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Tt 2016 % 2018 4F4x3 Run2, 132.2 fb~" BUp S FEMBURAVSEIT 51 . &SI
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Je4=vil Run2 $4h 95% EAE /K- _EAS-S #0570 52 HE SRR i FUU FIOUL i R
{H. 47 Run2 ¥ 95% EAF7KF FULI SNy ERRFEEA 15 fb ] 73 fb 4.

A SCHAI A CMS FEIER M 2016 4 2 2018 4FULEERY 13TeV iz £~ 51Xt
1. 137 £b~ 1 BB S8 BE R R | RO TR AR, I T AT (TR TR
ISR L AR SR EEAE I 1 P A 5 AR R A S AR
VA S 7 A AT MR (135 55030 = 11270 00(theo) 002 (syst) 007 (stat)
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Fii A 125GeV I H L@ 5 R EBE A4 rsicE LHC A& 3l s 45 R AR &
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TEJfH 98GeV b4 2.30 By [13]. LHC iy CMS &/ELHH A Runl 8TeV %k
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SHTR AR T 44 M Ak BT 3% (2 1. Abdus Salam Fi1 Steven Weinberg [ifi J5 6% —
1EES Glashow FUBIRIR K, MMSER T SM HELES R Ui .
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vio SHARS AL, A EAE N BA IR SRR RN, (HiL A0 ek
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ANTSHRAN 336 A\ AEIR B T f AR AR 2 . 2008 48, BT AR E IR B
HEARAE TRHENL. 2009 4F 11 J], LHC S8 74K 1.18 TeV iyfig R, Il
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4, LHC Sl T — MRt b —A A2, ATLAS Fl CMS A1EZH 735
FANKIL T —FhFUT SM Ak g € F TR T [4, 5] A siigt (T 90Ah
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W25, PASCHRATRERIWIFAAEE 1 SM i Bl B R AR HERR AL (BSM) . 7E
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X2 5 Z I 2016 SR KRR [14] AR5 A18T . ARTRE i) — X,
AL FERAT ) Drell-Yan(DY) S . 1 2016 4E40 kR 45 R [14] 43 B i 201y
T ¥R B EER AR RARM AR PTG T B B & K R HERR Ly i b, 3
NG AT B B R ] DY F:6, X @418 30458 Run2 Zds
SrHT AT FEXTERA DY SO XOG T R4 iR R, 7E double-sided
Crystal Ball pR%l (2016 4E5H L RER (14] b B ) MRS E5]
A T BAMNAFRFEER L, 546 R AL RE S T AF 1A 5 A DY SN R0G T
AT . F1 2016 AEEHE & KRG [14] B0 —HF, XA R RS RE R T
CMS H — yy Y358 /NH 38 B B FriE Y “envelope” 5 YA B “discrete profiling”
ik, TGS o 431 1Y 2 B0 R (5 FH 22 s 30 ek 50 1t A (] o AR
WY SM-Z ) AAR T MC S BIBOE T A2 & kAT “[FES a1
TERIGH] )5, g CMS SR ST e ik F 2 “combine” FEFTHE
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VI



%

Y, AL DY AR DA S TR <5 (4 0 A S BBt Pirfy B A S
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o A TR A5 A 107 Bt P Do O 2 g 43 BT SRS

AR ORI ROE T ARE . FI 47 Run2 Fm & 1 A b 1k o,
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WrBt (stage) 5E XS A—HER). 16155 bin AWHEIIEIARKIAHAL T, SCodb i) &4k
FEYT A MR E 2 E S . HI, REdifbig STXS I F s 1
KILTHERY) BSM {550 R . LHC ANWBCEES I 1 8 2B 2 R EdE, M
M4 T AT B S Se e REUE, X S BE R i R A STXS #E
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JEEENOG A g, SR B ST I AR A I . 2 R o AT
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FFRFEEEIA 15 fb 3] 73 fb R4,
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Abstract

Abstract

In July 2012, a particle with properties compatible with the Standard Model Higgs
boson was discovered at the Large Hadron Collider (LHC) by ATLAS and CMS ex-
periments. The measurements showed that the new Higgs boson so far in accordance
with those predictions for the SM Higgs boson. However, this model is not fully able
to address several fundamental physics issues such as the dark matter, the dark energy
and the asymmetry of matter and anti-matter. So, we can not exclude the possibility of

physics Beyond Standard Models (BSM).

Precision measurements of the observed Higgs boson with more data collected at
the LHC, could lead us to probe deviations from the Standard Model. With more data,
the measurements would become even more precise which will push theorists to calcu-
late their anticipations more precisely as well. It will eventually provide a deeper probe
to see, if a more-precise prediction diverges from the current Higgs boson experimental

measurements which could direct to new physics.

Some of the beyond Standard Models, e.g. the Next-to-Minimal Supersymmetric
Model (NMSSM), and generalized two-Higgs-doublet models (2ZHDM) gives rise to an
interesting phenomenology including several Higgs bosons, some of which could have
masses below the observed mass of SM Higgs boson i.e. 125 GeV. Therefore, searching
for the additional Higgs bosons is one of the most direct and effective ways to study the

BSM physics.

The main part of this dissertation is dedicated to the probe for an additional SM-
like Higgs boson in the diphoton final state. This analysis searches for an excess in
the diphoton invariant mass spectrum over a smoothly falling background in the range
70 < my < 110 GeV with CMS at 13 TeV. The results are presented for 2016 (36.3
fb=1), 2017 (41.5 fb™1), 2018 (54.4 fb~") data and 2016 to 2018 (full Run 2) combina-
tion corresponding to an integrated luminosity of 132.2 fb~!. No significant excess is
observed. One modest excess with approximately 2.9¢ local (1.36 global) significance
is observed for a mass hypothesis of 95.4 GeV. The expected and observed upper limits
with 95% confidence level on the product of cross section times branching ratio into two

photons for each of the analysis with 2016 data set, 2017 data set, 2018 data set and the
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statistical combinations of the full Run 2 data set, are addressed. The observed upper

limit for the combined data set ranges from 73 fb to 15 fb.

This thesis also includes some of the latest results for the measurements of Higgs
boson properties in the diphoton decay channel including the signal strengths, signal
strength modifiers, production cross sections, its couplings to other particles, inclusive
and differential fiducial production cross sections. Events are selected from a sample
of proton-proton collisions at 13 TeV collected by the CMS detector at the LHC from

2016 to 2018, corresponding to an integrated luminosity of 137 fb~!. The observed

signal strength is y = 1.12*_L8:82(the0)’:8:8;(syst)fgzgz)(stat). The measured fiducial cross
section is o4y = 73.40J_r§:g(stat)f%é(syst)fb = 73.40J_’g:éfb. All results are found to be

in agreement with the SM expectations.

Key Words: CMS experiment, Standard Model, Beyond Standard Model, Higgs boson,

diphoton final state.
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Chapter 1: Introduction

Chapter 1: Introduction

Fundamental structure of matter and its interactions has been efficiently described
by standard model (SM) of particle physics in the context of the Quantum Field Theory
[1, 2]. The electromagnetic and weak forces are unified by the SM and position them
in a same framework along with the strong force. The SM has been unprecedentedly
successful, with its predictions verified to extraordinary precision. The electro-weak
symmetry is broken spontaneously by an additional scalar field (the Higgs field) and
Higgs mechanism is also a key aspect of SM. It explains how particles gain mass and
predicts the existence of a fundamental particle known as the Higgs boson. The Higgs
boson was discovered experimentally on 4th July 2012 by the ATLAS and CMS Col-
laborations [4, 5] at the Large Hadron Collider (LHC) [3].

The Standard Model can not be considered as a complete theory of nature. It does
not identify the suitable candidate of dark matter which is a key part to explain certain
astrophysical phenomena [35] as well as does not include any description regarding the
force of gravity. Neutrinos are considered to be massless in SM but they are not, as
confirmed by the experimental measurements of neutrino oscillations [36]. Many of
these phenomena have been proposed by the wide range of Beyond Standard Model
(BSM) theories. Entirely new particles are predicted by these theories and eventually

amend the predictions of SM [37].

In this thesis, the latest measurements of the properties of the Higgs boson in the
diphoton final state are presented. The objective of the measurements of Higgs boson
property is to check how compatible these are w.r.t. the SM predictions. Any deviations
from the SM predictions will indicate new physics beyond the Standard Model. Events
are selected from the data of proton-proton collisions at \/E = 13 TeV collected by the
CMS detector at the LHC during the Run 2 data taking period in years 2016, 2017 and
2018, corresponding to an integrated luminosity of 137.1 fb~!. Relative to the stan-
dard model (SM) prediction, the total signal strength of the Higgs boson is measured to
be 1.12 + 0.09 [25]. Other measured properties include SM signal strength modifiers,
production cross section and its coupling to other particles. The simplified template

cross section (STXS) framework provides a reasonable approach to perform precision
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measurement of the Higgs boson. The main motivation is to minimise the theory depen-
dence of Higgs boson measurements and reduce the direct impact of SM predictions on
the results [25]. The inclusive and differential fiducial cross section measurements in
diphoton decay mode of the Higgs boson, are also reported with the data collected at 13

TeV, corresponding to an integrated luminosity of 138 fb~!. The inclusive fiducial cross

+2.4

P _ +5.4
section is measured as oq = 73.4077 7 (stat) "5,

(syst) fb which is in agreement with the
expectation of standard model 75.44 + 4.1 fb. The estimations are also carried out in
fiducial regions for different production mechanisms w.r.t. observables that describe
the system of pair of photons, count of the additional jets and event level quantities. No

significant deviations are observed relative to the standard model expectations [38].

