classes (one for signal and two for background processes) to use as the input

for the classifier.

Signal = Signal simulations (NMSSM)

Background-1 = γγ + jets and Background-2 = jγ/jj+jets

Since we deal with various resonance X masses, which vary from 260 to 1000 GeV

(for both BSM models) and various Y masses (for NMSSM case only), kinematics differ

significantly in specific X-Y mass ranges. Therefore, BDT is trained separately for six

different mass ranges to achieve efficient training performance for every signal. In this

division, three ranges are in mX (lowX: mX < 500 GeV, midX: mX = 500–700 GeV

and highX: mX > 700 GeV) and the rest of three in mY (lowY: mY < 300 GeV, midY:

mY = 300–500 GeV and highY: mY > 500 GeV) as labeled in Fig. 5.10. We call

these six mass regions lowX lowY, midX midY, highX highY, midX lowY, highX midY

and highX lowY. The basis of this division is Lorentz boost factor [174] defined with

mX/(mH +mY ), where m stands the pole mass. Fig. 5.10 also contains the boost factors

for each X − Y pair. The X − Y mass regions have the following properties:

• lowX lowY, midX midY and highX highY: boost-factor . 2; where jets are

distributed in different hemispheres, and objects are soft and can be treated as

resolved.

• midX lowY and highX midY: 1.5 . boost-factor . 3; where jets are in the

same hemisphere and objects can be treated as resolved.

• highX lowY: 2.5 . boost-factor . 5; where jets and photons are tend to be close

as they are in high pT regime.

For three mY ranges, training considers events in three different and overlapping

wide mjj intervals (or bins). While deciding these intervals, we ensure that we have
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the appropriate mjj observable shape of every signal belonging to the corresponding mY

range without compromising signal efficiency much.

lowY = [90, 250] GeV, mjj-bin = [70, 400] GeV

midY = [300, 500] GeV, mjj-bin = [150, 560] GeV

highY = [600,800] GeV, mjj-bin = [300, 1000] GeV

This will make each training more efficient to suppress background within a specific mjj

interval where we model mjj in data as an observable for signal extraction.

Figure 5.10: X − Y mass bins for MVA training using boost factors

5.3.5.1 Run-2 training strategy

We build a training workflow for our analysis to make the BDT training procedure

easier for full Run-2 training and further validated it. We perform a merged training

for all three years by adding a year label as training input and separate training for

each data-taking year, using the same hyperparameters3 and MC samples. We compare

training outputs of merged training and year-wise separate training. The year-label for

the merged case does not bring any improvement but only helps to pick training output

3In machine learning, hyperparameter is a configuration that is external to the model and whose
value cannot be estimated from data. It helps to discover the parameters of the model that result in
the meaningful predictions of data.
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year-wise from the merged training file. Figure 5.11 shows that from both the training,

the output ROC performance is same for both the background classes. Thus without

making any compromise in training performance, it makes the training workflow faster

and easier to deal with BDT training for full Run-24.

4We have made this study only for bulk radion signal process and adapted same workflow for NMSSM
default training.
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(a) 2016 (b) 2016

(c) 2017 (d) 2017

(e) 2018 (f) 2018

Figure 5.11: ROC curve performance comparison between merged and year wise separate
training
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5.3.5.2 Training Input Variables:

For BDT training, three groups of input variables are used:

1) kinematic variables that have discriminating distribution for signal and background

processes.

• Helicity angles (| cos θCS
HY |, | cos θCS

bb |, | cos θCS
γγ |), here CS refers to the Collins-Soper

frame. |cos(θCSxx )| is defined as the angle between the particle x and the direction

defined by the H → xx candidate, where x = γ or b

• First two minimum angular distance between photons and jets (∆R(γ,jets))

• pT (jj)/mjjγγ and pT (γγ)/mjjγγ

• Leading and subleading photons pT (γ)/mγγ and jets pT (j)/mjj

2) object identification variables that could reject background misidentified objects

• Leading and subleading photonID to reject misidentified photon contribution

• Leading and subleading jets b tagging score from DeepJet algorithm to reject

light jets

3) resolution variables

• Leading and subleading photons resolution variables:

a) energy resolution (σE/E)

b) mass resolution (σmγγ/mγγ)

• Leading and subleading jets resolution variables:

a) energy resolution (σpT (j)/pT (j))

b) mass resolution (σmjj/mjj)

In the first set, the Helicity angles help to reject diphoton QCD backgrounds. For

resonant signal, Helicity distributions are uniform due to the spin-0 nature of resonance,

while for the background, it will be peaking around high values because of collinear
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emissions. On the other side, transverse momentum is also a good discriminating

variable. For the background, it has a steep fall starting from the low pT region. Scaling

transverse momentum with mass, decorrelate the classifier from mγγ and mjj. pT (γ)/mγγ

and pT (j)/mjj variables mainly improve the sensitivity in the low M̃X region, where

analysis is more sensitive. In this region, the Higgs bosons are produced nearly at rest.

Hence, the photons and jet momenta have values of around pT > mH,Y /2. Also, the jet

and photon pairs are produced isotropically due to the scalar nature of the Higgs and

Y bosons. These dimensionless variables will therefore improve the performance of the

BDT. Although a low M̃X region motivated these variables, they are used for training

across the entire resonance mass region.

In the second set, the output scores of photonID and DeepJet b discriminant are used.

These variables reject the background photons and jets, which can mimic the signal

objects after passing the offline selections.

The last set corresponds to resolution variables. Due to the excellent ECAL response

of the CMS detector, photon yields better resolution, which is fed into training. The

resolution is directly taken from photon energy regression training. Similarly, for b jets,

the resolution variable from the b jet energy regression training is used.

Shape comparison for the signal and background distributions corresponding to the

above variables are added in Figs. 5.12, 5.13, 5.14 and 5.15 for three X mass ranges in

low mjj-bin. Mid and high mjj bin plots are added in Appendix B.1. The Data/MC

comparison for these variables had been studied for non-resonant HH → bb̄γγ analysis [1]

as the BDT inputs remain the same for both the analyses.

Apart from all these variables, median energy density ρ is also added to include

pileup information in training, which differs among 2016, 2017, and 2018 data-taking

years. It helps the BDT to learn the pileup profile present in real data. For this

analysis, we perform a merged training combining three data-taking years as explained

in Section 5.3.5.1 in every training mass range.
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5.3.5.3 Training and hyperparameter optimization:

For signal, the MC samples are mixed according to six mass range definitions. It is

checked that in every mass range, the training is efficient enough to reject background

events. Signal events for each resonance mass keep the same weightage during the BDT

training. Signal and backgrounds are normalized to unity before using as training input,

where for normalization of backgrounds, the relative fraction of different background

processes is preserved. This normalization keeps the signal and background on equal

footing to have a shape-based training depending upon the given inputs. The samples

are divided into train and test samples after randomization of events, where BDT uses

the training sample to learn the model for the classifier, and a test sample is used to

check the performance of that classifier.

The machine learning (ML) software used for BDT training is based on python

libraries and used for fast solutions of classification and regression problems. Multiclass

features of these ML tools help to train for one signal hypothesis with respect to

more than one background hypothesis and further check the training performances for

individual background hypotheses.

For this analysis, fine-tuning of input hyperparameters is done using

RandomizeCVSearch function of Scikit-learn [175] with 5-fold cross-validation.

This optimization helps to improve the training performance and stops over-training. A

predefined range is used for the optimization of these parameters. This function takes

the best possible combinations of hyperparameters and returns the best estimator after

comparing performance among them. More details about these hyperparameters are

available in XGBoost Documentation at [176].

Best Estimator:

XGBClassifier(base score=0.5, booster=’gbtree’, colsample bylevel=1,

colsample bynode=1, colsample bytree=1, gamma=0, learning rate=0.1, max delta -

step=0, max depth=5, min child weight=1e-04, missing=None, n estimators=2500, n -

jobs=1, nthread=4, objective=’binary:logistic’, random state=0, reg alpha=0.01, reg -

lambda=0.3, scale pos weight=1, seed=0,silent=True, subsample=1, verbosity=1)
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An early-stopping function is also used to control the over-training. A loss-function

evaluates if the model is learning the given data well. The early-stopping function keeps

track of the loss function with each iteration and takes decisions accordingly to stop

over-training if the loss function does not improve during the training.

Here we use the XGBoost recommended cross-entropy loss function, a more

generic form of logarithmic loss which serves multiclass classification problems. The

mathematical expression for loss function = −(1/N)
N∑
i=1

M∑
j=1

yijlog pij, where N refers to

number of events and M stands for number of BDT outputs. yij stands for the BDT

output for ith event with jth BDT output and pij is the probability associated with yij.

Figure 5.16 shows the distributions of the classifier output for signal (blue) and

background (red) events for all six mass ranges, which are good discriminator to separate

signals and backgrounds. Figures 5.17 and 5.18 show the ROC curve performances of

the classifiers for both the background classes (γγ+jets and jγ/jj+jets) from all six

training. In these ROCs, the performance to reject jγ/jj+jets background is higher due

to photonID input in the BDT training. This helps to suppress misidentified photon

contributions coming from jγ/jj+jets. As the training is performed on NMSSM signals,

a study has been made to check training performance for WED signals. This is added

in Section 5.3.5.6.
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Figure 5.12: Signal and background kinematics for lowY mass region
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Figure 5.13: Signal and background kinematics for lowY mass region
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Figure 5.14: Signal and background kinematics for lowY mass region
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Figure 5.15: Signal and background kinematics for lowY mass region
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(a) lowX lowY (b) midX lowY

(c) highX lowY (d) midX midY

(e) highX midY (f) highX highY

Figure 5.16: BDT classifier output
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(a) lowX lowY (b) midX lowY

(c) highX lowY (d) midX midY

(e) highX midY (f) highX highY

Figure 5.17: ROC performance for γγ+jets
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(a) lowX lowY (b) midX lowY

(c) highX lowY (d) midX midY

(e) highX midY (f) highX highY

Figure 5.18: ROC performance for jγ/jj+jets
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5.3.5.4 MVA flattening:

This analysis is statistically very limited due to the high selection efficiency and purity

of bb̄γγ channel; therefore, applying a tight selection on BDT output is not that optimal

approach as statistics might lack for a robust background modeling. Event categorization

is an excellent approach to enhance analysis sensitivity in such cases. Following this

approach, we categorize events into MVA categories. The BDT output at Fig. 5.16

shows that there is a sharp peak for signal events around one. This indicates a higher

density of signal events around region one, making categorization hard to optimize final

MVA boundaries. To make the categorization easier, a cumulative transformation is

applied to both signal and background events with respect to the signal.

This transformation makes signal BDT output uniform without compromising the

training performance. The background follows the falling BDT distribution only.

Fig. 5.19 has transformed MVA output distributions for signal (yellow line) and

background (stacked histograms) events from all six mass ranges where we train the

BDT.

5.3.5.5 Data/MC comparison for MVA Output:

In this analysis, non-resonant background simulation samples are only used for BDT

training and optimization studies. The data-driven method is used to consider non-

resonant background contributions. Therefore, to validate the transformed BDT output,

a comparison between BDT output of non-resonant background simulations (normalized

to its cross-section times luminosity values) and Run-2 data is made so that it could

confirm that the trained BDT is efficient enough to reject non-resonant backgrounds

coming from data. In this comparison, signal region mγγ = [115, 135] GeV is kept

blinded, and a scale factor (SF) is used to minimize data/MC inconsistencies. The SF

is a ratio of event yields from non-resonant background MC and data in the control

region (side-bands of blinded mγγ distribution). This differs among six training output

distributions due to statistics and kinematics of mass ranges (varies from 2 to 5). Fig. 5.19

shows that background MC BDT output describes the data well.
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Figure 5.19: Data/MC comparison of transformed MVA Output for all six BDT training;
the dominant contribution comes from irreducible γγ+jets background
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5.3.5.6 NMSSM training validation on WED signal

We apply the same BDT training, produced for NMSSM lowY mass ranges to deal with

bulk radion and bulk KK graviton searches. We do the following checks to show that

NMSSM training is optimal for all three signal hypotheses.

As we observed in Fig. 5.9, kinematics for bulk radion and NMSSM Y=125 are similar.

For bulk KK graviton, the | cos θCS
HY | differs due to the spin-2 nature of resonance. Spin-0

and spin-2 kinematic comparisons are added in Fig. 5.21.

Variations in other kinematics are directly correlated with | cos θCS
HY | for spin-2 case; thus,

having only one different kinematic shape for spin-2 does not differ the training output

much for spin-2 compared to the spin-0 case. We produce separate bulk KK graviton

(bulk radion) signal training and compare the training results to validate the above

statements. We apply bulk KK graviton (bulk radion) training on bulk KK graviton

(bulk radion) sample (dotted line in Fig. 5.20) and NMSSM training on bulk KK graviton

(bulk radion) sample (solid line in Fig. 5.20) and produce upper limits on cross section.

This shows that NMSSM X → Y H training can be used for all three signals as the

results do not change much.

Figure 5.20: Validation of NMSSM training on WED signals; in legend RDTrain =
bulk radion training, BGTrain = bulk KK graviton training, NMSSMTrain = NMSSM
training; solid and dotted yellow (blue) lines compare the results for bulk KK graviton
(bulk radion) from NMSSM training and bulk KK graviton (bulk radion) training
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Figure 5.21: Kinematic comparisons between spin-0 bulk radion (RD) and spin-2 bulk
KK graviton (BG) for lowX ranges
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5.3.5.7 MVA Categorization:

To boost the sensitivity of the analysis, we divide events into different categories based on

the transformed MVA output. As explained in Section 5.3.5.1, we train the BDT for all

three years together to have one training output. Similarly, we optimize event categories

for all three years together. The MVA categories are optimized based on Punzi figure of

merit (FOM) [177]. The simulation samples (non-resonant backgrounds and signal) of

2016, 2017, and 2018 data-taking years are used for this which are merged and scaled to

corresponding cross section times luminosity value. For signal, 1 fb cross section is used

to give the same weightage to all mass points.

A Root package Minuit [178] is used with MIGrad minimizer to decide final MVA

boundaries. Minuit is a tool to find the minimum value of a multi-parameter function

and analyze the shape of the function around the minimum. The number of iteration

and tolerance are set manually. The input function is Punzi FOM Seff/(1 +
√
B), where

Seff and B are signal efficiency and background yields. The category optimization

remains independent of assuming any signal cross section since Punzi FOM only uses

signal efficiency. It prevents categorization bias towards any specific signal hypothesis,

and category boundaries remain the same for all signals within a mX-mY mass range.

To serve the same purpose, M̃X selection (Section 5.3.6) is not considered during BDT

category optimization and applied only during categorization. The minimizer decides

boundaries on BDT output to get the maximum root-square-sum of Punzi FOM from

all categories. Four boundaries are provided by this optimization, among which the

background-dominated BDT region is always discarded, and the rest of the three are

considered. The optimized boundaries are tabulated in Table 5.8. These categories are

labeled as CAT 0, CAT 1 and CAT 2 depending upon the value of Punzi FOM. For

CAT 0, CAT 1 and CAT 2, Punzi FOM ranges 0.01–0.05, 0.003–0.02 and 0.001–0.006,

respectively. We have six sets of category boundaries corresponding to six training mX-

mY ranges.

During the optimization, a constraint is used to keep enough background statistics in

each category for proper event modeling. It has been also checked that MVA boundary
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optimization does not get affected by the scale factor used in Data/MC comparison.

Table 5.8: Boundaries for MVA categorization
mass range

&
category

lowX lowY midX lowY highX lowY midX midY highX midY highX highY

CAT 2 [0.174, 0.329] [0.213, 0.401] [0.215, 0.304] [0.180, 0.352] [0.177, 0.239] [0.129, 0.286]
CAT 1 [0.329, 0.627] [0.401, 0.550] [0.304, 0.500] [0.352, 0.600] [0.239, 0.350] [0.286, 0.400]
CAT 0 [0.627, 1.000] [0.550, 1.000] [0.500, 1.000] [0.600, 1.000] [0.350, 1.000] [0.400, 1.000]

The number of MVA categories was optimized for non-resonant analysis and three

MVA categories were found to be enough for a good analysis sensitivity. We also tried

with four categories just for a cross-check, but it affected the results <1%.

5.3.5.8 Mass sculpting checks for background:

While dealing with the background within each MVA category, we need to ensure that

the categorization does not sculpt the shape of the background; otherwise, it could be

problematic while modeling the background distributions. Therefore, we compared the

mγγ and mjj distributions among all three categories using non-resonant background

simulations to check the effect of categorization. All the shape comparison plots are in

Figs. 5.22 and 5.23.

We observe that for highX mass ranges, BDT sculpts the background shapes a bit, but

background modeling can be handled by the envelope method [179]. For lowX and midX,

it seems to work fine. Overall we do not see any turn-on or other issue with the mγγ and

mjj shapes of the background within each category.

5.3.6 Resonant background rejection

The single Higgs backgrounds are the essential resonant backgrounds for the HH/HY

signal process, and among them, the most dominant background is ttH. For these

resonant searches, it contributes only for resonance mass < 600 GeV. As we tend to

the higher resonance masses, resonant background contamination becomes less than 1%.

Thus, it is required to remove ttH contribution to improve results for the lower mX

region where analysis has been proven more sensitive from previously published results.
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(a) lowX lowY mγγ (b) lowX lowY mjj

(c) midX lowY mγγ (d) midX lowY mjj

(e) midX midY mγγ (f) midX midY mjj

Figure 5.22: Background MC mγγ and mjj shape comparisons within each MVA category
for all six training.
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(a) highX lowY mγγ (b) highX lowY mjj

(c) highX midY mγγ (d) highX midY mjj

(e) highX highY mγγ (f) highX highY mjj

Figure 5.23: Background MC mγγ and mjj shape comparisons within each MVA category
for all six training.
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There are two following selections which help to achieve this motive:

• ttHkiller discriminant: A neural network discriminator was developed for non-

resonant HH → bb̄γγ analysis, which is named as ttHkiller or ttHScore. For the

non-resonant analysis, the optimization study to select a cut on this discriminant

was performed using pseudo data to increase the analysis sensitivity. This study

has been briefly added in Appendix B.3. The study concluded that a 0.26 cut on

ttHScore could make up to 10% improvement in the final results. Therefore, it

is directly adapted and applied for resonant analysis (only for resonance masses

< 600 GeV). With the inclusion of this cut, 80% ttH background gets rejected,

keeping 95% signal efficiency and improvement on low mass resonance results goes

up to 10% as shown in Fig. 5.24. After ttHkiller cut (as checked using background

simulations), only 1% resonant background contribution of total background in

three categories contaminates the signal. This number goes around 6-7% for signal

dominated region mγγ = [120, 130] GeV.

In Fig. 5.26, the shapes of mγγ and mjj are checked for background MC to observe

how it gets modified with various ttHkiller thresholds. No turn-on is observed. It

should also be mentioned that final results do not strongly depend on the choice

of ttHKiller threshold (Fig. 5.25)5.

5For low mass resonances, the effect of ttHkiller cut on MVA categorization is checked. We find the
same MVA boundaries before and after the ttHkiller cut.
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Figure 5.24: Effect of ttHkiller cut on upper limits of low resonance masses

Figure 5.25: Variation in upper limits with ttHkiller thresholds
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(a) lowX lowY mγγ (b) lowX lowY mjj

(c) midX lowY mγγ (d) midX lowY mjj

Figure 5.26: Effect of various ttHkiller thresholds on mγγ and mjj shapes

• Mass window optimization: Apart from the ttHkiller selection, M̃X mass

window selection (adapted from 2016 published analysis [64]) also helps to suppress

resonant background contribution. By construction, M̃X is 4-body invariant mass

where mass resolutions of mγγ and mjj are subtracted from mγγjj. It yields better

M̃X resolution in comparison to mγγjj. The improvement in M̃X resolution depends

on the boost factor of the signal. For the signal, where decay products are in high

pT regime, mγγ and mjj resolutions are small; hence, their subtraction improves

M̃X resolution only around 30%. As we tend to the signal having decay products

in low pT regime, mγγ and mjj resolutions get large, which subtraction brings this

improvement up to 90%. The M̃X distributions are given in Figs. 5.28 and 5.29.

After M̃X reconstruction, we optimize a tight mass window selection on it for each
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mX using HH signals. The optimization covers more than 60% of signal events and

achieves the best expected results using data from the control region6. With good

M̃X resolution, this mass window selection helps to reject background keeping the

high signal efficiency, thus increasing the signal-to-background ratio.

The optimized mass window on HH signals is directly applied on HY signals.

For low mY , M̃X resolution of HY signals remains similar to HH signals. While

for high mY , M̃X keeps up to 90% improvement in the resolution that gives high

signal efficiency with the same mass window. Also, it is checked that the optimized

mass window does not significantly affect the correlation between mγγ and mjj

observables. The M̃X selection boundaries are shown in Fig. 5.27.

To verify the resonant background suppression, we compare the single Higgs

background yields between resonant analysis after ttHkiller and M̃X selections

and non-resonant analysis where we apply ttHkiller cut but do not have this

M̃X selection. In Fig. 5.30, the bar graph shows that the single Higgs resonant

backgrounds become negligible for resonant di-Higgs analysis after M̃X selection.

It makes resonant backgrounds contribution less than 1% of total background.

Figure 5.27: Mass window for each resonance mass; Red and Blue graphs show upper
and lower boundaries of the M̃X selection

6We used blinded data for M̃X window optimization since this is a very tight selection, and it becomes
crucial as we tend for higher masses where data events are very less. Thus to have enough data events
to perform robust background modeling, it is done in this way.
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(a) Y=90 GeV (b) Y=100 GeV

(c) Y=125 GeV (d) Y=150 GeV

(e) Y=200 GeV (f) Y=250 GeV

Figure 5.28: M̃X and mjjγγ distribution comparison among different X resonance mass
for each Y mass point; M̃X yields better resolution
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(a) Y=300 GeV (b) Y=400 GeV

(c) Y=500 GeV (d) Y=600 GeV

(e) Y=700 GeV (f) Y=800 GeV

Figure 5.29: M̃X and mjjγγ distribution comparsion among different X resonance mass
for each Y mass point; M̃X yields better resolution
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Figure 5.30: Single Higgs yields comparison between resonant and non-resonant analysis
showing benefit of M̃X selection which reduces resonant background contribution for
resonant bb̄γγ analysis.

5.4 Signal model

To estimate the expected signal strength, signal simulations are used. After passing the

event selections, categorized events are fitted in mγγ:mjj plane with a product of two

parametric signal models: a sum of Gaussian distributions and a double-sided Crystal

Ball (CB) or sum of CB and Gaussian functions.

The mγγ shape is parameterized using the sum of up to five Gaussian functions, where the

number of Gaussian functions is chosen from the F-test [180]. The mjj shape is modeled

using a double-sided crystal ball (CB) function or sum of CB and Gaussian function

depending upon the χ2 of fit [181]. This signal model is good enough to model the mγγ

with higher resolution as well as mjj with lower resolution for each resonance mass of

signal hypothesis. The final signal model is a product of mγγ and mjj fit functions.

The no-correlation hypothesis is checked by comparing the two-dimensional mγγ and mjj

distributions from the simulated signal samples (Fig. 5.36). For the average expected

number of signal events in this analysis, the impact of such correlations are found to be

negligible. This is expected from the fact that Higgs bosons decay independently and

are not angularly correlated.
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Signal fit for both mγγ and mjj are available in Figs. 5.31 and 5.32. These fits are only

for the high purity category CAT 0 for each resonance mass.

(a) bulk radion300 (b) X700Y500 (c) X1000Y800

Figure 5.31: mγγ model for three different Y mass region

(a) bulk radion300 (b) X700Y500 (c) X1000Y800

Figure 5.32: mjj model for three different Y mass region

5.5 Background model

The total background model is built as a sum of the non-resonant diphoton QCD

background continuum and single Higgs boson production. The probability density for

the resonant single Higgs boson production is built using MC simulations and normalized

to the corresponding SM production cross section. The non-resonant background is

estimated in a data-driven way. The nominal background model is built as a factorized

two-dimensional probability density function in the mγγ:mjj plane. For signal extraction,
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we perform a 2D fit in this plane. The fit region for mγγ observable is defined as 100-

180 GeV. For mjj, the fit region depends upon the mass of Y for the NMSSM scenario.

For WED one, it is kept the same as non-resonant HH → bb̄γγ analysis (70–190 GeV). A

bias study is also performed to validate the 2D envelop method for background modeling,

which is explained within Section 5.5.3.

5.5.1 Single Higgs background model

For the single Higgs mechanisms, the mγγ from simulations is modeled using the same

approach as signal mγγ modeling in Section 5.4, using the sum of Gaussian functions

since two photons is the decay product of the SM Higgs boson.

However, their mjj distributions differ from the signal, and an appropriate function is

chosen based on the production process. We use Crystal ball (for V H), Gaussian (for

ttH) and Bernstein (for ggH, bb̄H, VBF H) function depending upon the background

process. For V H, the additional two jets from the hadronic decay of vector bosons might

mimic like signal b jets. The asymmetric distribution with a peak around vector boson

mass 80–90 GeV can be modeled with the CB function. For ttH, the two b jets coming

from top quark decay might gain (2*mass of top)/3 fraction of its energy-momentum.

Therefore, a Gaussian function with a peak around 115 GeV is used to model this mjj

distribution. This is the most dominating single Higgs contribution, which fully mimics

the signal with low Y mass. The rest of the three productions (ggH, VBF H, bb̄H)

is modeled with Bernstein polynomials as additional jets from these processes do not

come from any massive particle; hence, they show a falling mjj spectrum in the mjj

region of analysis interest. The representative plots are added in Fig. 5.33. Because of

limited statistics in the single Higgs simulations after the categorization, it is hard to

construct the shapes in each category per year. In mγγ distribution, for all single Higgs

production modes, a narrow Higgs peak is observed. Therefore, if there are not enough

MC statistics in a given category, the mγγ, shape constructed for ttH is used, which has

good MC statistics in all categories. For mjj, the events are combined from simulations

of all three years to have robust modeling.
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(a) ttH CAT2 mγγ (b) ggH CAT2 mγγ (c) V H CAT2 mγγ

(d) qqh CAT2 mγγ (e) bb̄H yb2 CAT2 mγγ (f) bb̄H ybyt CAT2 mγγ

(g) ttH CAT2 mjj (h) ggH CAT2 mjj (i) V H CAT2 mjj

(j) qqh CAT2 mjj (k) bb̄H yb2 CAT2 mjj (l) bb̄H ybyt CAT2 mjj

Figure 5.33: Resonant background model
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5.5.2 Non-resonant background model

A discrete profiling method [179] is used to model the data-driven diphoton QCD

continuum. Whenever we study a rare signal, the choice of background and signal

functions change the results; thus, there is always uncertainty associated with the choice

of functions. The method considers this choice as a source of systematic uncertainty

modeled as a nuisance parameter. For the discrete profiling method, three families

of the functions are considered: polynomials in the Bernstein basis, exponential, and

power-law functions. For each of the analysis categories, F-test [180] selects the right

dof of the functions from each of these families to proceed with discrete profiling by

comparing 2∆NLL between two consecutive fits. This 2∆NLL is distributed as a χ2(n)

distribution, where the number of dof n equals the difference in the number of free

parameters between two consecutive orders. We continue to increase the order of the

function until the next order gives no significant improvement to the fit to the data. It is

done formγγ andmjj variables separately, and then, combinations of best fit functions are

chosen for mγγ and mjj projections. The choice of a function to define the background is

regarded as a discrete nuisance parameter in the final 2∆NLL minimization. Choosing

the minimum envelope of selected functions creates a systematic uncertainty on the

background modeling choice.

The mjj and mγγ distributions in data are shown in Fig. 5.34 together with a set of

candidate functions obtained with F-test7.

7For background modeling, data events with mγγ side-band are considered for mjj modeling. mjj

region is not blinded. Also, since we have different Y -masses, signal modeling for mjj is done in Y
specific mjj range where it covers full mjj shape corresponding to that Y mass-point.
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(a) bulk radion300 CAT 0 mγγ (b) bulk radion300 CAT 0 mjj

(c) X800Y400 CAT 0 mγγ (d) X800Y400 CAT 0 mjj

(e) X1000Y800 CAT 0 mγγ (f) X1000Y800 CAT 0 mjj

Figure 5.34: Background model for CAT 0 in three different Y mass region
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5.5.3 Bias study

After deciding the function for signal and background models, it is required to perform

the bias study, which indicates how much potential bias can be present given a certain

choice of event modeling functions. These studies are conducted using Higgs Combine

Tool [182]. The steps to perform the bias study are described below:

• signal injection value (µinj) = 1.0

• generates 1500-2000 toys using the alternative choice of background modeling

functions (µinj.s + b) which could also define data side-bands well. We could do

this by switching the pdf index (pdf index refers to a different order of the other

background modeling function families) for the envelope method.

• Fit the toys using final background model choice from envelope method with fit

parameter µ range [-5, 5].

• bias is extracted from fitted toys using ( (µfit−µinj)/σfit ) where σfit is uncertainty

on fitted µ.

The reason behind choosing signal injection = 1 is to deal with negative pdf error as in

some bins background events are less, which leads to a negative value of µinj.s+ b if µinj

is set equal to the expected upper limit value.

Also, since the choice of background modeling functions remains the same for WED

signals, it is enough to perform this study using any signal as both signals differ in spin

structure, but that does not alter the mjj, and mγγ shapes much. For the NMSSM

scenario, the bias study is performed for the masses, representing all the six mass ranges

as we define for training.