The main part of this thesis is to search for an additional SM-like Higgs boson
in the diphoton final state. This work is to probe for a new low-mass Higgs boson
in the invariant mass range of 70 < my <110 GeV with 2018 (54.4 fb_l) data and
full Run2 combination (2016, 2017, 2018) corresponding to an integrated luminosity
of 132.2 fb~!. The analysis searches for a localized excess of diphoton events over a
smoothly falling background as a result of prompt diphoton production and to events
with at least one jet misidentified as a photon. It extends the method developed in CMS
for the observation and the measurement of the properties of the SM-like Higgs boson
discovered in 2012 [39]. In order to achieve the best sensitivity, the events are sepa-
rated into classes and Multivariate analysis (MVA) techniques are used both for photon
identification and event classification. The observed 95% confidence level upper limits
on the product of the cross section times branching ratio into two photons at 13 TeV,

ranges from 15 fb at 108.9 GeV to 73 fb at 95.4 GeV. No significant excess is observed.
The structure of this thesis is as follows:

e Chapter 2: Theoretical background of the Standard Model Higgs boson and
LHC physics is described.

e Chapter 3: Overview of the Large Hadron Collider (LHC) and Compact Muon
Solenoid (CMYS) detector is addressed.

e Chapter 4: Physics objects reconstruction, identification and resolution of pho-
tons and some other objects in the CMS detector is explained.

e Chapter 5: Probe for an additional SM like Higgs (low mass) boson and results

in the diphoton decay channel are presented.



Chapter 1: Introduction

e Chapter 6: Higgs boson properties measurement and results in the diphoton
decay channel are reported.

e Chapter 7: Summary of the dissertation and outlook.
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Chapter 2: Standard Model and LHC physics

2.1 The Standard Model

The best theory in explaining high-energy experimental data at fundamental level
is known as the standard model (SM) of particle physics. It unifies the electromagnetic,
weak and strong forces in a single framework. The SM is a type of quantum field theory
which provides modern understanding for the fundamental constituents of matter and
their interactions with each other. Many of the SM projections have been verified ex-
perimentally to remarkable precision [40]. The question which remains open is about
the origin of the masses of the W and Z boson. It has been answered in the SM by
the mechanism of electroweak symmetry breaking by introducing an additional scalar
field whose quantum is the Higgs boson [19, 20] which is now experimentally observed

(4, 5].
2.1.1 Theoretical Overview

The elementary particles of SM are all known and so are the electromagnetic, weak
and strong interactions between them [15-17]. It can be described as a mathemati-
cal model expanded in context of the Quantum Field Theory (QFT) under a common
theoretical framework to unify three of the four fundamental forces of nature i.e. the

electromagnetic, strong and the weak forces with the exception of gravity.

A collaborative work spanned over the 20" century formulated standard model of
particle physics which is a quantum field theory represented by the gauge symmetry
group as follows:

SUBR). ® SUQ), ® U(ly 2-1)

Enrico Fermi in 1933 was the first to reveal the weak interaction by understanding of
beta decay called Fermi’s interaction [18]. In 1961, from Glashow, it was proposed that
weak and electromagnetic interactions are alike and provide the theoretical unification
of these forces to the electroweak interactions represented by SU(2); U(1)y sym-
metry group. The theory from this symmetry group was derived by Glashow [15],
Weinberg [16] and Salam [17] which provides the existence and behaviour of the elec-

troweak mediators is (the Z Oand w= bosons) and the carrier of electromagnetic force,
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the photon (y). The SU(3), term is used to derive the strong force carriers. Glashow,
Salam and Weinberg were awarded with the Physics Nobel Prize for work in electroweak
unification. The fundamental particles acquire mass with a mechanism proposed by
Brout, Englert, Higgs et al. based on the idea of spontaneous symmetry breaking and
named the new elementary particle known as Higgs boson. Weinberg and Salam then
connected the idea to Glashow’s model (SU(2); ®U(1)y) and eventually completed the

electroweak sector of standard model.

At the same time, Quantum Chromodynamics (QCD) area of the standard model
was evolving and there were signs of the presence of quarks at various scattering exper-
iment in 60’s. The existence of J/y meson further confirmed the presence of quarks.
Friedman, Richter and Ting were awarded with the Nobel prizes after the discoveries of
quark and charmonium. The bottom and anti-bottom quarks were discovered in 1976
and after that, a 7 particle was also discovered. Fermilab finally discovered the top quark

in 1995.

Strong force has very high magnitude compared to others and because of this, iso-
lated quarks are impossible to find at very high energies. Thus, the quarks produced in
the collisions are considered as jets of particles originated by the hadronization process.
Strong interaction are explained by QCD which confines quarks into hadrons. The most
generally recognized hadrons are the protons and neutrons which are responsible for
making nuclei of matter. The protons and neutrons are made up of quarks i.e. uud and
udd respectively. Mesons (q;q,) are made by the combination of quark-antiquark pair.
The baryons are formed by the combination of three quarks (q;q,q3), to make color-
neutral hadrons. Partons are the only elementary particles which exhibit non-vanishing
color charges. All these discoveries provided a proof for the SM predictions. Finally
the Higgs bosons which remained un-discovered was reported in July 2012 by CMS and
ATLAS collaborations at CERN [4, 5]. The Physics Nobel Prize in 2013 was awarded
to Higgs and Englert for their theoretical predictions about this gauge boson, the Higgs

boson.
2.1.2 Elementary Particles

In the SM, the fundamental particles except Higgs boson are categorized into spin-

half fermions and spin-one bosons. Fermions are the elementary constituents of mat-
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ter and can interact via electromagnetic and weak forces (leptons), or electromagnetic,
weak and strong forces (quarks). Fermions obey Fermi-Dirac statistics and bosons are
characterized by Bose-Einstein statistics. Leptons and quarks exist in three well defined
generations. In each family, three particles have very same properties except for mass,
which increases over generations. Additionally, every particle posses an antiparticle
which has identical mass but with opposite charge and parity to that of the original par-
ticle. Leptons are given the number 1" and their antiparticles receive the number ”-1,”

respectively. This quantity (lepton number) is conserved in SM processes.

1“ 2"d 3"“-‘ electro-weak
generation symmetry breaking cutside of
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Figure 2-1 Elementary particles in three generations, gauge bosons and the Higgs boson.

Quarks have fractional charges. It includes an “up” quark having electric charge
+% and a “down” carrying electric charge —% in the first generation. They also carry

color charge (red, green, or blue) through which they interact strongly. The quarks

2 9 29 9

in ascending mass order are ’up,” ”down,” “’strange,” ’charm,” “bottom,” and “’top”.
Heavy unstable second and third generation quarks can be seen only in high energy
collisions and decay rapidly into ‘up’ and ‘down’ quarks. The color charge is also a
characteristic of these quarks which is a conserved quantity in all of the standard model

processes.
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Bosons are the fundamental force carriers and are responsible for the interactions
between fermions. Three forces, the electromagnetic force, weak force and the strong
force are represented by the SM gauge bosons. Massless photon is the mediator of the
electromagnetic force while the weak interactions occurs via exchange of W, W™, and
Z bosons. Gluons, the mediators of strong force, are massless. The SM Higgs boson, is
the only spin zero (scalar) particle in the theory and is a massive particle arises as a result
of spontaneous symmetry breaking in the electroweak sector. Its existence is necessary
to explain the masses of both bosons and fermions. The graphical representation of

fundamental particles is shown in Figure 2-1 [41].

2.1.3 Fundamental Interactions

Fundamental interactions commonly known as fundamental forces, are considered
to be the forces which mediate these interactions and can not be moved to more basic
level. There are four basic forces i.e. the strong force, weak force, electromagnetic force

and the gravitational force.

Table 2-1 Various properties of the gauge bosons.

Force Electromagnetic Weak Strong
Mediator photon (y) W*and Z Gluon (g)
Mass (GeV) 0 80.4,91.2 GeV 0
Coupling constant a= 1;—7 Gr~12x 1075 GeV~2 a, ~ 0.1
Interaction range 00 1071% cm 10713 cm

The electromagnetic and weak interactions are described by electroweak theory
and strong interactions are described by Quantum Chromodynamics (QCD) in the Stan-
dard Model of particle physics. Neutrinos are neutral electrically with no color charges
and only exhibit weak interactions. Although the SM is considered to be theoretically
self-consistent and demonstrated remarkable success in giving experimental predic-

tions, but it does not provide the full theory of gravitation.

During the understanding of beta decay by Enrico Fermi in 1933, weak interaction
was first revealed which is later on considered as one of the four fundamental forces.
Mediators of the weak force are W* and Z bosons. The force which is able to alter

quarks flavour is the weak force and is rarely known as quantum flavordynamics (QFD).



Chapter 2: Standard Model and LHC physics

Table 2-2 Standard Model particles and related parameters.

Family and generation Name Symbol Mass Chargele] Interactions
leptons (1°) electron e 0.511 MeV -1 weak, EM
leptons (1%) electron neutrino v, <2eV 0 weak
leptons (2™%) muon U 105.658 MeV -1 weak, EM
leptons (2°%) muon neutrino Vu <0.19 MeV 0 weak
leptons (37) tau T 1776.82 MeV -1 weak, EM
leptons (379) tau neutrino v, <182 MeV 0 weak
quarks (1%%) up u 23 MeV +§ EM, weak, strong
quarks (1) down d 4.8 MeV —% EM, weak, strong
quarks (2"%) charm c 1.275 GeV +§ EM, weak, strong
quarks (2"%) strange s 95 MeV —% EM, weak, strong
quarks (379) top t 173.07 GeV +§ EM, weak, strong
quarks (379) bottom b 4.18 GeV —% EM, weak, strong

The symmetry group SU (2) is used to represent the weak interaction in terms of a field
theory with three gauge bosons (W, W™, Z). As these bosons (W *, Z) are massive,
so weak force is a very short range force and the Higgs boson and Fermions interact only
through weak force. A milestone was achieved in 1970s by Sheldon Glashow, Abdus
Salam, and Steven Weinberg as they unified the electromagnetic and weak forces and
they were awarded with the Physics Nobel Prize for their role in electroweak unification.
The experimental existence of electroweak interactions was fulfilled in two steps. In
1973, the presence of neutral current was reported for the first time in neutrino scattering
by Gargamelle experiment, which later on leads to the discovery of W and Z bosons

in proton-antiproton collisions by UA1 and UA2 collaborations in 1983 [42—44].