All the results can be found in Figs. B.9, B.10 and B.11 for both WED and NMSSM

signals. In the results, where the bias is not under the 14-20% set threshold with a few

background modeling functions, those are the alternative functions that do not define

background side-bands well; thus, corresponding bias can be ignored. These functions

are explicitly compared with the best fit pdfs in Table 5.9.
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Table 5.9: Pdf functions showing high bias (3rd column) with best fit pdfs (last column)
Signal CAT pdfs Best fit pdf

WED X260 2 pdf Pow1 Pow1 DoubleHTag 2 pdf Exp1 Ber2 DoubleHTag 2
NMSSM

X500 Y300
2

pdf Ber3 Ber1 DoubleHTag 2, pdf Ber3 Ber2 DoubleHTag 2,
pdf Ber3 Ber3 DoubleHTag 2, pdf Ber3 Exp1 DoubleHTag 2,

pdf Ber3 Pow1 DoubleHTag 2
pdf Pow1 Exp1 DoubleHTag 2

NMSSM

X600 Y400

2

1

pdf Ber3 Ber1 DoubleHTag 2, pdf Ber3 Ber2 DoubleHTag 2,
pdf Ber3 Ber3 DoubleHTag 2, pdf Ber3 Exp1 DoubleHTag 2,

pdf Ber3 Pow1 DoubleHTag 2

pdf Pow1 Ber3 DoubleHTag 1, pdf Pow1 Pow1 DoubleHTag 1

pdf Pow1 Exp1 DoubleHTag 2

pdf Ber2 Exp1 DoubleHTag 2
NMSSM

X800 Y600
2 pdf Pow1 Exp1 DoubleHTag 2,pdf Pow1 Pow1 DoubleHTag 2 pdf Ber2 Pow1 DoubleHTag 2

NMSSM

X900 Y700
2 pdf Pow1 Exp1 DoubleHTag 2,pdf Pow1 Pow1 DoubleHTag 2 pdf Exp1 Pow1 DoubleHTag 2

NMSSM

X1000 Y800
2

pdf Pow1 Ber1 DoubleHTag 2, pdf Pow1 Ber2 DoubleHTag 2,
pdf Pow1 Ber3 DoubleHTag 2, pdf Pow1 Ber4 DoubleHTag 2

pdf Exp1 Pow1 DoubleHTag 2

5.6 Systematic uncertainties

Several sources of systematic uncertainty are considered in the analysis. The systematic

uncertainties affect mainly the signal model and the resonant single Higgs background.

The non-resonant background model is constructed using a data-driven method with the

uncertainties associated with the choice of background fit function using the discrete

profiling method as described in Section 5.5. Systematic uncertainties can have a

number of effects on signal and single Higgs background models. As parametric nuisance

parameters, systematic uncertainties altering the shapes of the mγγ and mjj distributions

are introduced into the models. The systematic uncertainties affecting only the yields

are treated as log-normal uncertainties.

All the systematics are in common with the standard H → γγ analysis and

implemented in the same way. We give a summary of the dominant sources for this

analysis. Since the analysis is statistically dominated, the effect of the systematics is of

the order of 1–2%.

The major systematic uncertainties considered in this analysis are the following:

• Jet energy scale and smearing corrections: The pT balance of jets with Z bosons

and photons in Z → ee, Z → µµ, and γ+jets events, as well as the pT balance
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between jets in dijet and multijet events, are used to determine the energy scale

of jets. The jet energy scale has a small amount of uncertainty and is influenced

by pT and η. By varying the jet energy corrections within their uncertainties and

propagating the effect to the final result, the impact of jet energy scale and smearing

uncertainties on event yields is evaluated. It is found to be a size of 1%. These are

considered uncorrelated across three data-taking years since Jet measurements are

performed independently for 2016, 2017 and 2018 data.

• Shape of the b discriminant : To correct the shape of DeepJet discriminant

coming from simulation to match with data, reshaping scale factors (SFs)

are used, depending on pT , η and flavor of the jets. These corrections are

determined from multijet events, enriched in heavy-flavor content by requiring

the presence of a muon, and in tt̄+jets events. The uncertainty associated with

this SFs measurement is uncorrelated across three years (since b discriminant

training and corresponding SF measurements are independent in data-taking

years) and obtained by comparing b discriminator distribution between data and

simulation [183]. The impacts from different systematic uncertainty sources are

studied and found to be highest where the light flavor jet gets mistagged as b jet.

The average size of uncertainty varies from 4–6%. Other sources have size of less

than 1%.

• Background modeling: The choice of background parameterization is handled using

the discrete profiling method. This automatically leads to an uncertainty on the

choice of background function as described in Section 5.5.

• Parton density functions (PDF) uncertainties: After re-weighting the simulated

signal sample events, the impact of the uncertainty from the PDF choice is

evaluated by measuring the relative yield variation in each process and category.

The re-weighting is performed according to PDF4LHC15 Ref. [168], combined PDF

set and NNPDF3.0 using the MC2hessian procedure in Ref. [167]. The overall

normalization variation is taken from Ref. [184]. Therefore, it is studied with
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correlating the uncertainties across three data-taking years. The average size of

pdf uncertainties is around 2-3%.

• QCD scale uncertainty: It is related to checking the impact of varying

renormalization and factorization scales. For signal, the uncertainty is -5/+2.2%.

• Integrated luminosity : These are included as described in CMS Refs. [185–187]. The

uncertainty range from 1–2.5% for 2016–2018 data-taking years and has a combined

impact of 1.6%. Following CMS recommendation, we consider uncertainties from

both correlated and uncorrelated sources of luminosity measurements. Correlation

is considered from common sources like Beam current calibration, beam-beam effect

(2017–2018 only), x-y correlations of the beam shape, etc.

• Trigger efficiency: It is calculated with the tag-and-probe method using Z → ee

events by considering the no correlation among three data-taking years. Its average

size is around 1–2% and the impact on the final result is less than 1%. More details

are given in Ref. [188].

• Photon preselection: It is studied on the ratio of efficiency measured in data and

simulation after passing the preselections considering no correlations across three

years. The tag-and-probe method is used for data preselection efficiency on Z → ee

events [188]. Overall it has an impact of less than 1% on the final results.

• Photon energy scale and resolution: Electrons from Z → ee simulations are used

to study scale and resolution corrections, which are then applied to photons. The

different interactions of electrons and photons with the ECAL are the primary

source of systematic uncertainty. Changes in the R9 distribution, the regression

training, and the electron selection utilized to create the corrections are used to

quantify uncertainty. The additional energy smearing uncertainty is assigned, and

the uncertainties on the various |η| and R9 bins are propagated to the Higgs boson

signal phase space. In both cases, nuisance parameters are incorporated in the

signal model as additional systematic terms and amount to less than a few percent
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depending on the category. These uncertainty are not correlated across three data-

taking years and directly applied on data for scale corrections and simulation for

resolution corrections [189].

Apart from the above-listed ones, the impact of other systematic sources was observed

negligible. We calculate the effect of these systematics in all six mass ranges where we

train BDT as some systematic uncertainties depend on the kinematics, which differs

in every mass range. We find the highest impact on the lowX lowY mass range. The

corresponding prefit impacts are shown in Fig. 5.35. Apart from this, JetHEM (0.2-

0.5%) and prefire-probability (varies from 0.2-1%, large for high masses) impacts are

also considered.
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Figure 5.35: Prefit impacts for combined fits of mγγ × mjj distributions for low mass
range
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5.7 Signal extraction and results

Two possible 2D-fit signal extraction methods could be used within this analysis. One

is simultaneous fit in mγγ:mjj plane, and another one is mγγ:M̃X 2D-fit. We performed

a few cross-checks to adapt the final method, which is explained in Section 5.7.1. This

study concludes that mγγ:mjj 2D-fit is the more optimal one.

5.7.1 No mγγ : M̃X fit; why?

Correlation issue:

We made a comparison between the correlation factors of mγγ:M̃X and mγγ:mjj variables

after the selections in Fig. 5.36. It is observed that for mγγ : mjj, correlation is always

negligible but for mγγ : M̃X , it is getting increased as we tend to higher X masses.

Figure 5.36: Correlation factor for mγγ : mjj (left) and mγγ : M̃X (right)

Turn-on issue

Figure 5.37 has shape comparisons for M̃X distributions, coming from the signal and

background processes. For low X masses, the turn-on seems to be an issue to model

the background for mγγ:M̃X 2D signal extraction method. This also supports not to use

mγγ:M̃X 2D-fit method.

Following the above study, signal extraction and limit setting in this analysis is

performed with a 2D-fit in the mγγ:mjj plane. However, for the background, they are
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Figure 5.37: Background turn-on around signal low X masses in M̃X distributions

expected to be uncorrelated. For non-resonant HH → bb̄γγ analysis, a detailed study

was performed using toy MC and data which showed no correlations between the mass

dimensions. With this assumption, we can construct background function models as

f(mγγ)∗f ′(mjj), where f(f ′) are our functional choices to fit the diphoton (dijet) mass

spectrum. This 2D approach constrains the impact of the single Higgs backgrounds since

their structure in mjj differs from the signal.

5.7.2 Results

For 2D mγγ:mjj fit signal extraction method, a likelihood function is defined using signal

and background analytic models of mγγ and mjj distributions with nuisance parameters

related to the uncertainties explained in Section 5.6. A simultaneous unbinned maximum

likelihood fit to the mγγ and mjj observable distributions is performed within three

categories to extract the signal. Figures B.13 and B.14, representing the data and signal-

plus-background fit for mγγ and mjj observables in CAT 0 after unbinding, are added in

Appendix B.4. No deviation is observed from the background-only hypothesis; therefore,

we set the upper limit at 95% CL on the product of resonant production cross section

and branching ratio to bb̄γγ channel. Figure 5.39 shows the observed upper limit at

95% CL 0.82–0.07 fb and 0.78–0.06 fb on production cross section of spin-0 and spin-2



174 Chapter 5. Searches for resonant Higgs pair production in bb̄γγbb̄γγbb̄γγ final state

resonances for HH searches, while the expected ranges are 0.74–0.08 fb and 0.65–0.06 fb,

respectively. These results exclude masses up to 600 GeV for spin-0 bulk radion signal

at ΛR =6 TeV and up to 850 GeV for spin-2 bulk KK graviton signal with 0.5 coupling

factor. Figure 5.40 puts 95% CL exclusion limit on pp→ X → Y H → bb̄γγ signal with

different mX and mY mass hypotheses. The corresponding observed and expected limits

are 0.90–0.04 fb and 0.79–0.05 fb, respectively. Tables 5.10 and 5.11 show the observed

(expected) upper limits for bulk radion, bulk KK graviton, and X → Y H signals.

For X → Y H signal, width is a pure experimental choice, so NMSSM interpretations

are not made. The results show that limits follow a flat distribution for various mass

hypotheses. However, they become worse for high Y masses as objects start to get into

a boosted regime where the same analysis methods are not optimal. The mX beyond

1 TeV is not studied because of the significantly better sensitivity of the 4b channel in

this mass region.

In addition to this, Fig. 5.41 compares the spin-0 results between bulk radion and

X → Y H (Y= 125 GeV) signals. The difference comes from b jet selection in the wider

mjj window for the latter case. It has been checked that if it is done with the same

window as bulk radion, both signal hypotheses will give similar results.

Also, Y and H are different bosons that decay into different final states; therefore, we

only cover half of the phase space for the X → Y H, Y=125 GeV signal in the bb̄γγ

analysis (since we set H → γγ decay and Y →bb̄ decay at generator level; so we do not

consider efficiencies for Y → γγ and H → bb̄ case).
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Table 5.10: Run-2 95% CL observed (expected) limits (σ(X →HH → bb̄γγ)) for WED
spin-0 and spin-2 signal hypotheses

mX [GeV] (Spin-0) [fb] (Spin-2) [fb]
260 0.82 (0.71) 0.78 (0.65)
270 0.74 (0.70) 0.61 (0.62)
280 0.69 (0.72) 0.63 (0.63)
300 0.47 (0.74) 0.41 (0.65)
320 0.46 (0.68) 0.40 (0.59)
350 0.73 (0.58) 0.63 (0.50)
400 0.39 (0.42) 0.34 (0.35)
450 0.23 (0.29) 0.17 (0.22)
550 0.26 (0.20) 0.20 (0.16)
600 0.16 (0.14) 0.12 (0.11)
650 0.28 (0.14) 0.22 (0.11)
700 0.26 (0.12) 0.21 (0.10)
800 0.07 (0.09) 0.06 (0.07)
900 0.14 (0.08) 0.11 (0.06)
1000 0.07 (0.08) 0.06 (0.06)

Table 5.11: Run-2 95% CL observed (expected) limits (σ(X → Y H →bb̄γγ [fb]) for
NMSSM spin-0 X and Y signal hypotheses
mass [GeV] Y90 Y100 Y150 Y200 Y250 Y300 Y400 Y500 Y600 Y700 Y800

X300 0.90 (0.79) 0.67 (0.73) 0.44 (0.64) - - - - - - - -
X400 0.52 (0.44) 0.46 (0.42) 0.19 (0.39) 0.37 (0.42) 0.45 (0.60) - - - - - -
X500 0.18 (0.29) 0.26 (0.27) 0.13 (0.23) 0.30 (0.21) 0.35 (0.25) 0.39 (0.27) - - - - -
X600 0.15 (0.18) 0.26 (0.18) 0.21 (0.14) 0.13 (0.13) 0.09 (0.13) 0.35 (0.15) 0.27 (0.23) - - - -
X700 0.25 (0.16) 0.23 (0.15) 0.17 (0.13) 0.10 (0.10) 0.18 (0.11) 0.12 (0.08) 0.19 (0.11) 0.58 (0.25) - - -
X800 0.20 (0.15) 0.18 (0.14) 0.11 (0.10) 0.10 (0.09) 0.06 (0.08) 0.08 (0.08) 0.07 (0.07) 0.15 (0.10) 0.18 (0.21) - -
X900 - - 0.12 (0.10) 0.07 (0.09) 0.06 (0.07) 0.05 (0.06) 0.11 (0.07) 0.05 (0.06) 0.13 (0.10) 0.15 (0.18) -
X1000 - - 0.13 (0.10) 0.08 (0.08) 0.08 (0.07) 0.11 (0.06) 0.04 (0.05) 0.06 (0.06) 0.04 (0.06) 0.09 (0.09) 0.12 (0.16)
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Figure 5.38: 95% CL observed (expected) upper limits on cross section for bulk radion
(spin-0). The green and yellow bands represent the 1 and 2 standard deviation for
expected limit. The red lines show the theoretical predictions.
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Figure 5.39: 95% CL observed (expected) upper limit on cross section for bulk KK
graviton (spin-2). The green and yellow bands represent the 1 and 2 standard deviation
for expected limit. The red lines show the theoretical predictions.
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Figure 5.40: 95% CL observed (expected) upper limit on production cross section for
NMSSM signal hypotheses. Limits are scaled with order of 10 depending upon the
resonance X mass.

Figure 5.41: Comparison between expected median of upper limits on cross section for
spin-0 signal hypotheses of WED and NMSSM models (Scaled with BR(HH → bb̄γγ),
assuming BR(Y 125 →bb̄)=BR(H → bb̄) as for Y=125 GeV, Y →bb̄, H → γγ is
indistinguishable from H → bb̄, Y → γγ; the difference between limits comes from
the order of selection as for NMSSM we select b jet pair within a wider mass window.





Chapter 6

Summary and Conclusions

The thesis concentrates on searches for the Higgs boson pair production modes at large

hadron collider (LHC). The four b quark final state is explored using simulations for the

HL-LHC projection studies. Furthermore, the final state having two photons with two

b quarks is studied using real LHC data collected by the compact muon solenoid (CMS)

detector. Both the studies are summarized and concluded within the following sections:

6.1 HL-LHC projection studies

Prospects of the new physics searches using Higgs boson pair production at the high

luminosity LHC (HL-LHC) with 14 TeV center-of-mass energy are presented. We search

for a massive spin-2 bulk KK graviton, produced via vector boson fusion, decaying to a

pair of Higgs bosons. The bulk gravitons are predicted in various new physics scenarios

like the warped extra-dimensional models, which aim to explain the so-called hierarchy

problems of the SM. The search focuses on the final state where both the Higgs bosons

decay to b quark-antiquark pairs that are boosted, thus forming Higgs jets. Apart from

the large amount of data at the HL-LHC, this search would benefit from the upgraded

phase-2 CMS detector, which would help to improve the signal identification techniques in

the high event rate expected at the HL-LHC. The analysis shows that the upgraded CMS

experiment would be sensitive to observing a bulk graviton of mass 3.0 TeV, assuming

179
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a signal production cross section of 1 fb, using 3 ab−1 proton-proton collision data.

For non-resonant production mode, SM and effective field theory (EFT) motivated

thirteen shape benchmarks are studied using a similar boosted analysis strategy. These

benchmarks are the probe to study the shape of Higgs potential and Higgs-self coupling

interaction. A 95% confidence level upper limit on the product of Higgs boson pair

production cross section and branching fraction is presented for the benchmarks. The

results show significant sensitivity for EFT motivated non-resonant di-Higgs production

with strong contact interaction at the HL-LHC.

6.2 Resonant Higgs pair production analysis with

Run-2 CMS data

A search for resonant Higgs boson pair production in the final state with two b quarks and

two photons is presented. The search uses proton-proton collision data, collected by CMS

experiment at LHC, corresponds to 138 fb−1 integrated luminosity with 13 TeV center-

of-mass energy. The study is motivated by the warped extra dimension (WED) model

and the next-to-minimal supersymmetric model (NMSSM). In signal topology, resonance

X decays into either a pair of the Higgs boson H or a Higgs boson and another spin-0

particle Y with mass condition mY < mX −mH . Masses up to 1 TeV for X and up to

800 GeV for Y are covered. Optimized event selections, multivariate and neural network

methods are used to enhance the analysis sensitivity. The signal is extracted by fitting

a two-dimensional mass plane of the dijet and diphoton invariant mass. The data were

found to be compatible with the background-only hypothesis. Results are presented as

the upper limits at 95% confidence level on the product of the production cross section

of X and its branching fraction to the bb̄γγ final state, through either HH or HY . The

observed limits for a spin-0 resonance decaying to HH ranges from 0.82–0.07 fb, while

the expected limits are 0.74–0.08 fb. For a resonance decaying to HY , the observed

limits are 0.90–0.04 fb, while the expected limits lie in the range 0.79–0.05 fb. Bulk

radions decaying to HH are excluded for masses up to 600 GeV for ΛR =6 TeV, while
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the mass limit on a bulk KK graviton extends to 850 GeV assuming a coupling factor 0.5.

The results are sensitive for low resonance masses among all the Higgs pair production

searches performed at LHC.





Appendix A

Appendix to Chapter 4

Figure A.1: 2D-map between Higgs AK8 jet pT and η distribution (left plot); yellow
dashed line corresponds to current tracker pseudorapidity coverage showing gain in signal
acceptance with extended CMS Phase-2 tracker. (right plot) 2D-map between VBF
AK4 jet pT and η distribution; black dashed line corresponds to CMS Phase-2 tracker
pseudorapidity coverage which shows that beyond this tracker coverage HGCAL would
be helpful for full signal gain.
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A.1 Comparing FullSim and Delphes

Early on in this analysis, we made private Delphes samples using the official CMS

geometry cards and compared with the FullSIM samples. The details of the Delphes

simulations are:

• Version delphes3.4.2pre05;

• CMS card: CMS PhaseII Substructure PIX4022.

In this appendix, we show the comparison between the distributions in the FullSim and

the Delphes signal samples. In Figs. A.2, A.3, A.4. We compare the FullSim distributions

from Section 4.3.2 with their Delphes equivalents.
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Figure A.2: Leading (upper) and subleading (lower) AK8 jet pT . Fullsim (left) and
Delphes (right) for MBG = 1.5 TeV

Figure A.3: Soft-drop mass of leading (upper) and subleading (lower) AK8 jet pT . Fullsim
(left) and Delphes (right) for MBG = 1.5 TeV
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Figure A.4: N-subjettiness variable τ2/τ1 of leading (upper) and subleading (lower) AK8
jet pT . Fullsim (left) and Delphes (right) for MBG = 1.5 TeV

A.1.1 b tagging and jet substructure

This section includes the performance of the b tagging and soft-drop algorithms,

comparing Run-2 and Phase-2. We have compared b tagging performance for two b

taggers CSVv2 and DeepCSV (our choice for this analysis), for a couple of operating

points (Loose and Medium) for Run-2 and Phase-2. We also compare the AK8 jet soft-

drop mass distributions in Run-2 and Phase-2 to determine an optimal selection on the

AK8 jet soft-drop mass for tagging the Higgs boson jets.

The comparison of the subjet b tagging efficiencies and mistag rate from light quarks

and gluons between Run-2 and Phase-2 are as a function of the subjet pT are shown in:

• Fig. A.5 for multijets for CSVv2 loose;
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• Fig. A.6 for multijets for CSVv2 medium;

• Fig. A.8 for multijets for DeepCSV loose;

• Fig. A.9 for multijets for DeepCSV medium.

• Fig. A.7 for bulk gravtion signal for CSVv2 loose and medium;

• Fig. A.10 for bulk gravtion signal for DeepCSV loose and medium.

The comparisons in different subjet η regions are given in

• Fig. A.12 for multijets for DeepCSV medium;

• Fig. A.11 for bulk gravtion signal for DeepCSV medium.

Figure A.5: b tagging efficiency (left) and mistag rate (right) using QCD sample for
CSVv2 Loose operating point for η ≤ 2.5 (Run-2) or η ≤ 3.5 (Phase-2).
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Figure A.6: b tagging efficiency (left) and mistag rate (right) using QCD sample for
CSVv2 Medium operating point for η ≤ 2.5 (Run-2) or η ≤ 3.5 (Phase-2).

Figure A.7: b tagging efficiency using bulk graviton sample for CSVv2 Loose (left) and
Medium (right) operating points for η ≤ 2.5 (Run-2) or η ≤ 3.5 (Phase-2).

Figure A.8: b tagging efficiency (left) and mistag rate (right) using QCD sample for
DeepCSV Loose operating point for η ≤ 2.5 (Run-2) or η ≤ 3.5 (Phase-2).
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Figure A.9: b tagging efficiency (left) and mistag rate (right) using QCD sample for
DeepCSV Medium operating point for η ≤ 2.5 (Run-2) or η ≤ 3.5 (Phase-2).

Figure A.10: b tagging efficiency using bulk graviton sample for DeepCSV Loose (left)
and Medium (right) operating points for η ≤ 2.5 (Run-2) or η ≤ 3.5 (Phase-2).

Figure A.11: b tagging efficiency using bulk graviton sample for DeepCSV Medium
operating point for for |η| ≤ 2.5 (left) and 2.5 < |η| ≤ 3.5 (right).
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Figure A.12: Mistag rate using QCD sample for DeepCSV Medium operating point for
|η| ≤ 2.5 (left) and 2.5 < |η| ≤ 3.5 (right).

The following receiver operating characteristics curves are shown:

• CSVv2 for subjets of all AK8 jets comparing Run-2 and Phase-2 (PU=0): Fig A.13.

The Run-2 and Phase-2 performances are equivalent for high efficiency (right

region) whereas the Phase-2 is better at high purity (left region).

• DeepCSV for subjets comparing Run-2 and Phase-2 (PU=0), with subjet pT >

20 GeV and |η| < 2.5 (Run-2) or |η| < 3 (Phase-2): Fig A.14. The figure shows

Run-2 to have a slightly better performance. However, it is expected that with a

dedicated Phase-2 training, the DeepCSV should perform better than the Run-2.

• DeepCSV for subjets in Phase-2 with pileups of 0 and 200, with subjet pT <

200 GeV and in two η ranges, |η| ≤ 2.5 and 2.5 < |η| < 3.5: Fig A.15. These

curves show that the b tagging is resilient against pileup.
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Figure A.13: Comparison of ROC curve for CSVv2 between Run-2 and Phase2 for subjets
of all AK8 jets with subjet pT > 20 GeV and η ≤ 2.5 (Run-2) or η ≤ 3 (Phase-2).

Figure A.14: Comparison of ROC curve for DeepCSV between Run-2 and Phase-2 for
subjets of all AK8 jets with subjet pT > 20 GeV and η ≤ 2.5 (Run-2) or η ≤ 3 (Phase-2).
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Figure A.15: Comparison of ROC curve for DeepCSV for PU of 0 and 200. Two different
η ranges are shown: |η| ≤ 2.5 and 2.5 < |η| ≤ 3.5.

A comparison of the soft-drop mass distributions of the leading and subleading-pT

AK8 jets in the signal events between Run-2 and Phase-2 simulation samples is shown

in Fig. A.16. The soft-drop mass windows used in Run-2 and Phase-2 to select Higgs-

tagged jets are also demarcated. The Phase-2 soft-drop mass resolution has a slightly

poorer resolution compared to the Run-2, but this is compensated by widening the Higgs

tagged jet mass window, as discussed in Section 4.3.2.

The stability of the soft-drop mass distribution as a function of pileup is studied.

As shown in Fig. A.17 the soft-drop mass distribution with respect to the number of

reconstructed PVs (a good measure of the number of pileup events) is relatively flat

(given by the profile histogram shown as black markers). Hence the chosen mass window

is deemed to be optimal for all pileup conditions.
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Figure A.16: Comparison of the leading-pT (left) and second leading-pT (right) AK8
jet soft-drop mass in bulk graviton signal simulations (mass = 3 TeV) in Run-2 (red
histogram) and Phase-2 (green histogram). The Run-2 and the Phase-2 mass windows
used to selection the Higgs tagged jets are also shown as red lines and green lines,
respectively. The Phase-2 soft-drop mass resolution has a slightly poorer resolution
compared to the Run-2, but this is compensated by widening the Higgs tagged jet mass
window.

Figure A.17: Comparison of the leading-pT (left) and second leading-pT (right) AK8
jet soft-drop mass distributions as a function of the number of primary vertices in bulk
graviton signal simulations (mass = 3 TeV) in Phase-2 with PU=200.
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Table A.1: Event yields and efficiencies for the signal and QCD multijet background
using the DeepCSVM operating point for subjet b tagging, which is our final
choice, based on expected signal significance (Fig. A.22). The product of the
cross sections and branching fractions of the signals is assumed to be 1 fb.

PU = 0
Process Category 3b Category 4b

Events Efficiency (%) Events Efficiency (%)
Multijets 482 5.37× 10−4 45.6 1.30× 10−4

BG (M=1.5 TeV, width = 1%) 120 5.7 33.2 4.0
BG (M=2.0 TeV, width = 1%) 122 6.5 28.5 4.1
BG (M=3.0 TeV, width = 1%) 79.5 5.7 14.2 2.6
BG (M=3.0 TeV, width = 5%) 77.8 5.5 14.3 2.6

PU = 200
Process Category 3b Category 4b

Events Efficiency (%) Events Efficiency (%)
Multijets 17462 2.16× 10−2 1595 3.92× 10−3

BG (M=1.5 TeV, width = 1%) 447 21 126 14.9
BG (M=2.0 TeV, width = 1%) 458 24 114 15
BG (M=3.0 TeV, width = 1%) 354 24 63.9 12
BG (M=3.0 TeV, width = 5%) 359 24 70.3 12

A.2 The mJJ and significance with preliminary

selections

This appendix documents the results using the initial selection on the AK8 jet soft-drop

mass: 80–160 GeV for the leading and 60–140 GeV for the subleading-pT AK8 jets. In

addition, both the DeepCSVL (discriminator > 0.152) and DeepCSVM (discriminator

> 0.4941) were tested to find the optimal choice. The full analysis chain was run and

signal significance computed with systematic uncertainties included. Based on this, the

choice of the DeepCSV tagger was found to be DeepCSVM with 3 and 4 b tagged subjet

categories.

The mJJ distributions are shown in Figs. A.18 and A.19, for the DeepCSVL and the

DeepCSVM subjet b tagging operating points, respectivtely.

The efficiencies for the signal selection for bulk gravitons (BG) of masses 1.5, 2.0 and
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Figure A.18: Upper (lower) plot for the estimated QCD background and the signal mJJ

distributions with PU=0 (left) and PU=200 (right) and for the 3b (4b) subjet b tagging
categories for bulk gravitons (BG) of masses 1.5, 2.0, and 3.0 TeV with 1% (and 5% for
3.0 TeV) widths, assuming a signal cross section of 1 fb. These figures are using the
DeepCSVL operating point.

3.0 TeV, and for 0 and 200 pileups, are shown in Fig. A.20 (left) and efficiencies on QCD

sample are shown in Fig. A.20 (right). Two choices for subjet b tagging–the DeepCSVL

and DeepCSVM–are shown. From Fig. A.20 it can be seen that the efficiency of VBF

selection depends strongly on pileup. Moreover, VBF efficiency is much higher for QCD

at PU=200 than for signal. This can be seen from the number of VBF jet pairs, shown in

Fig A.21. The multijet events do not have true VBF pairs at PU=0. With the addition

of pileup, the number of VBF jet pairs in the multijet events drastically increases, and so

does its efficiency. The efficiency increase is relatively modest for the signal since these
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Figure A.19: Upper (lower) plot for the estimated QCD background and the signal mJJ

distributions with PU=0 (left) and PU=200 (right) and for the 3b (4b) subjet b tagging
categories for bulk gravitons (BG) of masses 1.5, 2.0, and 3.0 TeV with 1% (and 5% for
3.0 TeV) widths, assuming a signal cross section of 1 fb. These figures are using the
DeepCSVM operating point.

events already have true VBF pairs even at PU=0.