In SM, the theory of strong interactions which is known as quantum chromody-
namics (QCD), is represented by the SU(3) symmetry group. These symmetries can
be identified by traceless 3 X 3 unitary matrices which implies that, there are eight in-

dependent matrices of the group [45]. The covariant derivative is written as
la
— : a
D,=9,+ lgs—2 Ay 2-2)

where A“ are the Gell-Mann matrices and the eight fields Aj, corresponds to the mass-
less gluons, the carriers of the strong force. The colour charge g, is the QCD equivalent

of electric charge. The only SM fermions which possess colour charge are quarks. Ad-
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ditionaly, SU(3) is a non-Abelian group, which means that its transformations do not

commute.
2.1.4 Electroweak Unification

As it was proved by Glashow that elctromagnetic and weak interactions are repre-
sented as SU(2); ®U(1)ygroup. ‘L’ stands for left handed chiral fermionic field states
and Yy, stands for weak hyper charge which is related to the electric charge (Q) and

weak-isospin (T) as:

Y,
0=T,+ TW (2-3)

The equation (2.3) is famous Gell-Mann-Nishijima relation. It can be applied to right
and left-handed fermions. The left-handed fermions are represented by SU(2); dou-
blets yr while the right-handed fermions are singlets y; . This was done in the Glashow-
Weinberg-Salam model by constructing the SU(2); ®U(1)y group with weak isospin
and weak hypercharge Yy, as the respective charges. Three vector fields W), and the
neutral field B, couples with strength % to weak hyper-charge. The covariant deriva-
tive, in order to establish Lagrangian, is stated as:

.
. ig
D, =0,+igT-W, +>-YB, (2-4)

For the following transformation, the covariant derivative can be operated on the

left-handed and right-handed states:

D,yg — PV D yp (2-6)

The outcome of this transformation, y D,y is invariant:

1
W, —>Wﬂ—gaﬂa— axXW, (2-7)
B, - B,— 0 28
I ﬂ_?llﬂ' (2-8)

10
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The Lagrangian is as follows:
.y
1
Lewk = 71 ir*(@, +igT- W, + %YBM) 11 GO+
N ig'
Wr(x)iy* (0, + ITYBM)WR(x)+ (2-9)

1 1
W W* + 2B, B"

the kinetic energy terms of the gauge fields are represented by W,, and B, and

their equation are reffered as: 2-10 and 2-11 respectively.

W, =09,W, —d,W, —gW, x W, (2-10)

B, =0,B,-0,B, 2-11)

where T is SU(2) generator and linked to Pauli matrices:
T¢ = %aa;a =1,2,3 (2-12)

Electroweak lagrangian (in 2-9) report massless lepton. The mass term is chosen
as zero to remain invariant under transformations in the equtions 2-7 and 2-8 because of
the fact that, the theory remain unable to report massive gauge bosons kinematics. Later
on, Salam and group, reported a method to incorporate mass term in the electroweak

Lagrangian (in equation 2-9).
2.1.5 Spontaneous symmetry breaking and Higgs mechanism

The mechanism of spontaneous symmetry breaking address the process to give
mass to the particles which are gauge invariance of the lagrangian. The proposal of
Glashow for the unification of EM and weak forces describe the kinematics, only for
the massless particles as explained in Section 2.1.4. The SM gives mass to the (W =*, Z
boson) via spontaneous symmetry breaking in the electro-weak sector which is known
as the Higgs mechanism. The Higgs mechanism introduces the existence of a new scalar
field known as Higgs field [46-51]. This method establish a complex scalar field dou-
blet

PO I U A IR I 013
¢, ¢ | V2| & +io?
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and is replaced in the lagrangian as:

ZLrwsp = (D, (D) + V(@ p) (2-14)

where potential term is denoted by V" and D, is expressed in the equation 2-4. The la-
grangian (Eq. 2-14) is gauge invariant under SU(2); ® U(1)y transformation. Potential
depends only upon the product ¢’ and the kinetic energy term is written in terms of
the covariant derivatives. ¢, the scalar field is stated in the form of quantum numbers

i.e electric charge (Q), hypercharge (Y) and the isospin (13).

I Y Q

of % 1 1
0 1

¢ - 1 0

AN

GRS
W ’t,"ln.n\;s\@‘.
—r 40 8 MRS\
O
[T 1 X

Figure 2-2 Representaion of Higgs potential.

The potential term in Equation 2-14 can also be written as

V(g p) = 1?dp'd + Mdp'9)? (2-15)

here u and A denotes the mass term and interaction strength respectively. The potential
shape is like an interesting ‘mexican hat’ because y> < 0 and 4 > 0 is core part for

Higgs mechanism illustrated in the Figure 2-2.
2

1 —u?
b= +d,+dtd)=—-==

(2-16)

The arbitrary vacuum state that was selected is out of the symmetry center. So, there
is no single value of ¢ for the minimum but with non-zero values. The (") consid-

eration which is connected with arbitrary ground state and in the plane of (¢'¢°), the

12
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considered point is not invariant which is a well known phenomena referred as sponta-
neous symmetry breaking. The ground state on ¢ axis was settled down with the VEV

(vacuum expectation value) of ¢ field is:

() = = = Ol pot (2-17)

V2l ;

Based on the vacuum expectation value, in term of generic gauge, the ¢ field below can

be restated as:

I ja 0
b= —er¥a _ ,a=1,2,3 (2-18)

V2 h(x) + v
¢, and ¢, = h(x)+ v refers to the Goldstone fields. These fields are the massless fields.

As a result of the polarizations of vector bosons W= and Z, latest degrees of freedom
are defined because they are scalar and massless. A unitary gauge transformation in the

field is

p ety L[ 0 1]

\/5 h(x)+v =\/§ q’)4

The expectation value is zero for Higgs field. from Equation 2-14, the Lagrangian of

Higgs is stated as:

L = FEWIW = L@ WF =0, W@ W W
é(g2 +g"WZ,Z" - %(aﬂzv ~0,Z,)(0"Z" —9"Z"~  (2-19)
%FMVF”V + %aﬂha"h PR
the terms for W’s can be formulated as:
L Whisiw?
W==(———) (2-20)

V2

These are for the oppositely charged W bosons. Their mass 1is:

my, = %vg (2-21)

for neutral Z boson, another term is:

' 3
-g' B, +gW,,
Z, = a (2-22)
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and mass of Z boson is:

my = lv\/ g2 +g" (2-23)

2

Using WM3 and B, the orthogonal combination to Z, can be restated as:

g'B,+gW;}
A, = 2k o ™ (2-24)
R /gZ + g”2
For the photon, having a condition, above equation is:
g's
—=e (2-25)
A/ g2 + g//2
Using equations 2-21 and 2-23, we can get,
m
wo___8 (2-26)
my 1/ g2 + g//2
Suppose, the 8y, is the weak mixing angle,
g’ =gtanby, (2-27)
Equations 2-22 and 2-24 can be rewritten by using Equation 2-27 as:
Z, = —B,sinfy, + W, cos Oy, (2-28)
A, = B, sinfy, + W, cos Oy, (2-29)

Spontaneous symmetry breaking (SSB) is giving masses to the gauge bosons (W, Z)
via interaction with Brout-Englert-Higgs (BEH) or Higgs field. After SSB, Higgs fields

emerges with a boson particle. Its potential term (Lagrangian) can be stated as:
Py = ill(v + h(x))* - %/lvz(v + h(x))? (2-30)

M %I = 2 v? gives the first order mass of Higgs boson. 4 is regarded as a free parameter

in the SM.

14
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If an additional term is added to electroweak lagrangian, fermions get masses by

Higgs field interactions via Yukawa couplings. The term in the lagrangian is as follows:

Ly wcawa = —GilWr@ x1) + (7L Pwrl (2-31)

With the help of ¢ and other parameters, the Higgs field provide fermion masses (m ;)

as well as couplings (g 5):
G,
—v

V2
m
gy = VG V2= (2-33)

mf=

(2-32)

2.2 Higgs boson properties

One of the core physics objectives of the Large Hadron Collider (LHC) at CERN is
to discover the Higgs boson and observe the various elements of the standard model. In
2012, LHC at CERN, achieved a milestone after the discovery announcement of a new
particle by CMS and ATLAS collaborations. This particle resembles to the SM Higgs
boson [4, 5]. Higgs boson was considered as the last missing piece of the SM. Various
production and decay modes of the Higgs boson were analysed which confirmed the
existence of the Higgs boson and therefore, the idea of Higgs field all over the space
is strongly accepted. After that, to measure Higgs boson precise properties is the main
experimental goal. Many stringent tests on the SM were then made in order to either
observe the discrepancies from its predictions which might show the existence of the
physics beyond SM scope i.e. BSM (Beyond Standard Model). In this section various

productions and decay modes of Higgs boson at LHC are addressed.
2.2.1 Higgs boson production modes at LHC

The LHC produces many interesting particles as a result of collision between two
circulating proton beams. The Higgs boson production can begin in various ways 1.e.
cross sections which based on the centre-of-mass energy (\/E) of the p-p collision and
mass of the Higgs boson. As we move higher towards the center of mass energies,

remarkable increase in production cross section of Higgs is observed.

Gluon fusion (ggH) is the dominant production mode for collisions at 13TeV and

for 125 GeV Higgs boson mass as shown in Figure 2-3. This (ggH) final state only

15
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i

Figure 2-3 Feynman diagrams representing the four main Higgs production mechanism at tree
level. a) Gluon-Gluon fusion, b) Vector Boson Fusion, ¢) Associated production W/Z and

d) Associated top quark production.
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Figure 2-4 Production cross sections of Higgs. As function of mass illustrated left and on right,

as function of centre of mass energies.

contains the Higgs boson [52]. Vector boson fusion (VBF) is the second most important
production mode in which a Higgs boson is produced along with two quarks which
hadronize in the form of jets. These jets help in the discrimination of Higgs boson signal
from background which means, events exhibit similar detector signatures as that of the
Higgs boson but comes from other SM processes. Its cross section is about 10 times

smaller than ggH for 125 GeV Higgs boson and becomes comparable at my = 1 TeV.

In VH (W/Z associated production mechanism), Higgs boson is emitted via highly
energetic W or Z bosons. The least possible process of Higgs production is, when two
gluons interact and produce a pair of top antitop which gives Higgs in association with

tt. The ggH and VBF modes were observed during Run 1 of the LHC [53-55] and the

16
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VH and ¢fH modes are being observed in the Run 2 [56-58].
2.2.2 Higgs boson decay modes

As predicted by the SM, the Higgs boson has very short lifetime [59]. Therefore,
it can never be directly observed, but only from its decay products. There are several
decay modes of the Higgs boson as shown in Figure 2-5 [60]. It can decay to the massive
(onshell) particles as its coupling strength is proportional to the mass of the particle in

which the Higgs boson is decaying.

LHC HIGGS XS WG 2013

g

10

Higgs BR + Total Uncert
<

—_
e
W

10%55 200 300 400 1000
M, [GeV]

Figure 2-5 Branching ratios of Higgs boson for various channels.

Higgs boson can directly decay to any massive particle as well as loop diagrams
allow it to decay in to massless particles like photons and gluons. The largest branching
fraction, as can be seen from the Figure 2-5 [60] is for decay to bb. The utilisation of
this channel is quite difficult experimentally because of the large hadronic background
at the LHC. The greatest sensitive channels but relatively low branching fractions, are
the diphoton yy and Z Z* decays (where Z* is off mass-shell, Z boson). These channels
has good sensitivity because of relatively low background and the ability to reconstruct
precisely the Higgs boson mass from its decay products. H — yy is one of the most
suitable decay channel because of its clean final state with two highly energetic photons

with remarkable mass resolution.
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At the time of discovery of Higgs boson, yy and Z Z* decay channels were the im-
portant ones and because of this reason, favorable to probe its properties. For the Higgs
boson coupling to the other particles like top quark and the W boson, diphoton decay
channel is highly sensitive. As for the 125 GeV Higgs mass, its decay to WW ,Z Z
boson are also accessible, where one or both of the bosons can be off-shell. The W W

further decays to neutrinos, so it’s not possible to fully reconstruct the final state.

2.3 Review of Higgs boson property measurements and additional Higgs

searches at LHC

In July 2012, after the discovery of Higgs boson of mass about 125 GeV by the
ATLAS and CMS Collaborations at the CERN, many searches were triggered to mea-
sure its properties precisely. Almost eleven years later with the availability of data with
thirty times larger number of Higgs boson led us to learn more about its properties. Sev-
eral fermionic and bosonic decay modes have been probed by the CMS experiment to
established its spin parity quantum numbers, to measure its mass and production cross
sections precisely. This section presents the most up-to-date results on the Higgs boson
properties by CMS Collaboration and also includes the stringent limit on the production

cross section for the pair of Higgs bosons based on 13 TeV data [33].

At the time when Higgs boson was discovered [4, 5], with the combination (7
TeV plus 8 TeV) of data revealed the observed (obs.) significance of 5.0¢ with an
expected (exp.) significance of 5.8c with the CMS experiment. Independently, in the
most sensitive modes i.e. H — yy and H — ZZ — 4l provided 4.1¢ obs. (2.80 exp.)

and 3.2¢ obs. (3.80 exp.) respectively.

In Run 1 data, the separately observed significances in the bosonic decay channels
was 6.5¢c for H - ZZ — 41, 5.60 for H — yy, 4. 706 for H - W W and 3.8¢ for
the fermionic decay channel H — t7 [61]. The first results were reported in the Higgs
boson decay to fermions in Ref. [62] with a significance of 3.8¢ after the combination of

H — 77 and H — bb decay channels. The measured mass precision was ~0.2% [61].

With the help of Run 2 data, in the tau leptons pair decay of Higgs boson, CMS
observed a significance of 5.9¢ [63] and in the decay to a pair of bottom quarks with
significance of 5.6¢ [64]. For the 7 H production mode it is 5.2¢ [65]. The Higgs boson

has been also seen in its decay to muons with significance of 3¢ [66]. The Higgs boson
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mass has been observed to be 125.38 + 0.14 GeV using the decay channels H — yy
and H - ZZ — 41 [67]. The measured fiducial cross section at CMS (13 TeV) in
H — yy decay channel is o4 = 73.40"23(stat)*>5(syst) fb and in ATLAS (13 TeV),
itis o4 = 67 = 6 fb. For the results related to the STXS framework, the ATLAS
collaboration has reported measurements at stage 1 [68—70] and then the enhancements
in the framework were done leading to the most recent STXS bins definition i.e. stage

1.2 as shown in Figure 6-102. CMS has addressed the first results with STXS stage 1.2

cross sections [71].

The agreement between SM expectations and the signal yields (observed) can be
estimated by fitting of data with the help of a model which introduces the parameters of
signal strength. These are normally referred as u. Figure 2-6 shows the extracted signal

strength parameters of various production mechanism and decay modes.
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Figure 2-6 Signal strength parameters extracted for various production modes (left) and decay

channels (right) [33].

The physics beyond SM is expected to influence in the production modes and de-
cay channels if they are processed by identical interactions. To look deeper into such
alterations from the SM expectations, the x-framework [72] has been utilized. To the
Higgs boson couplings, a first fit in this domain introduces two parameters, k » and k,,
which scales the couplings of Higgs boson to massive fermions and gauge bosons re-

spectively. Atdiscovery time, such fit shows first indications for both types of couplings.
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The sensitivity has been improved with the availability of present data and both of the
coupling modifiers are observed to be in accordance with the SM expectations, within

an uncertainty of 10%.

In the extensions of SM for new particles, the loop induced decays may get more
contributions. In this context, a general fit has been performed to probe the deviations
in the couplings of Higgs boson by establishing further modifiers for the Higgs boson
coupling to gluons (k,), photons (k,) and Z, (k Zy). The results for such fit are presented
in Figure 2-7. The coupling modifiers are explored at uncertainty of 10%, except for
xp and k,, which is ~#20% and Kz, which is ~#40%. All of these measurements are in
agreement with the SM expectations. The precision level of these measurements has

been increased by a factor of ~5 relative to which was possible with the discovery data

set.
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Figure 2-7 Coupling modifiers measurements [33].

The pair production cross section for the Higgs boson in SM is very small and
that’s why, so far, it’s not detected in the LHC. Therefore, the results of the search are
presented as the upper limit on production cross section. Figure 2-8 address the observed
and expected limits on the production of Higgs boson pair relative to the predictions of

SM. With the help of current data and from the combination of all modes and channels,
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the cross section of Higgs boson pair production is observed to be 3.4 times less then
the expectation of SM at 95% CL.

CMS 138 b (13 TeV)
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Figure 2-8 Limits on the production of Higgs boson pairs [33].

In the extensions of SM, several additional Higgs bosons may appear. The focal
point is on the 2-Higgs-doublet models (2HDMs) where the main case of Higgs sector
i.e. the minimal super-symmetric extension of the SM (MSSM). In the MSSM, the
important production mechanism for a Higgs boson (charged) is the top quark decays if
allowed kinematically, or in connection with a top quark. The neutral Higgs bosons are
foreseen via gluon fusion dominantly. Non standard production and decay mechanism
become authoritative in other 2HDMs. BSM Higgs sectors may offer more, like the
NMSSM (next to MSSM) anticipate two neutral Higgs bosons in addition to MSSM
which can be relatively light. Many searches have been evolved after SM Higgs bosons
discovery for its precise measurement as well to probe for the additional Higgs boson in
the low-mass regime. CMS has shown a variety of results by looking into several decay
mechanism such as H — aja, — pubb(rrbb) in the mass range 12 GeV< m,; <62.5
GeV, H — yy in the mass range 70 GeV< my <110 GeV and SM-like exotic X — ey
(110 GeV<mg <160 GeV). These are the searches which has been recently presented
with full Run 2 data of CMS.

In the current thesis, one chapter (Chapter 5) is dedicated to the low-mass H,,
search. In the 13 TeV CMS data (35.9 fb™) in the year 2016 and 8 TeV data (19.7 fb™1)
in year 2012, a small excess was observed with a local significance of 2.8¢ and global

significance 1.3¢ for a mass of 95.3 GeV [14]. The upper limit on the product of cross
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Figure 2-9 Observed and

section branching ratio

is higher compared to the corresponding upper limit observed by CMS. The expected
limit from ATLAS’s result is ~ 185 fb at 70 GeV and ~ 73 fb at 110 GeV with 80 fb~!
data [74]. With the 2016 (legacy) and 2017 combination corresponding to 78.1 fb™!
which is close to ATLAS’s 80 fb~! data, we get the expected upper limit of about 70
fb at 70 GeV and about 31 fb at 110 GeV. So CMS has much better sensitivity from

the combinations, than ATLAS’ s results with 80 fb~!data. No

each year of Run 2 and

expected 95% CL upper limits of CMS (upper) and ATLAS (bottom).

observed by ATLAS using 80 fb~!' with 2016 and 2017 [73]

evidence so far, has been found for the existence of extra Higgs bosons.
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Chapter 3: LHC and Compact Muon Solenoid (CMS) Experiment

3.3.1 Introduction

The LHC at CERN is located at France-Swiss border. It is a 27 km hadron acceler-
ator, collider and designed for the center-of-mass energy of up to 14 TeV [21]. This col-
lider (LHC) is one of its kind which is providing collisions at sufficiently high energies to
probe physics precisely at the level of electroweak scale. There are mainly four detectors
are present in the LHC ring and one of them is the Compact Muon Solenoid (CMS).
The other three are the ATLAS (A Toroidal LHC Apparatus), ALICE (A Large Ion
Collider Experiment) and LHCb (LHC-beauty). CMS is designed as a general-purpose
detector for the observation of wide variety of physics objects such as SM precision
measurements, dark matter searches and to probe electroweak symmetry breaking with
the presence of Higgs boson. This chapter will mainly focus on the design and operation

of LHC and the CMS detector.