The event yields after full selection are shown in Table A.1 using the DeepCSVM

operating point for subjet b tagging. We estimate the expected significance of the

signal using the distributions shown in Figs. A.18 and A.19, for the DeepCSVL and the

DeepCSVM subjet b tagging operating points, respectively. The expected significance is

compared to make a choice between the two operating points in the final event selection

for the PAS. The Higgs combine tool is used. It can be seen that the DeepCSVM performs

better than the DeepCSVL over most of the mass range, particularly at PU=200. Hence,
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Figure A.20: The signal efficiencies for the various steps in the selection criteria for bulk
gravitons (BG) of masses 1.5, 2.0 and 3.0 TeV with 1% (also 5% for 3.0 TeV) widths
(left) and QCD background(right), for 0 and 200 pileup. The results are shown using the
DeepCSVL (upper) and DeepCSVM (lower) operating points for the subjet b tagging.
The DeepCSVM is our final choice, based on expected signal significance
(Fig. A.22).

the DeepCSVM is our final choice, based on expected signal significance

(Fig. A.22).
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Figure A.21: The total number of VBF jet pairs in the multijet background (left) and
signal bulk graviton of mass 3000 GeV (right). Shown are the distributions of PU=0
(red) and PU=200 (black).

Figure A.22: The expected signal significance for three mass points of the bulk graviton
assuming a production cross section of 1 fb. The left (right) figures are for the subjet
b tagging using the DeepCSVL (DeepCSVM) operating points. It can be seen that
the DeepCSVM performs better than the DeepCSVL over most of the mass range,
particularly at PU=200. Hence this operating point is our final choice for the event
selection used in this analysis.
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A.3 Subjet b tagging efficiency for DeepCSV loose

Fig. A.24 and A.23 shows the subjet b tagging efficiency using the DeepCSVL and

DeepCSVM operating points, respectively, for different jet flavours and as a function

of the subjet pT and η. The efficiencies are estimated in events with an average pileup

of zero or 200.

Figure A.23: The b tagging efficiency for subjets from a b quark (upper left), c quark
(upper right), and light quark or a gluon (lower) in events with an average pileup of zero.
These figures are using the DeepCSVM operating point.
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Figure A.24: The b tagging efficiency for subjets from a b quark (upper left), c quark
(upper right), and light quark or a gluon (lower) in events with an average pileup of zero
(left) and 200 (right). These figures are using the DeepCSVL operating point.



Appendix B

Appendix to Chapter 5

B.1 Other kinematic distributions

In the chapter 5, we add the kinematic distribution which have been used as BDT

training input only for lowY mass ranges. We add midY and highY distributions within

Fig. B.1, B.2, B.3, B.4, B.5, B.6.

201



202 Appendix B. Appendix to Chapter 5

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
)|HY

CSθ|cos(
0

0.05

0.1

0.15

0.2

0.25

N
or

m
al

iz
ed

 E
ve

nt
s

lowX

midX

highX

+Jetsγγ

+Jetsγj

CMS Internal

(a) | cos θCS
HY |

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
)|γγ

CSθ|cos(
0

0.005

0.01

0.015

0.02

0.025

0.03

0.035

0.04

0.045

0.05

N
or

m
al

iz
ed

 E
ve

nt
s

lowX

midX

highX

+Jetsγγ

+Jetsγj

CMS Internal

(b) | cos θCS
γγ |

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
)|bb

CSθ|cos(
0

0.02

0.04

0.06

0.08

0.1

0.12

0.14

N
or

m
al

iz
ed

 E
ve

nt
s

lowX

midX

highX

+Jetsγγ

+Jetsγj

CMS Integral

(c) | cos θCS
bb |

0 0.2 0.4 0.6 0.8 1 1.2
γγjj

(jj)/m
T

p
0

0.01

0.02

0.03

0.04

0.05

0.06

0.07

0.08

0.09

0.1
N

or
m

al
iz

ed
 E

ve
nt

s
lowX

midX

highX

+Jetsγγ

+Jetsγj

CMS Internal

(d) pT (jj)/mjjγγ

0 0.2 0.4 0.6 0.8 1 1.2
γγjj

)/mγγ(
T

p
0

0.01

0.02

0.03

0.04

0.05

0.06

0.07

0.08

0.09

0.1

N
or

m
al

iz
ed

 E
ve

nt
s

lowX

midX

highX

+Jetsγγ

+Jetsγj

CMS Internal

(e) pT (γγ)/mjjγγ

0 1 2 3 4 5 6
,jet)γ(min1 R∆

0

0.01

0.02

0.03

0.04

0.05

0.06

0.07

0.08

N
or

m
al

iz
ed

 E
ve

nt
s

lowX

midX

highX

+Jetsγγ

+Jetsγj

CMS Internal

(f) min(∆R(γ,jets))

0 1 2 3 4 5 6
, jet)γ(min2R∆

0

0.01

0.02

0.03

0.04

0.05

0.06

0.07

0.08

N
or

m
al

iz
ed

 E
ve

nt
s

lowX

midX

highX

+Jetsγγ

+Jetsγj

CMS Internal

(g) other min(∆R(γ,jets))

0 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.1
/MMσ

0

0.05

0.1

0.15

0.2

0.25

0.3

N
or

m
al

iz
ed

 E
ve

nt
s

lowX

midX

highX

+Jetsγγ

+Jetsγj

CMS Internal

(h) σmγγ/mγγ

Figure B.1: Signal and background kinematics for midY mass region
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Figure B.2: Signal and background kinematics for midY mass region
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Figure B.3: Signal and background kinematics for midY mass region
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Figure B.4: Signal and background kinematics for highY mass region
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Figure B.5: Signal and background kinematics for highY mass region
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Figure B.6: Signal and background kinematics for highY mass region
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B.2 Additional study for BDT training

To make BDT training more efficient, we performed some additional studies by making

selection loose and adding more variables to the training.

As we cannot compromise with H → γγ selections, which is the crucial handle for

bb̄γγ final state, we tried with H → bb̄ pT selection 20 GeV to gain signal efficiency,

especially for low masses. However, it made the training performance worse. Thus we

excluded this idea.

Apart from this, we also train by adding ∆ηHH to the BDT inputs. However, since we

already have cos θHH as input, it does not bring any improvement because both represent

the same physics in a different frame. The plots in Fig.B.7 show that there is a negligible

improvement with this.
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Figure B.7: Training performance with and without ∆ηHH variable for γγ+jets (left)
and γj/jj+jets (right) using bulk radion as signal

B.3 ttHkiller cut optimization

This optimization study was performed for non-resonant HH → bb̄γγ analysis to select

an optimal cut on ttHkiller discriminator to reject ttH contribution. We used pseudo data

(mixture of non-resonant and resonant background simulations) for this study. First, we

made a discriminator shape comparison between pseudo data and data from the control
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region.

After that, we study the expected improvement on the final limit with different

ttHKiller selection thresholds using pseudo data as real data. As shown in Fig. B.8, the

optimal selection on the ttHScore lies in the region ttHScore [0.15-0.3]. We optimize the

0.26 cut on the ttHScore, maximizing the expected significance. The improvement with

this selection keeps the same order what we observe for resonant analysis.

Figure B.8: ttHkiller cut optimization using pseudo data
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Figure B.9: Bias test results for WED signal and background model
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Figure B.10: Bias test results for NMSSM signal and background model
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Figure B.11: Bias test results for NMSSM signal and background model
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Figure B.12: (Upper) Same training performance for X=300 GeV for each Y mass
point proves that BDT learns for each signal point; (lower) for constant Y mass training
performance improves with X mass as object tends to be in high pT regime which make
kinematics more discriminating from background
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B.4 Signal-plus-background fit in Data

The Figs. B.13 and B.14 show signal-plus-background fit of observables in data after

unblinding.

Figure B.13: mγγ distributions in data for CAT0 corresponding to six different signal
hypotheses
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Figure B.14: mjj distributions in data for CAT0 corresponding to six different signal
hypotheses
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B.5 Comparison of ATLAS and CMS Run-2 results

The Run-2 13 TeV observed and expected results between ATLAS and CMS for

pp → X → HH → bbγγ process are compared and found up to 30–40% better with

CMS analysis strategy even after having the similar performance of object identification

methods. Below we mention the points which were helpful to achieve good analysis

sensitivity.

• ttH rejection: The training performed by CMS to minimize contribution of the

resonant background ttH is more optimal with NN-based method. While ATLAS

uses BDT training.

• HH discriminant: The BDT training performed by ATLAS to build a HH

discriminant uses all mass points together while we perform training separately for

different mass ranges. This helps to make training efficient for each mass point.

• Event classification: ATLAS applies a selection of HH discriminant and uses

events passing that selection while CMS categorizes the events into three MVA

categories after a soft selection on HH discriminant, which helps to increase the

sensitivity.

• Signal extraction method: ATLAS uses 1D fit method using mγγ observable

for fit while we use two-dimensional mγγ : mjj fit, which gives up to 10% better

sensitivity.

B.6 Approximate interpretations of NMSSM

motivated searches

The results shown in Fig. 5.40 are model-independent; therefore, we are free to compare

any BSM model that is close to our assumption of these physics processes. Here we

have used decay width of X resonance 1 MeV at generator level. The model which

supports the asymmetrical decay to X into two scalars where one is always Higgs boson
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Figure B.15: Approximate interpretation of NMSSM and TRSM models

is NMSSM. However, in terms of width, we are not close to a realistic picture of NMSSM.

Therefore, we can make an approximate interpretation.

Similarly, the Two-real-singlet model (TRSM) [190], where two real singlet fields are

added to SM Lagrangian, can also be added in interpretation. It gives three neutral

CP-even scalar bosons, out of which one is identified with the observed Higgs boson at

125 GeV. Therefore, it supports the decay of one scalar field to SM Higgs boson and

another scalar different from H. However, the TRSM model is also very far from our

assumption of decay width.

Figure B.15 shows the approximate interpretations of NMSSM and TRSM models

where shaded black and red mass regions are ruled out mass parameters for these models.

Note that if searches are done for width close to NMSSM and TRSM models, the

experimental limits will be worse, and the ruled out mass parameters still can hold.

So an exact measurement with BSM model-dependent scenario is required for such

interpretations.
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Outlook

This chapter focuses on the additional studies which could be made with future research

projects to have improvement in the results which look for the same signal. Since thesis

research work is divided on HL-LHC and Run-2 data-based searches, I have divided this

chapter into two sections corresponding to each search.

C.1 Possible improvements for HL-LHC searches:

• Since analyses is based on object and event selections. Machine learning-based

background rejection methods can enhance the projected future sensitivity.

• For VBF topology, the current algorithms and techniques are not efficient to

identify VBF jets, so developing a VBF tagger based on machine learning could

help in improving the results.

• the subjet b tagging training is based on Run-2 b tagging, which we used in the

analysis. Therefore, a Phase-2 specific b tagger training could be important to

check how much improvement it could give.

• The VBF analysis only focuses on narrow width searches. We targeted for wide

width searches as well but could not add due to the technical issues of MadGraph.

219
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It would be interesting to study how much decrements in the significance we get

while dealing with wide-width resonances using the same analysis strategy.

C.2 Possible improvements for Run-2 searches:

• It could be worth checking how much improvement we can make with use for DNN

based training to build resonant HY -tagger.

• The mjj regression, used for HIG-19-018, is not part of the analysis since it is not

trained in the mass range we are exploring. So having that training to improve

mjj resolution might provide better sensitivity.

• bb̄γγ channel has never explored resonance mass more than 1 TeV. Going for high

masses with building boosted strategy would be a completely new analysis in CMS.

• In the future, with more data, we can use more than three event categories with

enough events for robust background modeling.

• Currently ttH killer is used from HIG-19-18, training it for resonant searches might

improve the results.

• We have only worked for narrow width approximation. Working on wide-width

scenarios is more interesting to interpret various physics models like 2HDM,

NMSSM and TRSM. With narrow-width approximation, we are far from a real

physics scenario to make a realistic interpretation.

• The limits are model-independent, therefore any BSM model with new resonance

having significant BR to decay in HH or any two scalars (one close to H) and

any theory having two Higgs doublets or two Higgs doublets + one singlet can

be interpreted with this. Also, the analysis does not differentiate between scalar

and pseudo-scalar, so model interpretation for a pseudo-scalar process can also be

added.



Appendix D

Other contributions at CMS

I am the main contributor for the two HL-LHC analyses and one Run-2 analysis, which

are added in Chapters 4 and 5. The resonant bb̄γγ analysis is led by me as an analysis

contact. I have also contributed to various service tasks in physics object groups and

physics analysis groups. Moreover, I was part of two more physics analyses related to

Higgs physics searches. I am listing other contributions below.

• Service tasks:

MC generator contact for Higgs subgroup: handled the simulation sample requests

made by Higgs analysts.

AlcaDB contact: served as AlCaDB (Alignment and Calibration DataBase) contact

for BTV and Particle Flow hadron calibration group; handled database integration

of calibrations, performed corresponding validation studies, and followed up with

AlcaDB group.

• microAOD production contact for Higgs subgroup: handled microAOD

production for H → γγ analyses.

• Run-2 2016 analysis for VBF H → bb searches: Contributed with the team

working on bias study to validate the background modeling and produced expected

upper limit results. The study has been added in Appendix E.
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• Run-2 measurement of Higgs trilinear self-coupling with bb̄γγ channel:

Served as one of the main contributors of the analysis reported in Ref. [1].

Developed mass regression method to improve dijet mass resolution. Performed

validation and optimization studies along with analysis-related service and

framework integration tasks.
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Bias study for VBF SM Higgs with

bb̄ final state

We perform this analysis to have a robust background modeling for SM Higgs production

signal via VBF mode. We use 2016 data with 35.9 fb−1. The analysis is performed in 9

categories defined according to the selection (SingleB or DoubleB) and the multivariate

discriminant (BDT) output. For the SingleB and the DoubleB selection, 5 and 4

categories are defined. The higher categories of each selection have larger significance

than the lower ones. All BDT categories are listed in table E.1 together with their

purity levels (S/B) and significance values (S/
√
B). The comparison of the actual mbb

Table E.1: Definition of categories in the Higgs search, according to the selection and
the discriminating BDT output.

Category Selection BDT Range GF/(GF+VBF) S/B S/
√
B (35.9 fb−1)

0 DoubleB −1.00− 0.087 0.751 0.0002 0.4690
1 DoubleB 0.087− 0.578 0.482 0.0006 0.5605
2 DoubleB 0.578− 0.787 0.298 0.0012 0.5594
3 DoubleB 0.787− 1.000 0.174 0.0025 0.5110
4 SingleB −1.00− 0.077 0.369 0.000016 0.2649
5 SingleB 0.077− 0.578 0.230 0.0009 0.6203
6 SingleB 0.578− 0.777 0.142 0.0022 0.7849
7 SingleB 0.777− 0.877 0.091 0.0043 0.9138
8 SingleB 0.877− 1.000 0.050 0.0089 1.1054
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shapes in data for different MVA output values is shown in Fig. E.1. The histograms are

normalized to the unit area, and the Higgs signal region is excluded.