3.3.2 The LHC layout

The main goal of the LHC design was to establish a new hadron collider in the 27
km long tunnel which exists already and was being used by the Large Electron Positron
collider (LEP) [75] 100 meter underground at CERN near Geneva. The idea to utilise the
existing tunnel gives rise to the possibility to reuse the part of the infrastructures already
present i.e. the pre-acclerators etc. The LHC consist of 1232 main dipoles generating
up to 8.33 T magnetic field to observe the particles into curvilinear trajectories. 386
quadrupoles, 360 sextupoles and 336 octupoles are also there for stability control. A
schematic layout of LHC accelerating mechanism and the data it has collected so far is

given below the Figure 3-10 [76].

The proton beams circulate in two separate rings in clockwise and counterclock-
wise directions. These rings are equipped with separate vacuum chambers and magnetic
fields. The intersections of these rings only occur at the points where the detectors are
installed. The ATLAS and CMS, detectors of LHC, are constructed exactly opposite to
each other (at P1 and PS5 respectively). As shown in the Figure 3-10 [76], there are two
other important detectors, ALICE and LHCb, are installed (at P2 and P8 respectively)
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Figure 3-10 Layout of LHC and its experiments in the CERN accelerator complex. The PS
and the SPS also included through which the proton pass before reaching the LHC ring.

and dedicated to probe heavy ion Physics and B Physics (b quark) respectively. Three
smaller experiments i.e. MOEDAL, TOTEM and LHCf [77-79] are designed to perform

studies of forward physics and magnetic monopoles searches.
3.3.3 Machine operation and performance

The design of LHC allows to collide the protons at a maximum centre-of-mass en-
ergy of 14 TeV. The beams of proton are accelerated in many stages before they enter
the collision rings. A strong electric field is utilized in order to obtain the protons by
stripping the electrons from hydrogen atoms and then they are accelerated up to 50 MeV
by LINAC 2 (Linear Accelerator 2). In Proton Synchrotron Booster (PSB), the protons
reaches to an energy of 1.4 GeV before the beam is passed to the Proton Synchrotron
(PS). Here the beam is accelerated to 25 GeV and being passed to Super Proton Syn-
chrotron (SPS). The SPS is the last step before the beam enters into the LHC tunnel
and then the LHC is responsible for the final acceleration from 540 GeV to 6.5 TeV per

beam for the collisions. The interaction occurs at four points where the detectors are
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located.

In 2008, beam of protons were injected into LHC for the first time and the test to
circulate the beams were completed on the same day. After a small repair on the bending
magnets, in November 2009, LHC achieved 1.18 TeV energy each beam and became the
World’s strongest particle accelerator thus defeating the Tevatron’s 0.98 TeV. In 2010,
the center of mass energy achieved by LHC was up to 7 TeV (3.5 TeV each beam).
7 TeV and 8 TeV data was delivered by LHC in 2011 and 2012 later on respectively.
LHC machine was shutdown during 2013-2014 for upgrade of its major parts of LHC
machine and detectors. It started again in 2015 at 13 TeV which is close to its full
expected center of mass energy (14 TeV). LHC machine was shut down in 2018 for sev-
eral major upgrades after successfully delivering data during Run 2. During the long
shutdown period 2 (LS2) from 2019 to 2021, several detector components for all of the
LHC experiments were upgraded. Some of the upgradations includes, the improved
diodes electrical insulation for more than 1200 magnets, new collimators has also been
installed, neutral beam absorber for LHCb experiment and the replacement of 22 super-
conducting magnets etc. After the LS2, the LHC has started taking data for Run 3 from

2022 with 13.6 TeV proton-proton collisions.

The ultimate goal of LHC is to precisely test the SM Physics and hunt for new
physics up to 14 TeV. In the interaction process, number of events (N) per unit time

(called event rate) for any kind of process produced is given as

dd_];r =LX Gprocess (3_1)

where L is the instantaneous machine luminosity and o is the cross section of the

process

process. Time integral gives the total number of events of the process,

N = / Ldt x Oprocess = 30—pracess (3-2)

Here £ is integrated luminosity of the LHC. The cross sections of the possible processes
produced during proton-(anti) proton collisions at different center-of-mass energy (\/E)
are shown in Figure 3-11. It is understandable that by increasing the luminosity and

center-of-mass energies would obviously lead us to get more statistics of Higgs boson.
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Figure 3-11 Cross Section values of several processes at different center-of-mass energy (\/E)

of p-p collisions.

The designed luminosity for CMS and ATLAS experiment is & = 10**cm™2s™! and
the center of mass energy of LHC is \/E = 14 TeV.

3.3.4 Luminosity and beam parameters

The beam parameters corresponds to the luminosity can be written as follows:

2
YN frook
= blrett g (3-3)
4re, p*

where y, is relativistic factor, k, corresponds to bunches number in a beam, N, is the
intensity of bunch, f,,, shows the revolution frequency, f* is beta function at collision
point and F denotes the luminosity depletion factor because of the crossing angle at a

point where the beam interacts. The factor F is:
0.6
F=1+(Z2) (3-4)
20*
In the above equation, 6, is crossing angle at interaction point, 8, is root mean square

bunch length and ¢* is transverse root mean square beam size at the point of interaction.
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In luminosity relation 3-3, a few variables are utilised to enhance LHC luminosity but
some are permanent, such as f,,, i.e. LHC tunnel perimeter. For circulating beams,

this formula is appropriate having identical parameters. The nominal luminosity can be

Table 3-3 Parameters values designed for LHC operations.

Parameter Value
Circumference 26.7 km
Energy (\/E) 14 TeV
Collision momentum 7 TeV/s
Nominal luminosity 1034 em=2s7!
Bunch spacing 25 ns
Distance between bunches 7m
Bunches in ring 2808
Protons in a bunch 1.15x 10!
Beta function at point of interaction () 0.55m

Transverse RMS beam size at point of impact (¢*) 16.3 um

Max. magnetic field of dipole 833T
Lifetime of beam 10h
main dipole current 11800 A
Magnets stored energy 11GJ
Number of dipoles 1232
Number of quadrupoles 858
Dipole magnet operational temperature 19K

achieved by using the parameters summarized in table 3-3.

LHC has successfully delivered 150 fb~!of data till the end of the Run 2. In order
to fully probe the SM and the Higgs sector particularly, higher luminosity is needed
by physicist which is also helpful to explore the physics beyond SM. For this purpose,

5x10%em™257! — 10 x 10**em™25~! luminosity is planned for High luminosity LHC.

3.3.5 Proton-proton collisions at LHC

The robust and huge colliding experiment ever built is LHC with the motivation to

test the SM of particle physics. The collision of the protons at the center-of-mass energy

27



Chapter 3: LHC and Compact Muon Solenoid (CMS) Experiment

in LHC, actually involves the interaction of their constituents. These constituents are
called partons i.e. quarks and gluons, and each parton only carries a fraction of the
proton’s momentum. Scattering experiments are normally quite helpful to probe e.g.
production cross section of a certain process and to compare the results with the QCD

predictions.

“Hard” Scattering

Outgoing Parton

Proton

Underlying Event

-‘ Initial-State
Radiation

Final-State
Radiation

Outgoing Parton

Figure 3-12 Diagram of proton-proton collision at high energies.

In collider experiment, large momentum transfer from the interacting partons can
occur. This is hard scattering process, which originate various particles e.g. Higgs.
Occurrence of a certain process probability is called its cross section. Hard scattering
process in proton proton collisions is illustrated in the Figure 3-12. In Figure 2-4 [30],

there are production cross sections shown for various processes in p-p collisions at LHC.

In a hard interaction, non-collision partons typically travel straight and can partic-
ipate in a variety of low momentum transfer processes. These are known as underlying
events. If in a certain proton-proton collision, more than one interactions happen then
it is called as multi-parton interactions (MPI). There is another process which usually
happen in accelerator experiment referred as “Bremsstrahlung” in which charged par-
tons can radiate photons or gluons. If this radiation (Bremsstrahlung) is connected to
the incoming partons then it is referred to as initial state radiaton (ISR) and if originating

form the outgoing parton, it is referred as final state radiation (FSR).

The hadronization (form color singlet) process occurs when quarks and/or gluons
bind together in a cone like structure consisting of hadron bunches are referred as ‘jets’.

For the hard scattering processes, cross section describes the probability that a particular
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process will take place. Factorization theorem is used to estimate this probability. In
this theorem, a factorization scale (4 ) is used to disintegrate the cross section into soft
and hard processes. Lets consider the collision of two protons (A and B). The final state
S is produced from the hard scattering of the partons a and b. The relation used to write

the total cross section of the process would be:

OAB = / dx,dxpfaa(xg M}zr)fb/B(xb’ 'ui")&ab Y (3-5)

where x, is parton ¢ momentum fraction. Similary, x, is parton b momentum fraction.

Factorization scale (¢ ) is entire momentum transfer. The parton distribution functions

(PDFs) are f/4(x,, up) and  fpp(xy, Hp).

3.3.6 Full Run 2 (2016-2018) data taking and High Luminosity LHC

In 2013 and 2014, the LHC was shutdown because of the upgrades for its machine
and detectors, after successful data taking during Run 1. Run 1 has 7 TeV in 2010
which continued till 2011 with the same centre of mass energy with total 6.1 fb~!of
data. In 2012, 23.3 fb~!data was collected after increasing the energy to 8 TeV. Higgs

boson [4, 5] was discovered in the analyses based on Runl1 data.

LHC was operational (for Run 2) after the shutdown in 2015 and collected data
at a constant centre of mass energy 13 TeV till 2018. For majority of its operations
in 2018, LHC has the luminosity of 2 x 10**¢m™2s~!. In addition to the collisions of
interest, certain unwanted additional p-p collision occur that are known as pileup, which
increases with the instantaneous luminosity. In 2016, 23 pileup events were present per
bunch crossing, and in both 2017 and 2018, the mean number of pileup events was 32.
the luminosity delivered by LHC in 2016 is 41.0 fb~!, 49.8 fb~'in 2017 and 67.9 fb~lin
2018 as shown in the Figure 3-13. The recorded data by the CMS detector and delivered
by LHC can be seen in the figures for 2015, 2016, 2017 and 2018 run periods.

LHC was shutdown again for its long shutdown 2 (L.S2) period by the end of 2018,
after delivering data for the Run2 period successfully. Each of LHC experiments has
been upgraded during LS2. CMS has altered the photodetectors of endcaps and barrel
to silicon photo-multipliers. Stainless steel made beam pipe has been replaced with the
material composed of Aluminium. Because of radiation damage in endcaps of HCAL,
scintillating tiles were changed. A finer granularity tracker has been added in the up-

grade having increased coverage in the forward region. As this tracker is much lighter,
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Figure 3-13 LHC delivered luminosities shown in blue and the ones recorded by CMS are in

yellow for 2015 (top left), 2016 (top right), 2017 (bottom left) and 2018 (bottom right).

eventually material budget reduced and along with this, the latency is enhanced for the
L1 trigger at Phase 2 to 12.5 us. Additionally, new front end (FE) electronics is being
employed for HL-LHC preparations in CSC muon chambers.

Muon small wheels has been built by ATLAS for the integration with trigger sys-
tem. For the efficient identification and reconstruction of physics objects, the Inner
tracker system (ITS) has also been upgraded by ATLAS. ALICE has also made vari-
ous upgrades for its Central Trigge, Time Projection Chamber, Inner Tracking System
(ITS), Data Acquisition system (DAQ), Muon Forward Tracker (MFT), High Level Trig-
ger (HLT) etc. In the same manner as other LHC experiments, LHCb had also enhanced
its readout from 1 MHz to 40 MHz with full software based trigger by changing the FE

electronics and efficient computing infrastructure.

During its LS2 period, various upgrades were made to the detectors that is com-
mitted for High Luminosity LHC afterwards (HL-LHC). The mean pileup per bunch
crossing at HL-LHC is to be predictably 140. In the HL-LHC design, the mean pileup

values will go up to 200. This would result a major change, and the conditions would be
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Figure 3-14 Planned operation schedule of LHC and high-luminosity LHC upgrade.

remarkably harsher compare to what we have in the current LHC conditions. Further-
more, major upgrades for HL-LHC would take place during L.S3 when the Run 3 period
of LHC would be done [80]. LINAC2 will be replaced by LINAC4. It took about 10
years to built because it (LINAC4) is around 90 meters in length. It’s capability is to ac-
celerate negative hydrogen ions (H ~) to the energy up to 160 MeV. Operation schedule
for LHC and plan for the HL-LHC is shown in Figure 3-14.

3.4 The Compact Muon Solenoid (CMS) experiment
3.4.1 CMS detector overview

CMS is a general purpose detector of LHC designed to observe the wide range
of physics objects. This is an experimental facility based on the latest technology in
order to probe new physics as well as validate the results from the LHC experiments
like ATLAS. CMS and ATLAS have same physics goals but different geometries. The
apparatus is able to deal with high pileup at high rate, around 1000 particles are produced
every 25 ns. The detector and its electronics should have to withstand high radiation
doses and fluence. It has remarkable resolution and track reconstruction efficiency of

charged particle parameters. The CMS detector and its subsystems are shown in Figure

3-15.
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Figure 3-15 Design of the CMS detector.

The CMS, in particular has excellent resolution for identification of muons, their
momentum across a wide range of dimensions and ability to correctly determine their
charges. This is necessary for the measurement of Higgs boson, in the ZZ decay channel
particularly. CMS also exhibit good momentum resolution, reconstruction and trigger
system on 7 leptons and b quarks. Excellent reconstruction of the jets is required in the
majority of physics measurements. CMS has very good energy resolution as well as
isolation for electrons and photons while keeping high acceptance. These characteris-
tics are really essential for Higgs boson measurements in the diphoton decay channel.
For dijet objects, CMS has an effective missing energy calculation and mass resolution.
Various analyses in search of supersymmetry consider missing energy as the key ele-
ment. The CMS is capable of probing wide variety of other physics domains, such as
search for dark matter and extra dimensions in the energy range from a few GeV to TeV

scale [22].

3.4.2 Coordinate System of CMS

The coordinate system of the CMS detector is cylindrical with its centre as the
nominal proton-proton interaction point. The z — axis is the beam axis as shown in the
Figure 3-16. The x-axis is horizontal in the direction towards the center of LHC ring

and y axis is directed vertically upwards. The radial component in transverse plane is
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Figure 3-16 CMS coordinte system.

represented by r. € being polar angle, is measured from z-axis and the azimuthal angle
¢ 1s measured from the x-axis (perpendicular to the z-axis). Particle’s position in the
CMS detector is stated as a function of (,¢). The n = —Intan(8/2) is the pseudo-
rapidity which is invariant under the longitudinal boosts. Based on the pseudorapidity,
barrel regions from the endcap regions of sub detectors can be differentiated. The barrel
region in terms of pseudorapidity is |f| < 1.5 whereas 1.5 < |5| < 3.0 corresponds to
the endcap region. The region of the detector referred as the forward region is the one

where we have high pseudorapidity values the direction close to the beam pipe.

3.4.3 The CMS Solenoid

The ultimate goals of the CMS detector is to precisely measure the momentum
of the charged particle and because of this, magnetic field configuration plays key role
in CMS. Superconducting solenoid with 220 tonnes cold mass is maintained at 4.5K
(—268.5° C), is the central feature of CMS detector. The direction of the magnetic field
is opposite in the tracker (towards inside) and in the muon system (towards inside) which
permits to have an additional muon momentum measurement [23, 24]. CMS supercon-
ducting solenoid magnet is creating 3.8T magnetic field that is 100,000 time robust than
earth’s magnetic field. The relation used to describe the motion of a charged particle is

stated as:
dp p
—

— 3-1
> B2 -1

The path length r is the charged particle’s length travelled within the magnetic

field. From the relation, it is obvious that to attain efficient momentum resolution, a
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Figure 3-17 CMS tracker system layout and lines show the detector modules.

solenoid magnet was required with stronger magnetic field and then the CMS was made
capable of that. The CMS magnet precisely measure the tracks of charged particles and

has excellent momentum resolution because of its extremely high bending power.
3.4.4 Tracker System

The inner most sub-detecting system of CMS detector is the silicon tracker whcih
is known as inner tracking system (ITS). Its diameter is about 2.5 m and length about
5.8 m with || coverage up to 2.5. As being very close to the beam pipe, the tracker
must withstand a high radiation dose throughout its expected 10-year lifetime without
reducing the performance. Its purpose to reconstruct the charged particles curved tracks
when they are deflected by the magnetic field. As being the inner most sub-detector, the
tracking system is under the influence of a strong magnetic field of CMS solenoid. In
order to reject information of extra interactions and objects, the CMS tracking system

also provides the position information of vertices (Primary and secondary).

An average of more than 20 proton-proton interactions when the LHC is function-
ing on nominal luminosity of 10**¢m™2s7!, are called pileup which were above 30 for
2018 data. These events are 1000 on average after each bunch crossing i.e. 25 ns. The
inner tracking system of the CMS is made up of silicon and is super efficient for being
in the region of extremely high flux of particles directly emerging from the interaction
point. In the Figure 3-17 [81], a schematic diagram of CMS inner tracking system can

be seen. The ITS is kept at -20° C in order to reduce the radiation damaging. The full

inner tracking system of the CMS is made up of the combination of silicon strip tracker
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and the pixel detector.

3.4.5 Pixel Detector

The pixel detector is used to provide precise 2D space measurements in the ¢ and
z directions. In the pixel detector, each silicon module has a pixel cell of size 100 X
150um?. It provide help to reconstruct the vertex and precisely give three spatial points
throughout its geometry [22]. In each of the endcap, two disc layers are facilitated
in order to ensure the presence of three tracking points at least covering almost full |#|
range. It provides position resolution of 20 and 10 mm in the longitudinal and transverse

direction respectively.

As a result of some inefficiencies that were reported during Run 1 regarding the
first barrel layer of pixel sub-detector because of the limited readout bandwidth. For
this reason, in March 2017, a new pixel detector was installed [82] with another layer
of barrel and a forward disk additionally. The internal layer, in updated pixel detector
is much near the point of interaction and outermost layer is a bit away from it as can be

seen in the Figure 3-18.
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Figure 3-18 Diagram of pixel detector. Lower half represent the old pixel detector and the
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upper part is the new pixel detector.