Figure E.1: Shape comparison of the mbb distributions for defined event categories. The
excluded region 100 < mbb̄ < 150 GeV corresponds to the H → bb̄ signal region.

The quantitative differences of these shapes are shown in Fig. E.2, where the ratios

to the control regions are shown. These transfer functions can be fitted high order

polynomial, and the shaded region represents the corresponding uncertainty.

E.1 Signal mass templates

Next to a QCD component and transfer functions, signal templates are required. The

stacked VBF and GF signal distributions are fit per mass and per selection with the

product of a 3rd order polynomial (combinatorial background) and a crystal-ball function

(signal component). The templates are shown in Figs. E.3 and E.4. In Fig. E.5 a

summary of the Gaussian core parameters of the templates is shown.

E.2 Background mass templates

The full model is composed of two additional background templates. The top templates

(ttbar + single top) are fit with a Gaussian curve. In contrast, the Z templates are fit

with the product of a 3rd order polynomial (for the combinatorial background) and a

crystal-ball function (the Z peak component). The templates are shown in Figs. E.6-E.9.
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E.3 Fits of the mass spectrum

Combining all the parts the full model reads:

fi(mbb) = Ni,qcd ·Ri(mbb) ·Q(mbb; ~p) +Ni,top · Ti(mbb; kJES, kJER) + ·Ni,Z · Zi(mbb; kJES, kJER)

+ µH ·Ni,H ·Hi(mbb; kJES, kJER)

In the above equation, the index i runs over the categories, Ni,qcd is the free

normalization parameter for the QCD background, and Ni,top, Ni,Z are the top and

Z yields, allowed to be floating within 20% of the expectation. The Higgs normalization

is multiplied with the µH signal strength parameter. The top, Z and Higgs components

share the kJES and kJER nuisance parameters. The QCD shape Q(mbb; ~p) is a 5th

order polynomial for DoubleB selection categories and 7th order polynomial for SingleB

selection categories. Linear transfer functions Ri(mbb) account for the small differences

between the control and other categories.

E.4 Fit bias studies

For the Higgs signal search, the functional form for the QCD background shape is chosen

following robustness studies of the fitting procedure, verifying that the signal can be

measured in an unbiased way even if the QCD model follows different functional shapes

compatible with the data distributions. Again, since we cannot determine the correct

parameterization of the QCD template shape from physics arguments, we have to take

into account that a variety of functions - giving a good fit to the QCD background -

could be the true underlying model. Therefore, we have to look for a functional form

that can measure the amount of signal without introducing a bias, meaning we can

measure the correct amount of signal independent of the underlying model producing

the QCD contribution. From previous studies, it was shown that a polynomial form is an

appropriate parameterization to guarantee such a demand. The order of the polynomial
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is determined by performing the bias studies.

In the following, we will show that, independent of the smooth functional form that

is producing the QCD contribution, we can measure the amount of Higgs boson signal

in an unbiased way.

E.4.1 Alternative QCD modeling functions

To parameterize the QCD shape, many different functional forms have been taken into

account. The final selection is based on those that are able to fit the mbb data distribution

in the lowest categories (CAT0 and CAT4) with a χ2 probability larger than 5%, and with

a reasonable number of parameters. With χ2 probability, F-probability is also calculated

to get the appropriate degree of the function for QCD-fit in data. When F-probability

is larger than 5% for an order of any function, then lower order is used to fit the QCD

background.

The following functions are finally used:

• exp(pol(x)) = exp(−ax− bx2....)

• modG(x) = exp(−ax− bx2....) · erfc[(b− cx)]

• tanh(x) = [a− b tanh(cx+ d)− e tanh2(cx+ d)....]

• sine(x) = [1 + a sin(bx+ c) + d sin2(bx+ c)...]

• xPol(x) = x(ax+bx2...)

• polydijet = x(a+b log(x)) ∗ (1 + cx+ dx2 + ....)

• Invpolydijet = x(a+b log(x)) ∗ (1 + c(1/x) + d(1/x)2 + ...)

Each represents quite different shapes with respect to the polynomial family that is

chosen to perform the QCD fit.

The fit of SingleB CAT4 data with the above alternative functions are shown in

Fig. E.10, while the fits of CAT4 data with the polynomial family is shown in Fig. E.11.
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For alternative functions as we conclude from Tables E.2 - E.8, that in SingleB CAT4

category tanh and sine functions with 1st order, Invpolydijet with 2nd order, polydijet

and xPol(x) with 3rd order, and modG and exp(pol(x)) with 4th order fit well. It can be

noted from Fig. E.10 that to describe the data correctly with a polynomial function, a

7th degree would be sufficient.

The fit of DoubleB CAT0 data with the above functions are shown in Fig. E.12, while

the fits of CAT0 data with the polynomial family is shown in Fig. E.13. For alternative

functions as we conclude from Tables E.2 - E.8, that in DoubleB CAT0 category modG

and sine functions with 1st order, Invpolydijet, exp(pol(x)) and tanh with 2nd order,

polydijet and xPol(x) with 3rd order fit well. It can be noted from Fig. E.10 that to

describe the data correctly with a polynomial function, a 5th degree would be sufficient.

Table E.2: Selection of sine function with 1st order for both SingleB CAT4 and DoubleB
CAT0, based on 5% thresholds on both χ2 probabiity and F-probabiity

Selection Order χ2 NDF χ2/NDF Probabiity F-probabiity

SingleB

n=1 1254.75 1197 1.05 0.12 -
n=2 1251.69 1194 1.05 0.12 0.08
n=3 1251.68 1191 1.05 0.11 0.92
n=4 1252.27 1188 1.05 0.09 0.00
n=5 1257.22 1185 1.06 0.07 0.00

DoubleB

n=1 1173.32 1197 0.98 0.62 -
n=2 1171.59 1194 0.98 0.67 0.19
n=3 1132.88 1191 0.95 0.88 0.00
n=4 1133.26 1188 0.95 0.87 0.00
n=5 1134.26 1185 0.95 0.85 0.00
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Table E.3: Selection of tanh function with 1st and 2nd order for SingleB CAT4 and
DoubleB CAT0,respectively , based on 5% thresholds on both χ2 probability and F-
probability

Selection Order χ2 NDF χ2/NDF Probability F-probability

SingleB

n=1 1253.92 1196 1.05 0.12 -
n=2 1253.80 1193 1.05 0.11 0.73
n=3 1252.51 1190 1.05 0.10 0.26
n=4 1247.76 1187 1.05 0.11 0.03
n=5 1242.37 1184 1.05 0.12 0.02

DoubleB

n=1 1158.85 1196 0.97 0.77 -
n=2 1147.93 1193 0.96 0.82 0.00
n=3 1147.77 1190 0.96 0.81 0.70
n=4 1149.03 1187 0.97 0.78 0.00
n=5 1149.00 1184 0.97 0.76 0.87

Table E.4: Selection of Invpolydijet function with 2nd for both SingleB CAT4 and
DoubleB CAT0, based on 5% thresholds on both χ2 probability and F-probability

Selection Order χ2 NDF χ2/NDF Probability F-probability

SingleB

POL1, n=1 1385.19 1197 1.16 0.00 -
POL2, n=2 1269.89 1196 1.06 0.07 0.00
POL3, n=3 1268.00 1195 1.06 0.07 0.00
POL4, n=4 1268.07 1194 1.06 0.07 0.00
POL5, n=5 1269.60 1193 1.06 0.06 0.00

DoubleB

POL1, n=1 1263.86 1197 1.06 0.09 -
POL2, n=2 1231.90 1196 1.03 0.23 0.00
POL3, n=3 1231.95 1195 1.03 0.22 0.00
POL4, n=4 1234.30 1194 1.03 0.20 0.00
POL5, n=5 1234.98 1193 1.03 0.19 0.00
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Figure E.2: Pre-fitted QCD shape transfer functions excluding the 100 < mbb < 150 GeV
region. The top panel shows the fits for the SingleB transfer functions, the down panel
the fits for the DoubleB transfer functions
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Figure E.3: Templates ofmbb formH = 125 GeV in the SingleB selection. The histograms
are scaled to the expected number of events. The VBF and GF contributions are weighted
with the respective cross sections and stacked.

Figure E.4: Templates of mbb for mH = 125 GeV in the DoubleB selection. The
histograms are scaled to the expected number of events. The VBF and GF contributions
are weighted with the respective cross sections and stacked.
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Figure E.5: Summary of the Gaussian core parameters of the Higgs templates. The
categories 0 − 3 refer to the DoubleB selection, and the categories 4 − 8 refer to the
SingleB selection.
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Figure E.6: Templates of mbb for the Z/W+jets background in the SingleB selection.

Figure E.7: Templates of mbb for the Z/W+jets background in the DoubleB selection.
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Figure E.8: Templates of mbb for the top (ttbar + single top) background in the SingleB
selection.

Figure E.9: Templates of mbb for the top (ttbar + single top) background in the DoubleB
selection.
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Figure E.10: Fit for the Higgs boson: background model fit in the SingleB CAT4 control
region with the alternative QCD shape functions.
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Figure E.11: Fit for the Higgs boson: background model fit in the SingleB CAT4 control
region with polynomial QCD shape functions.
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Figure E.12: Fit for the Higgs boson: background model fit in the DoubleB CAT0 control
region with the alternative QCD shape functions.
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Figure E.13: Fit for the Higgs boson: background model fit in the DoubleB CAT0 control
region with polynomial QCD shape functions.
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Table E.5: Selection of Polydijet function with 3rd for both SingleB CAT4 and DoubleB
CAT0, based on 5% thresholds on both χ2 probability and F-probability

Selection Order χ2 NDF χ2/NDF probability F-probabiity

SingleB

POL1, n=1 1313.88 1197 1.10 0.01 -
POL2, n=2 1274.06 1196 1.06 0.06 0.00
POL3, n=3 1256.48 1195 1.05 0.10 0.00
POL4, n=4 1254.04 1194 1.05 0.11 0.12
POL5, n=5 1251.29 1193 1.05 0.12 0.10
POL6, n=6 1245.81 1192 1.04 0.14 0.02
POL7, n=7 1244.99 1191 1.04 0.13 0.37
POL8, n=8 1245.43 1190 1.05 0.13 0.00

DoubleB

POL1, n=1 1277.70 1197 1.07 0.05 -
POL2, n=2 1269.89 1196 1.06 0.07 0.00
POL3, n=3 1175.15 1195 0.98 0.65 0.00
POL4, n=4 1174.99 1194 0.98 0.65 0.70
POL5, n=5 1173.43 1193 0.98 0.65 0.20
POL6, n=6 1495.52 1192 1.25 0.00 0.00
POL7, n=7 5027.35 1191 4.22 0.00 0.00

Table E.6: Selection of xPol(x) function with 3rd for both SingleB CAT4 and DoubleB
CAT0, based on 5% thresholds on both χ2 probability and F-probability

Selection Order χ2 NDF χ2/NDF Probability F-probability

SingleB

POL1, n=1 1163.36 1198 0.97 0.76 -
POL2, n=2 1147.39 1197 0.96 0.84 0.00
POL3, n=3 1133.01 1196 0.95 0.90 0.00
POL4, n=4 1132.75 1195 0.95 0.90 0.60
POL5, n=5 1133.67 1194 0.95 0.89 0.00

DoubleB

POL1, n=1 1163.36 1198 0.97 0.76 -
POL2, n=2 1147.39 1197 0.96 0.84 0.00
POL3, n=3 1133.01 1196 0.95 0.90 0.00
POL4, n=4 1132.75 1195 0.95 0.90 0.60
POL5, n=5 1133.67 1194 0.95 0.89 0.00
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Table E.7: Selection of modG function with 4th and 1st order for SingleB CAT4 and
DoubleB CAT0, respectively, based on 5% thresholds on both χ2 probability and F-
probability

Selection Order χ2 NDF χ2/NDF Probability F-probability

SingleB

n=1 1282.30 1197 1.07 0.04 -
n=2 1284.48 1196 1.07 0.04 0.00
n=3 1277.89 1195 1.06 0.05 0.01
n=4 1267.21 1194 1.06 0.07 0.00
n=5 1259.82 1193 1.06 0.09 0.00
n=6 517785.50 1192 434.38 0.00 0.00

SingleB

n=1 1169.31 1197 0.98 0.71 -
n=2 1164.39 1196 0.97 0.74 0.03
n=3 1145.13 1195 0.96 0.85 0.00
n=4 1148.95 1194 0.96 0.82 0.00
n=5 1151.17 1193 0.97 0.80 0.00
n=6 2963.24 1192 2.48 0.00 0.00

Table E.8: Selection of exp(pol(x)) function with 4th and 2nd order for SingleB CAT4
and DoubleB CAT0, respectively, based on 5% thresholds on both χ2 probability and
F-probability

Selection Order χ2 NDF χ2/NDF Probability F-probability

SingleB

POL1, n=1 4662.98 1199 3.90 0.00 -
POL2, n=2 1373.08 1198 1.15 0.00 0.00
POL3, n=3 1277.82 1197 1.07 0.05 0.00
POL4, n=4 1247.59 1196 1.04 0.15 0.00
POL5, n=5 1247.59 1195 1.04 0.14 0.98
POL6, n=6 1247.59 1195 1.04 0.14 0.97

DoubleB

POL1, n=1 1480.83 1199 1.23 0.00 -
POL2, n=2 1152.05 1198 0.96 0.83 0.00
POL3, n=3 1144.52 1197 0.96 0.86 0.00
POL4, n=4 1132.71 1196 0.95 0.90 0.00
POL5, n=5 1132.70 1195 0.95 0.90 0.96
POL5, n=5 1132.70 1194 0.95 0.90 0.00
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E.4.2 Evaluation of biases

As for the Z-peak fit, the bias evaluations are done in two steps.

1. Generation of pseudo-data using the full model with different QCD

parameterizations:

The full model is the one described by Eq. E.1 for all categories. The Z signal,

W, and top shapes and normalization are from a fit to MC in every category. The

QCD shape is determined from a fit to data. For each QCD function 1000 pseudo-

datasets are generated with a bin width of 0.1 GeV and mbb in [80, 200]. This is

repeated for a signal injection of 0, 1, and 2 times the SM expectation.

2. Fitting to the pseudo data :

A binned maximum likelihood fit is performed with the full model, where a

polynomial of varying order describes the QCD shape. The distributions of

fit results are finally checked to access the measurement bias for each QCD

parameterization.

For both the generation of the pseudo-data and the fit, we make use of the Combine

tool.