New Readout Chips were installed in order to mimic the loss of data at high rate of
collision relative to Phase 1 operations. The power converters were placed also in a way
to utilize current cables and fibers. Enhanced and optimized pixel detector was capable
to provide enhanced rate and channel numbers, resulting improved tracking efficiency

and fake rate reduction. 66 million pixels are present in a detector of 1 m? size.
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3.4.6 Silicon Strip Detector

The layer installed nearest to the pixel detector is Silicon Strip Tracker, at a radial
distance from 20 to 116cm. Both sides of the pixel detector is surrounded by its tracker
inner barrel (TIB) with 4 layers and tracker inner disk (TID) with 3 layers. It is extended
up to 20-50cm having silicon micro strips of thickness 320um. Tracker outer barrel
(TOB) have 6 layers and 220 cm length which provides 118 cm coverage. In barrel, the
pitch of the strips changed from 80um to 120xm, and in endcap region, it changes from

100um to 141 pum.

The outer most part of CMS inner tracking system, is tracker outer barrel (TOB)
which is installed radially from 55-116 cm. It consists of 500um thick 6 layers in bar-
rel with 183um and 122um strip pitch. At z=118 cm, tracker endcaps are present. It
normally covers 22.5 cm< |r| < 113.5 cm and 124 cm< |z| <282 cm and also able to
provide pseudorapidity coverage of |n|<2.5. It can achieve the momentum resolution
more than 2% for high p; (100 GeV) charged particles. The reconstruction efficiency
of muon tracks is expected to be close to 100%. For the hadrons and electrons, it is
expected to have slightly worse efficiencies i.e 95% in the central region to 80% in the
forward region. The impact parameter resolution of reconstructed tracks would be an
important factor for efficient identification of final states including b quarks and tau lep-
tons. In the Higgs to diphoton studies, the tracker plays crucial role in identifying the

interaction vertex.
3.4.7 Electromagnetic Calorimeter (ECAL)

The CMS ECAL is a homogeneous calorimeter which is cylindrical in shape and
built with PbWO, (lead tungstate) crystals. In the barrel (EB), 61,200 PbWO, crystals
are present and give pseudorapidity || < 1.479 coverage. Endcap (EE) area is made
up of 7,324 crystals providing coverage of pseudorapidity up to |7| < 3. The choice of
(PbWO,) was made for being a dense, active material and hard for radiation damaging.
The fast response time was needed to collect the energy deposit before the crossing of
next bunch. The pseudorapidity region (1.4442 < || < 1.56) is not considered in the
analysis as being the cracked region between endcaps and barrel as a clearly visible in

Figure 3-19 taken from [22].
When the collision happen, the high energy particle are produced. The electron
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Figure 3-19 Pseudo-rapidity coverage of CMS ECAL.

or photon enters ECAL and cause cascade of particles through bremsstrahlung and pair
production. This is known as EM showering, which continues until ionization influence
electrons and photon energy falls below the minimal threshold needed for pair produc-
tion. In the barrel region, Avalanche photodiodes (APDs) are installed and the encaps
region is benefited with the Vacuum phototriodes (VPTs) in order to work efficiently
under high magnetic field [83]. The ECAL response arises with the light emission
which is directly proportional to the energy of incident particle. The overall structure
of ECAL is illustrated in Figure 3-20. In order to distinguish between a nearly dipho-
ton candidate such as from decay of neutral pion (#° — yy) and the single photon, a
preshower detector is installed in the endcap regions. This preshower detector ensures
the pseudorapidity coverage of 1.653 < |5| < 2.6 which is quite helpful to effectively

identify electron and photon positions.

The ECAL is made compact by using lead tungstate crystals with high granularity
Moreover, lead tungstate aid to greatly reduce the pileup while measuring the energy
because it exhibit small Moliere radius. Additionally, (PbWO,) crystals has scintillation
time of about 25 ns which is coherent with the bunch crossing time of LHC. The tem-
perature of ECAL operation is about 18°C and the scintillation (light emission) process
depend on the temperature. So, for this purpose (to maintain the required temperature),
a water circulation (via Aluminium pipes) based cooling system is positioned there and
is made capable to effectively sustain the detector’s temperature of up to 18 + 0.05° C.

The ECAL’s energy resolution i.e. the ability to accurately measure of incident radiation
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Figure 3-20 Overall layout of CMS ECAL.

energy is formulated as

2

(5 =(%) + ()
The .S being stochastic term, is the preshower energy deposits and the photo(electron)-
statistics contributions. The noise term of the electronics is ¢, and c is a constant in
order to covers the constant factors i.e. non-uniformity in detector for the collection of
light etc. Furthermore, all of the energy is usually not contained within a crystal and
due to this, some calibrations are needed to estimate the shower energy accurately. It
has been verified from the offline data analysis, that the trigger to be > 99% efficient
for E; > 40GeV, ensuring full efficiency for the H — yy search. The remarkable per-
formance of ECAL was important for the Higgs boson discovery in CMS, particularly
inthe H - yy and H —» ZZ" — 4/ channels. The ECAL data have enabled the
precise reconstruction of electrons and photons up to the TeV scale which is mandatory

for several searches and phenomena beyond the standard model.

3.4.8 Hadronic Calorimeter (HCAL)

The part of CMS that surrounds the ECAL is known as HCAL which 1s employed
to find and measure the energy of particles which interacts strongly like quarks, gluons

hadronic jets etc. HCAL is crucial for measuring missing transverse energy (MET),
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which is primarily connected to invisible particles like neutrinos that are important for
the studies related to top quark. Hadron calorimeter lies between the solenoid magnet
of CMS and ECAL at a distance from 1.77 m to 2.95 m as it is visible in the Figure
3-15. A general layout of HCAL is shown in the Figure 3-21 [22].
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Figure 3-21 Layout of CMS HCAL.

Brass material is used in making of HCAL because of its short interaction length
which acts as an absorber material. It is a cost effective and non-magnetic material. It
give the pseudorapidity coverage upto |n| < 3.0. The distance of HCAL from the in-
teraction point is 11.2 m. A froward Hadron Calorimeter (HF) is made on each side of
detector to ensure the coverage upto || < 5.2. This HF provide help to detect particles
produced at small angles relative to the beam axis in the p-p collisions. Good perfor-
mance of the HF should be sustained as it plays crucial role in forward jet reconstruction
which are of great importance in VBF H— yy events. The HCAL is divided into two
regions 1.e. barrel and endcaps just like the ECAL. HB is made up of 32 towers that
make sure the coverage of pseudorapidity of || < 1.4 for HCAL barrel and HCAL
endacp of 1.3 < || < 3 for HE. As a result, 2304 towers in a segmentation of An X A¢
= 0.87 x 0.87. HB has splitted into two halves i.e. HB* and HB~ consisting of 36
identical wedges and each one has weight of 26 tonnes. In order to avoid the shower
tail of hadrons do not enters into ECAL and/or magnet from the rear part of calorime-
ters, an additional calorimeter i.e. Hadron Outer (HO) is placed next to the solenoid to

act as an absorber. It (HO) has 10 mm thick scintillator which ultimately improves the
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resolution of hadron calorimeter for MET. As the HCAL have to suffer huge flux of the
particles, sampling material has been made up of steel/quartz fibre. Quartz fibres are
then responsible for Cerenkov radiations which are then channeled to Photo-multiplier
Tubes (PMTs). The alternate layers design of HCAL is consist of with of brass material
and plastic which act as the absorber and scientillator respectively. It provide helps to
accurately measure position, arrival time and energy of the produced particle. When a
particle traverse through the scintillating material, the emitted light is collected by the

optical and convey it to readout box. The HCAL energy resolution can be stated as
) 2
(2) =(22) +w@? (3-3)
E \/E

( )2 = <1%)2 + (b (3-4)

where a i1s 0.045 and b is 0.09.

and for HF

IR

In 2017, few upgrades were made in HCAL such as photomultiplier tubes were
replaced with multi-anode PMTs and electronics was updated for better differentiation
of muon hits [84]. The HE part of the HCAL was also upgraded by replacing the photo
detectors with silicon photo multipliers (SiPMs) in order to eliminate the noise and

enhanced detection efficiency.

3.4.9 Muon System

One of the most important part of the CMS detector is its muon system. In order
to precisely identify the muons which are originating from the point of collision point
is a big challenge. Muons exhibit a longer lifetime upto 2.19 X 107 and in relativis-
tic regime its much higher. They can traverse the full detector without being decay-
ing. Muon are approximately 200 times the mass of electron and because of this, they
lose very small amount of energy through bremsstrahlung. However, by depositing low
amount of energy, they leave track in the calorimeters. So, because of these features of
muons, a dedicated muon system was installed in the outermost part of the CMS [85].
Figure 3-22 shows a general layout of CMS muon system during the Run 2 of LHC. The
dedicated muon system of the CMS detector is made up of three different strategies to

perform measurements (identification, momentum etc) on muons.
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Figure 3-22 Muon system layout of the CMS during Run2 operations.

The detection of muons is crucial for various physics analysis specially for the
Higgs (SM) when it decays to ZZ. This channel is believed as a golden channel for
properties measurement of Higgs boson. Precise reconstruction and identification of
muons is also required by some theories beyond SM.

In order to detect muons in the CMS, muon system is mainly based on the gas detec-
tion technology which is cylindrical in shape and provide pseudorapidity upto || < 2.4.
Resistive Plate Chamber (RPC’s) are installed in the barrel and endcap regions. Drift
Tubes (DT’s) covers the barrel region and in the endcaps region, Cathode Strip Cham-
ber (CSC’s) are present. The main motive of the CMS muon system includes muon

identification, momentum resolution, triggering and to bear the high radiation.