The signal bias is defined as the difference of the mean measured signal strength

and the injected amount of signal divided by the fitted signal uncertainty, as Bias =

(µmeasured−µinjected)/σµ). The results are given a QCD fit model containing a polynomial

of 5th and 7th order as QCD component.

Figures E.14 (E.15) show the distributions of fitted signal strengths in pseudo-data,

and the corresponding observed biases to the alternative QCD modeling when using

respectively a polynomial of degree 7 (5) as the main QCD model to fit the SingleB

(DoubleB ) categories.

It is clear that bias effects of the polynomial family can be problematic with respect

to the alternative functions, and become overall acceptable only when the degree of the

main polynomial is raised to higher order. For this reason, the chosen QCD functions,

to perform the Higgs fit, are a 5th, and a 7th-degree polynomial for DoubleB and
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Figure E.14: Fits for the Higgs signal with the SingleB sample. Distributions of pseudo-
data fit results using a polynomial of 7th degree as a QCD model, and alternative QCD
shapes to produce the pseudo-data. Results from the closure test are also included where
toys are generated and fitted with nominal 7th order polynomial in SingleB selection.
Results of fits are shown for pseudo-data with zero, one, and two times the SM injected
signal strengths.



242 Appendix E. Bias study for VBF SM Higgs with bb̄ final state

hist_final
Entries  1002

Mean   0.0144

RMS     1.095

 / ndf 2χ  13.95 / 14

Constant  5.8± 145.3 

Mean      0.03505± 0.01864 

Sigma     0.027± 1.086 

fitσ)/
inj

µ-
fit

µ(
4− 3− 2− 1− 0 1 2 3 4

#T
oy

s

0

20

40

60

80

100

120

140

hist_final
Entries  1002

Mean   0.0144

RMS     1.095

 / ndf 2χ  13.95 / 14

Constant  5.8± 145.3 

Mean      0.03505± 0.01864 

Sigma     0.027± 1.086 

DoubleB

sine

Fitted with Pol5
=0

inj
µ

sine

Fitted with Pol5
=0

inj
µ

hist_final
Entries  1002

Mean  0.0108− 
RMS     1.124

 / ndf 2χ  14.24 / 16

Constant  5.5± 142.2 

Mean      0.036367±0.003588 − 
Sigma     0.025± 1.107 

fitσ)/
inj

µ-
fit

µ(
4− 3− 2− 1− 0 1 2 3 4

#T
oy

s

0

20

40

60

80

100

120

140

hist_final
Entries  1002

Mean  0.0108− 
RMS     1.124

 / ndf 2χ  14.24 / 16

Constant  5.5± 142.2 

Mean      0.036367±0.003588 − 
Sigma     0.025± 1.107 

DoubleB

sine

Fitted with Pol5
=1

inj
µ

sine

Fitted with Pol5
=1

inj
µ

hist_final
Entries  1002

Mean  0.0248− 
RMS     1.058

 / ndf 2χ  18.91 / 14

Constant  5.7± 149.4 

Mean      0.03414±0.03179 − 
Sigma     0.023± 1.049 

fitσ)/
inj

µ-
fit

µ(
4− 3− 2− 1− 0 1 2 3 4

#T
oy

s
0

20

40

60

80

100

120

140

hist_final
Entries  1002

Mean  0.0248− 
RMS     1.058

 / ndf 2χ  18.91 / 14

Constant  5.7± 149.4 

Mean      0.03414±0.03179 − 
Sigma     0.023± 1.049 

DoubleB

sine

Fitted with Pol5
=2

inj
µ

sine

Fitted with Pol5
=2

inj
µ

hist_final
Entries  982

Mean   0.04122

RMS     1.304

 / ndf 2χ  23.47 / 17

Constant  5.1±   125 

Mean      0.039844± 0.003623 

Sigma     0.031± 1.223 

fitσ)/
inj

µ-
fit

µ(
4− 3− 2− 1− 0 1 2 3 4

#T
oy

s

0

20

40

60

80

100

120

hist_final
Entries  982

Mean   0.04122

RMS     1.304

 / ndf 2χ  23.47 / 17

Constant  5.1±   125 

Mean      0.039844± 0.003623 

Sigma     0.031± 1.223 

DoubleB

tanh2

Fitted with Pol5
=0

inj
µ

tanh2

Fitted with Pol5
=0

inj
µ

hist_final
Entries  1002

Mean   0.0184

RMS     1.268

 / ndf 2χ  22.79 / 17

Constant  5.1± 130.6 

Mean      0.038407±0.003762 − 
Sigma     0.027± 1.195 

fitσ)/
inj

µ-
fit

µ(
4− 3− 2− 1− 0 1 2 3 4

#T
oy

s

0

20

40

60

80

100

120

140

hist_final
Entries  1002

Mean   0.0184

RMS     1.268

 / ndf 2χ  22.79 / 17

Constant  5.1± 130.6 

Mean      0.038407±0.003762 − 
Sigma     0.027± 1.195 

DoubleB

tanh2

Fitted with Pol5
=1

inj
µ

tanh2

Fitted with Pol5
=1

inj
µ

hist_final
Entries  982

Mean   0.04245

RMS     1.311

 / ndf 2χ  35.75 / 17

Constant  5.0± 124.2 

Mean      0.04136±0.01011 − 
Sigma     0.030± 1.215 

fitσ)/
inj

µ-
fit

µ(
4− 3− 2− 1− 0 1 2 3 4

#T
oy

s

0

20

40

60

80

100

120

hist_final
Entries  982

Mean   0.04245

RMS     1.311

 / ndf 2χ  35.75 / 17

Constant  5.0± 124.2 

Mean      0.04136±0.01011 − 
Sigma     0.030± 1.215 

DoubleB

tanh2

Fitted with Pol5
=2

inj
µ

tanh2

Fitted with Pol5
=2

inj
µ

hist_final
Entries  1002
Mean   0.0984
RMS      1.08

 / ndf 2χ  13.78 / 13
Constant  5.6± 146.6 
Mean      0.0348± 0.1036 
Sigma     0.024± 1.077 

fitσ)/
inj

µ-
fit

µ(
4− 3− 2− 1− 0 1 2 3 4

#T
oy

s

0

20

40

60

80

100

120

140

160
hist_final

Entries  1002
Mean   0.0984
RMS      1.08

 / ndf 2χ  13.78 / 13
Constant  5.6± 146.6 
Mean      0.0348± 0.1036 
Sigma     0.024± 1.077 

DoubleB

modG

Fitted with Pol5
=0

inj
µ

modG

Fitted with Pol5
=0

inj
µ

hist_final
Entries  1002

Mean  0.0008− 
RMS     1.084

 / ndf 2χ  6.835 / 14

Constant  5.7±   147 

Mean      0.03463± 0.01015 

Sigma     0.02±  1.08 

fitσ)/
inj

µ-
fit

µ(
4− 3− 2− 1− 0 1 2 3 4

#T
oy

s

0

20

40

60

80

100

120

140

hist_final
Entries  1002

Mean  0.0008− 
RMS     1.084

 / ndf 2χ  6.835 / 14

Constant  5.7±   147 

Mean      0.03463± 0.01015 

Sigma     0.02±  1.08 

DoubleB

modG

Fitted with Pol5
=1

inj
µ

modG

Fitted with Pol5
=1

inj
µ

hist_final
Entries  1002

Mean  0.04−  

RMS     1.082

 / ndf 2χ  36.14 / 15

Constant  5.9± 146.2 

Mean      0.03674±0.04833 − 
Sigma     0.026± 1.055 

fitσ)/
inj

µ-
fit

µ(
4− 3− 2− 1− 0 1 2 3 4

#T
oy

s
0

20

40

60

80

100

120

140

160

hist_final
Entries  1002

Mean  0.04−  

RMS     1.082

 / ndf 2χ  36.14 / 15

Constant  5.9± 146.2 

Mean      0.03674±0.04833 − 
Sigma     0.026± 1.055 

DoubleB

modG

Fitted with Pol5
=2

inj
µ

modG

Fitted with Pol5
=2

inj
µ

hist_final
Entries  1000

Mean  0.01124− 
RMS    0.9595

 / ndf 2χ  16.08 / 12

Constant  6.4± 163.6 

Mean      0.03150±0.04439 − 
Sigma     0.0226± 0.9651 

fitσ)/
inj

µ-
fit

µ(
4− 3− 2− 1− 0 1 2 3 4

#T
oy

s

0

20

40

60

80

100

120

140

160

180
hist_final

Entries  1000

Mean  0.01124− 
RMS    0.9595

 / ndf 2χ  16.08 / 12

Constant  6.4± 163.6 

Mean      0.03150±0.04439 − 
Sigma     0.0226± 0.9651 

DoubleB

expPol2

Fitted with Pol5
=0

inj
µ

expPol2

Fitted with Pol5
=0

inj
µ

hist_final
Entries  980

Mean  0.03479− 
RMS     1.009

 / ndf 2χ  27.23 / 15

Constant  6.0± 156.8 

Mean      0.03163±0.06014 − 
Sigma     0.0193± 0.9701 

fitσ)/
inj

µ-
fit

µ(
4− 3− 2− 1− 0 1 2 3 4

#T
oy

s

0

20

40

60

80

100

120

140

160
hist_final

Entries  980

Mean  0.03479− 
RMS     1.009

 / ndf 2χ  27.23 / 15

Constant  6.0± 156.8 

Mean      0.03163±0.06014 − 
Sigma     0.0193± 0.9701 

DoubleB

expPol2

Fitted with Pol5
=1

inj
µ

expPol2

Fitted with Pol5
=1

inj
µ

hist_final
Entries  980

Mean   0.05079

RMS    0.9291

 / ndf 2χ  16.85 / 12

Constant  6.5± 168.8 

Mean      0.03064± 0.04163 

Sigma     0.020± 0.912 

fitσ)/
inj

µ-
fit

µ(
4− 3− 2− 1− 0 1 2 3 4

#T
oy

s

0

20

40

60

80

100

120

140

160

hist_final
Entries  980

Mean   0.05079

RMS    0.9291

 / ndf 2χ  16.85 / 12

Constant  6.5± 168.8 

Mean      0.03064± 0.04163 

Sigma     0.020± 0.912 

DoubleB

expPol2

Fitted with Pol5
=2

inj
µ

expPol2

Fitted with Pol5
=2

inj
µ

hist_final
Entries  1002

Mean   0.0872

RMS     1.253

 / ndf 2χ  23.38 / 17

Constant  4.8± 126.3 

Mean      0.04083± 0.07114 

Sigma     0.026± 1.236 

fitσ)/
inj

µ-
fit

µ(
4− 3− 2− 1− 0 1 2 3 4

#T
oy

s

0

20

40

60

80

100

120

hist_final
Entries  1002

Mean   0.0872

RMS     1.253

 / ndf 2χ  23.38 / 17

Constant  4.8± 126.3 

Mean      0.04083± 0.07114 

Sigma     0.026± 1.236 

DoubleB

pol3_dijet

Fitted with Pol5
=0

inj
µ

pol3_dijet

Fitted with Pol5
=0

inj
µ

hist_final
Entries  982

Mean   0.003673

RMS     1.271
 / ndf 2χ   19.7 / 16

Constant  5.0± 123.6 

Mean      0.04281± 0.01715 

Sigma     0.031± 1.243 

fitσ)/
inj

µ-
fit

µ(
4− 3− 2− 1− 0 1 2 3 4

#T
oy

s

0

20

40

60

80

100

120

140

hist_final
Entries  982

Mean   0.003673

RMS     1.271
 / ndf 2χ   19.7 / 16

Constant  5.0± 123.6 

Mean      0.04281± 0.01715 

Sigma     0.031± 1.243 

DoubleB

pol3_dijet

Fitted with Pol5
=1

inj
µ

pol3_dijet

Fitted with Pol5
=1

inj
µ

hist_final
Entries  1002

Mean  0.0136− 
RMS     1.212

 / ndf 2χ  17.71 / 15

Constant  5.1± 130.4 

Mean      0.03979±0.01159 − 
Sigma     0.028± 1.206 

fitσ)/
inj

µ-
fit

µ(
4− 3− 2− 1− 0 1 2 3 4

#T
oy

s

0

20

40

60

80

100

120

hist_final
Entries  1002

Mean  0.0136− 
RMS     1.212

 / ndf 2χ  17.71 / 15

Constant  5.1± 130.4 

Mean      0.03979±0.01159 − 
Sigma     0.028± 1.206 

DoubleB

pol3_dijet

Fitted with Pol5
=2

inj
µ

pol3_dijet

Fitted with Pol5
=2

inj
µ

hist_final
Entries  1002

Mean   0.0716

RMS     1.172
 / ndf 2χ  16.75 / 15

Constant  5.2± 133.6 

Mean      0.03838± 0.07377 

Sigma     0.028± 1.179 

fitσ)/
inj

µ-
fit

µ(
4− 3− 2− 1− 0 1 2 3 4

#T
oy

s

0

20

40

60

80

100

120

140

hist_final
Entries  1002

Mean   0.0716

RMS     1.172
 / ndf 2χ  16.75 / 15

Constant  5.2± 133.6 

Mean      0.03838± 0.07377 

Sigma     0.028± 1.179 

DoubleB

x^pol3

Fitted with Pol5
=0

inj
µ

x^pol3

Fitted with Pol5
=0

inj
µ

hist_final
Entries  1002
Mean   0.1068
RMS     1.158

 / ndf 2χ  13.54 / 14
Constant  5.5± 134.2 
Mean      0.0386± 0.1224 
Sigma     0.03±  1.18 

fitσ)/
inj

µ-
fit

µ(
4− 3− 2− 1− 0 1 2 3 4

#T
oy

s

0

20

40

60

80

100

120

140

hist_final
Entries  1002
Mean   0.1068
RMS     1.158

 / ndf 2χ  13.54 / 14
Constant  5.5± 134.2 
Mean      0.0386± 0.1224 
Sigma     0.03±  1.18 

DoubleB

x^pol3

Fitted with Pol5
=1

inj
µ

x^pol3

Fitted with Pol5
=1

inj
µ

hist_final
Entries  982

Mean   0.04327

RMS     1.154

 / ndf 2χ  25.12 / 16

Constant  5.4± 135.6 

Mean      0.03851± 0.04302 

Sigma     0.026± 1.125 

fitσ)/
inj

µ-
fit

µ(
4− 3− 2− 1− 0 1 2 3 4

#T
oy

s

0

20

40

60

80

100

120

140

hist_final
Entries  982

Mean   0.04327

RMS     1.154

 / ndf 2χ  25.12 / 16

Constant  5.4± 135.6 

Mean      0.03851± 0.04302 

Sigma     0.026± 1.125 

DoubleB

x^pol3

Fitted with Pol5
=2

inj
µ

x^pol3

Fitted with Pol5
=2

inj
µ

hist_final
Entries  360

Mean   0.06881

RMS     1.168

 / ndf 2χ  15.89 / 14

Constant  3.44± 46.77 

Mean      0.06467± 0.08227 

Sigma     0.061± 1.169 

fitσ)/
inj

µ-
fit

µ(
4− 3− 2− 1− 0 1 2 3 4

#T
oy

s

0

10

20

30

40

50

60

hist_final
Entries  360

Mean   0.06881

RMS     1.168

 / ndf 2χ  15.89 / 14

Constant  3.44± 46.77 

Mean      0.06467± 0.08227 

Sigma     0.061± 1.169 

DoubleB

Pol2_invdijet

Fitted with Pol5
=0

inj
µ

Pol2_invdijet

Fitted with Pol5
=0

inj
µ

hist_final
Entries  560

Mean   0.1121

RMS     1.159

 / ndf 2χ  15.74 / 15

Constant  4.33± 76.24 

Mean      0.04914± 0.09306 

Sigma     0.041± 1.099 

fitσ)/
inj

µ-
fit

µ(
4− 3− 2− 1− 0 1 2 3 4

#T
oy

s

0

10

20

30

40

50

60

70

hist_final
Entries  560

Mean   0.1121

RMS     1.159

 / ndf 2χ  15.74 / 15

Constant  4.33± 76.24 

Mean      0.04914± 0.09306 

Sigma     0.041± 1.099 

DoubleB

Pol2_invdijet

Fitted with Pol5
=1

inj
µ

Pol2_invdijet

Fitted with Pol5
=1

inj
µ

hist_final
Entries  840

Mean    0.012

RMS     1.128

 / ndf 2χ  12.18 / 15

Constant  5.2± 115.7 

Mean      0.04020± 0.05174 

Sigma     0.032± 1.118 

fitσ)/
inj

µ-
fit

µ(
4− 3− 2− 1− 0 1 2 3 4

#T
oy

s

0

20

40

60

80

100

120

hist_final
Entries  840

Mean    0.012

RMS     1.128

 / ndf 2χ  12.18 / 15

Constant  5.2± 115.7 

Mean      0.04020± 0.05174 

Sigma     0.032± 1.118 

DoubleB

Pol2_invdijet

Fitted with Pol5
=2

inj
µ

Pol2_invdijet

Fitted with Pol5
=2

inj
µ

hist_final
Entries  1002

Mean   0.0008

RMS     1.305

 / ndf 2χ  38.95 / 17

Constant  5.3± 127.2 

Mean      0.04098± 0.01738 

Sigma     0.032± 1.207 

fitσ)/
inj

µ-
fit

µ(
4− 3− 2− 1− 0 1 2 3 4

#T
oy

s

0

20

40

60

80

100

120

hist_final
Entries  1002

Mean   0.0008

RMS     1.305

 / ndf 2χ  38.95 / 17

Constant  5.3± 127.2 

Mean      0.04098± 0.01738 

Sigma     0.032± 1.207 

DoubleB

Pol5

Fitted with Pol5
=0

inj
µ

Pol5

Fitted with Pol5
=0

inj
µ

hist_final
Entries  1002

Mean   0.0368

RMS     1.328

 / ndf 2χ  34.09 / 17

Constant  5.1± 122.7 

Mean      0.04082± 0.04895 

Sigma     0.033± 1.258 

fitσ)/
inj

µ-
fit

µ(
4− 3− 2− 1− 0 1 2 3 4

#T
oy

s

0

20

40

60

80

100

120

140

160
hist_final

Entries  1002

Mean   0.0368

RMS     1.328

 / ndf 2χ  34.09 / 17

Constant  5.1± 122.7 

Mean      0.04082± 0.04895 

Sigma     0.033± 1.258 

DoubleB

Pol5

Fitted with Pol5
=1

inj
µ

Pol5

Fitted with Pol5
=1

inj
µ

hist_final
Entries  1002

Mean   0.0052

RMS     1.237

 / ndf 2χ  27.95 / 16

Constant  5.5± 134.6 

Mean      0.03791± 0.01357 

Sigma     0.031± 1.155 

fitσ)/
inj

µ-
fit

µ(
4− 3− 2− 1− 0 1 2 3 4

#T
oy

s

0

20

40

60

80

100

120

140

hist_final
Entries  1002

Mean   0.0052

RMS     1.237

 / ndf 2χ  27.95 / 16

Constant  5.5± 134.6 

Mean      0.03791± 0.01357 

Sigma     0.031± 1.155 

DoubleB

Pol5

Fitted with Pol5
=2

inj
µ

Pol5

Fitted with Pol5
=2

inj
µ

Figure E.15: Fits for the Higgs signal with the DoubleB sample. Distributions of pseudo-
data fit results using a polynomial of 5th degree as a QCD model, and alternative QCD
shapes to produce the pseudo-data. Results from closure test are also included where
toys are generated and fitted with nominal 5th order polynomial in DoubleB selection.
Results of fits are shown for pseudo-data with zero, one and two times the SM injected
signal strengths.
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Figure E.16: Summary for observed bias from Figs. E.14 and E.15 for mu injection value
0, 1 and 2.

SingleB selection categories and E.16 shows that observed bias is within 15% threshold,

so conclude that 5th and 7th order functions for DoubleB and SingleB categories are

good enough to fit QCD background in data.





References

[1] CMS Collaboration. Search for non-resonant Higgs boson pair production in final states

with two bottom quarks and two photons in proton-proton collisions at
√
s = 13 TeV.

Journal of High Energy Physics, 2021(3):257, April 2021. arXiv:2011.12373, doi:10.

1007/JHEP03(2021)257.

[2] CMS Collaboration. Search for nonresonant Higgs boson pair production in the 4 leptons

plus 2 b jets final state in proton-proton collisions at
√
s = 13 TeV. Technical report,

CERN, Geneva, 2020. URL: https://cds.cern.ch/record/2725691.

[3] ATLAS Collaboration. Search for the HH →bb̄bb̄ process via vector-boson fusion

production using proton-proton collisions at
√
s = 13 TeV with the ATLAS detector.

Journal of High Energy Physics, 2020(7):108, January 2021. arXiv:2001.05178, doi:

10.1007/JHEP07(2020)108.

[4] ATLAS Collaboration. Search for non-resonant Higgs boson pair production in the bblνlν

final state with the ATLAS detector in pp collisions at
√
s = 13 TeV. Physics Letters

B, 801:135145, February 2020. arXiv:1908.06765, doi:10.1016/j.physletb.2019.

135145.

[5] CMS Collaboration. Search for Higgs boson pair production in the four b quark final state.

Technical report, CERN, Geneva, 2021. URL: https://cds.cern.ch/record/2771912.

[6] ATLAS Collaboration. Search for Higgs boson pair production in the two bottom quarks

plus two photons final state in pp collisions at
√
s = 13 TeV with the ATLAS detector.

Technical report, CERN, Geneva, Mar 2021. All figures including auxiliary figures are

available at

245

http://arxiv.org/abs/2011.12373
https://doi.org/10.1007/JHEP03(2021)257
https://doi.org/10.1007/JHEP03(2021)257
https://cds.cern.ch/record/2725691
http://arxiv.org/abs/2001.05178
https://doi.org/10.1007/JHEP07(2020)108
https://doi.org/10.1007/JHEP07(2020)108
http://arxiv.org/abs/1908.06765
https://doi.org/10.1016/j.physletb.2019.135145
https://doi.org/10.1016/j.physletb.2019.135145
https://cds.cern.ch/record/2771912


246 REFERENCES

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-

2021-016. URL: https://cds.cern.ch/record/2759683.

[7] CERN. CERN Documentation Server. URL: https://home.cern/resources/faqs/

facts-and-figures-about-lhc.

[8] Bulk graviton cross sections in WED. https://github.com/CrossSectionsLHC/WED/

blob/master/KKGraviton_Bulk/Xjj_LO_14TeV_ktilda_0p1.txt. A. Oliveira: June,

2016.

[9] Wikipedia. General description of the Standard Model in Wikipedia. URL: https:

//en.wikipedia.org/wiki/Standard_Model.

[10] John Ellis. Higgs Physics. arXiv e-prints, page arXiv:1312.5672, December 2013. arXiv:

1312.5672.

[11] Suresh Emre. Experimental verification of Higgs boson couplings to elementary particles.

URL: https://sureshemre.wordpress.com/2020/09/12/

experimental-verification-of-higgs-boson-couplings-to-elementary-particles/.

[12] Particle Data Group. Review of Particle Physics. Progress of Theoretical and

Experimental Physics, 2020(8), 08 2020. 083C01. arXiv:https://academic.oup.

com/ptep/article-pdf/2020/8/083C01/34673722/ptaa104.pdf, doi:10.1093/ptep/

ptaa104.

[13] LHC Higgs Cross Section Working Group, S. Dittmaier, C. Mariotti, G. Passarino,

and R. Tanaka (Eds.). Handbook of LHC Higgs Cross Sections: 1. Inclusive

Observables. CERN-2011-002, CERN, Geneva, 2011. arXiv:1101.0593, doi:10.5170/

CERN-2011-002.

[14] LHC Higgs Cross Section Working Group, S. Dittmaier, C. Mariotti, G. Passarino,

and R. Tanaka (Eds.). Handbook of LHC Higgs Cross Sections: 2. Differential

Distributions. CERN-2012-002, CERN, Geneva, 2012. arXiv:1201.3084, doi:10.5170/

CERN-2012-002.

[15] LHC Higgs Cross Section Working Group, S. Heinemeyer, C. Mariotti, G. Passarino, and

https://cds.cern.ch/record/2759683
https://home.cern/resources/faqs/facts-and-figures-about-lhc
https://home.cern/resources/faqs/facts-and-figures-about-lhc
https://github.com/CrossSectionsLHC/WED/blob/master/KKGraviton_Bulk/Xjj_LO_14TeV_ktilda_0p1.txt
https://github.com/CrossSectionsLHC/WED/blob/master/KKGraviton_Bulk/Xjj_LO_14TeV_ktilda_0p1.txt
https://en.wikipedia. org/wiki/Standard_Model
https://en.wikipedia. org/wiki/Standard_Model
http://arxiv.org/abs/1312.5672
http://arxiv.org/abs/1312.5672
https://sureshemre.wordpress.com/2020/09/12/experimental-verification-of-higgs-boson-couplings-to-elementary-particles/
https://sureshemre.wordpress.com/2020/09/12/experimental-verification-of-higgs-boson-couplings-to-elementary-particles/
http://arxiv.org/abs/https://academic.oup.com/ptep/article-pdf/2020/8/083C01/34673722/ptaa104.pdf
http://arxiv.org/abs/https://academic.oup.com/ptep/article-pdf/2020/8/083C01/34673722/ptaa104.pdf
https://doi.org/10.1093/ptep/ptaa104
https://doi.org/10.1093/ptep/ptaa104
http://arxiv.org/abs/1101.0593
https://doi.org/10.5170/CERN-2011-002
https://doi.org/10.5170/CERN-2011-002
http://arxiv.org/abs/1201.3084
https://doi.org/10.5170/CERN-2012-002
https://doi.org/10.5170/CERN-2012-002


REFERENCES 247

R. Tanaka (Eds.). Handbook of LHC Higgs Cross Sections: 3. Higgs Properties. CERN-

2013-004, CERN, Geneva, 2013. arXiv:1307.1347, doi:10.5170/CERN-2013-004.

[16] Alexandra Carvalho, Martino Dall’Osso, Tommaso Dorigo, Florian Goertz, Carlo A.

Gottardo, and Mia Tosi. Higgs Pair Production: Choosing Benchmarks With Cluster

Analysis. JHEP 04, page 126, 2016. arXiv:1507.02245, doi:10.1007/JHEP04(2016)

126.

[17] Ram Krishna Dewanjee. Search for Neutral MSSM Higgs bosons and other exotic

resonances in their decays involving 2 hadronically decaying τ leptons at CMS. PhD

thesis, CERN, Geneva, 2019. URL: https://cds.cern.ch/record/2743311.

[18] Jakob Calvén. Warped Extra Dimensions in the Randall-Sundrum Model and a Simple

Implementation in Pythia 8. In Conference Proceedings, 2012.

[19] Alexandra Carvalho. Gravity particles from Warped Extra Dimensions, predictions for

LHC. arXiv e-prints, page arXiv:1404.0102, March 2014. arXiv:1404.0102.

[20] LHC CERN. Supersymmetry:Taking a closer look at LHC. URL: https://www.

lhc-closer.es/taking_a_closer_look_at_lhc/0.supersymmetry.

[21] Monika Blanke, David Curtin, and Maxim Perelstein. Supersymmetric Yukawa sum rule

and LHC tests. Phys. Rev. D, 82, 08 2010. doi:10.1103/PhysRevD.82.035020.

[22] The CMS Collaboration. Combination of Searches for Higgs Boson Pair Production in

Proton-Proton Collisions at
√
s = 13 TeV. Phys. Rev. Lett., 122:121803, Mar 2019.

URL: https://link.aps.org/doi/10.1103/PhysRevLett.122.121803, doi:10.1103/

PhysRevLett.122.121803.

[23] The ATLAS Collaboration. Combination of searches for Higgs boson pairs in pp

collisions at s=13TeV with the ATLAS detector. Physics Letters B, 800:135103, 2020.

URL: https://www.sciencedirect.com/science/article/pii/S0370269319308251,

doi:https://doi.org/10.1016/j.physletb.2019.135103.

[24] CMS Collaboration. Search for Higgs boson pair production in events with two bottom

quarks and two tau leptons in proton-proton collisions at sqrt(s) = 13 TeV. arXiv e-

prints, page arXiv:1707.02909, July 2017. arXiv:1707.02909.

http://arxiv.org/abs/1307.1347
https://doi.org/10.5170/CERN-2013-004
http://arxiv.org/abs/1507.02245
https://doi.org/10.1007/JHEP04(2016)126
https://doi.org/10.1007/JHEP04(2016)126
https://cds.cern.ch/record/2743311
http://arxiv.org/abs/1404.0102
https://www.lhc-closer.es/taking_a_closer_look_at_lhc/0.supersymmetry
https://www.lhc-closer.es/taking_a_closer_look_at_lhc/0.supersymmetry
https://doi.org/10.1103/PhysRevD.82.035020
https://link.aps.org/doi/10.1103/PhysRevLett.122.121803
https://doi.org/10.1103/PhysRevLett.122.121803
https://doi.org/10.1103/PhysRevLett.122.121803
https://www.sciencedirect.com/science/article/pii/S0370269319308251
https://doi.org/https://doi.org/10.1016/j.physletb.2019.135103
http://arxiv.org/abs/1707.02909


248 REFERENCES

[25] CMS Collaboration. Search for the decay of a heavy Higgs boson H into two lighter

Higgs bosons h and hS in the h(ττ)hS(bb) final state at 13 TeV. Technical report, CERN,

Geneva, 2021. URL: https://cds.cern.ch/record/2758271.

[26] AC Team. Diagram of an LHC dipole magnet. Schéma d’un aimant dipôle du LHC. 1,
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