During the long shutdown 2 (LS2), various upgrades were made for physics pro-
grams. CSC readout of ME1/1, ME2/1, ME3/1, and ME4/1 were improved. 180 cham-
bers were reconditioned and cathode front end boards (CFEBs) replaced with updated
digital CFEBs. One of the major upgrade for the muon system was the installation of
Gas Electron Multiplier (GEM) detector in forward regions. It was needed because of
the upcoming high collision rate in Run 3 and after that, to enhance the muon system
capabilities of triggering, tracking and to work under extreme conditions which could

be achieved with GEM. Two muon stations would have the assist of GE1/1 and GE2/1
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(1.5 < |n] < 2.4) layers for efficient precise measurements. Additionally, MEO station

is planned, which would enables to extend the pseudorapidity coverage of muon system

upto |n| < 3.
n 0.1 0.2 0.3 04 05 0.6 0.7 08 09 1.0 11
6° 843° 78.6° 73.1° 67.7° 62.5° 57.5° 52.8° 48.4° 44.3° 40.4° 36.8° n e
— 8 . . - —_— - - - = - 5
E - / i o B DTs. 12 335
E’ mescs
7 - WRPCs | 43 3p5°
WGEMs
I WiRPCs
WMEO . 14 27.7°
6 2 ]
w |
3 . 15 25.2°
5 I 16 22.8°
~ 1.7 2070
E |
1, 8
4 P | 18 188
19 17.0°
Solenoid magnet I . 2.0 154°
3 | . © 21 14.0°
5 : 22 1286°
w .23 11.5°
o - 24 104
2 < 25 94°
ECAL - 28 7.0°
= HGCA:L - 30 57
Silicon E
| tracker ] 40 2.1°
0 R YL O s SO OO fooent e  — B R 5.0 0.77°
0 1 2 3 4 5 6 7 8 9 10 11 12 z(m)

Figure 3-23 Schematic diagram (updated) of CMS muon system with GEM chambers.

GE1/1 is taking part in Run 3 operations whereas GE2/1 and MEO will be placed
after Run 3 when the LHC would be stopped for long shutdown 3 (LLS3). A schematic
figure of upgraded CMS muon system with GEM chambers is shown in Figure. 3-23

[86, 87] where the positioning of these detectors can be well understood.
3.4.10 Resistive Plate Chambers (RPC’s)

An important part of the CMS muon system is the Resistive plate chamber which
are the parallel plate gaseous detectors settled in both barrel and endcap regions. Along
with the efficient time and spatial resolutions, RPC’s does exhibit a very fast responsive
which is used for the triggering process. A schematic diagram of a RPC chamber is

shown in the Figure. 3-24 [88].

These gaseous detectors have positive and negative plastic charged plates, placed
in parallel to each other and filled with gas (95% of C, H, F, and 5% of C4H ;). The

readout system of RPC’s becomes operational in the avalanche mode, when a muon
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Figure 3-24 RPC chamber’s cross sectional layout.

traverse by liberating electrons during the ionization (primary and secondary) of gas

molecules. RPC’s have outstanding time resolution.
3.4.11 Cathode Strip Chambers (CSC’s)

Another important part of the CMS muon system are the cathode strip chambers
(CSC’s). As shown in the Figure 3-22, it is providing the pseudorapidty range up to
0.9 < |5| < 2.4 which enables it to provide the tracking information and muon triggering
in this region with the aid of RPC’s. It operate efficiently at high event rate. A total of
540 CSC modules are placed in 4 CSC stations (ME1, ME2, ME3 and ME4). Each
of this station divided in rings (2 or 3) with from 18 to 36 CSC'’s installed on each of
the rings. In each of the assembly, it has 6 independent layers with 6 gaps of gas (Ar
50%, 40% CO,, 10% C F,). Each of the layer have cathode strips in the radial direction

induced charge

EE— —— —— cathode with strips

- -
3-16 mm 4 avalanche
wires

plane

Figure 3-25 CSC functional layout.

and anode wires in transverse direction. It also operate on the ionization of the gas
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Figure 3-26 Electronic boards of a CSC chamber and the readout system.

molecules and produce the avalanches (when muon traverse) of electron which then
move towards the anode wires. Gaseous ions move towards the cathode strips for the
image charge detection. The readout system then collect these signals, amplify them and
transmit to the electronic on chamber. Muon hit information from each of the chamber
measured through its track in the 6 layers. In order to generate a trigger, 4 layers hits
are essential out of 6. By the fitting of successive hits, precision in the measurement
muon’s momentum can be achieved. A general functional layout of CSC can be seen
in the Figure 3-25 and and overview of the chamber’s electronics is shown in Figure

3-26.
3.4.12 Drift Tubes (DT’s)

The drift tubes covers the central part (along with RPC’s) of the CMS muon system
and plays a vital role in tracking as shown in the Figure 3-22. It is providing pseudo-
rapidity range of || < 1.2. It is installed in 4 stations i.e. MB1, MB2, MB3 and
MB4, in outward direction at 4.0, 4.9, 5.9 and 7.0 m respectively from the interaction
point. There are 250 DT’s chamber (each composed of 12 layers of Aluminium) are
assembled along z-axis on 5 wheels. At high transverse momentum, the DT’s alone
has over 95% identification efficiency. The planes (12) in a DT chamber are of average
size 2mXx2.5m. Apart from the MB4, they are built having 3 units known as super-layer
(SL). A combination of two SLs determine the coordinates in (¢) plane and the third
one aid to track z coordinates [89]. Layout of DT on one of the wheel chambers can be

seen in Figure 3-27.
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Figure 3-27 Cross sectional layout of DT chambers (one of the 5 wheels).

Each of the DT cell has a steel anode wire (25um) and walls of cell acting as
cathodes producing the electric field for drift. Every cell is filled with CO, (15%) Ar
(85%) mixture which is cost effective. A general diagram of a drift cell is shown in

Figure 3-28.
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Figure 3-28 Diagram of drift cell.
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3.4.13 CMS Trigger System

CMS is huge general purpose detector and it is producing extremely high rate of
information at each bunch crossing. LHC is producing about 40 million collisions per
second (40 MHz). All of the collisions are not of great interest for physics studies.
Additionally, the data acquisition system (DAQ) is not much effective to look into every
event produced at this rate. Storing of all the events which are not of interest also need
big storage. Eventually, in order to reduce the rate of events to be saved, a trigger system
was needed which sort events only on the basis of interest related to dedicated physics
purpose. In the CMS, the trigger system is a divided into two sequential stages i.e. the

Level 1 (L1) trigger system and a high level trigger (HLT).
34.14 CMS Level 1 (1) Trigger

As the maximum output rate of the electronics is 100 kHz. The L1 trigger is a
hardware level trigger which takes calorimeter’s as well as CMS muon system informa-
tion to make decisions [88]. It is capable to reduces event rate to 100 kHz from 40 MHz.
The L1 trigger must make a decision for an event to be saved or not within 3.2us. The
full understanding of the event is buffered before making the final decision of trigger. It
is built with reprogrammable electronics (Field Programmable Gate Arrays (FPGAs))
which uses energy information (from HCAL and ECAL) as well as momentum informa-
tion (CSC, DT and RPC) of electrons, photons, muons, jets and MET etc. It (L1 trigger)
is further divided into calorimeter and muon triggers. A schematic of L1 trigger can be
seen in the Figure. 3-29.

ECAL and HCAL (calorimeters) has independent triggers which transmit informa-
tion to the global Calorimeter Trigger (GCT). Similarly, muon has local triggers which
correspond to CSC, DT and RPC. These local triggers are later on combined to get a
global muon trigger (GMT). Global Trigger (GT) made up of GCT and GMT in order
to make final decision that whether to accept or reject an event. Once an event pass the

L1 trigger selections, it is moved to the HLT (High Level Trigger).

3.4.15 High Level Trigger (HLT) system

HLT is a software level trigger and select events in same way that we usually do
in offline events processing. The main motive of the HLT is to reduce the rate (100kHz

coming from L1 trigger) to 1 kHz. This job is basically done in various stages. For an
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Figure 3-29 The L1 trigger configuration.

event of interest, in order to identify and reconstruct electron, muon or photon, a criteria
is placed over each of the event. It is built with several single processor computers
(event filter farm) which join pieces of an individual events together using builder units
in order to make final events. This data is then transferred to filter unit and after that,
the information (raw) is changed to data structure format. This information is detector

specific and do reconstruction of the events [88].

Offline reconstruction algorithms are there in order to exploit the precise data com-
ing from trigger. The CPU power enable to process events at rate of 100 kHz for an av-
erage processing per event time viz 90 ms. The performance of HLT is actually based
on specific "HLT paths”. These paths are made of various set of algorithms to be per-
formed in a prescribed order to determine the physics objects and a reconstruction step
is to be followed after that. Each of the HLT path execute in increasing order of com-
plexity since simple algorithms need to run first to perform the basic selections. Events
selected by the L1 trigger are transmitted to HLT which have several assigned paths for
decision making. Finally, if the event is accepted by HLT, the full readout is saved to
local disk and transfer to CMS Tier-0 for permanent storage. These events are then pro-
cessed with the help of CMS offline software and the objects are produced for physics

analysis.
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34.16 LHC Computing Grid

It was the need of four experiments of LHC (CMS, ATLAS, ALICE, LHCb) to
save the data collected from LHC interactions. The further process of this data and to
analyse it in order to extract physics results is quite challenging. LHC interactions are
actually producing approximately 15 petabyte data per year while its operating. In 2002,
CERN council approved a multi-tiered system to deal with this extremely large amount
of data. This infrastructure is well known Worldwide LHC Computing Grid (WLCG)
and about 170 computing centers are linked in more than 40 countries. This computing
grid providing organized facilities for computing to all of the four main experiments of
LHC (CERN). About 150,000 processor cores are connected together with the ability
to store 50 petabytes of data on the disks [90].
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As explained in the HLT section that events after being organized by the HLT
decisions are saved to the permanent storage system of CMS. The stored data is in RAW
form and require to be reconstructed fully. A reconstruction procedure is applied on
the stored data in order to associate them to the physical particles such as electrons,
photons and muons etc. These particles then aid to probe various interesting physics
studies such Higgs decay to two photon or Higgs decays to four lepton channel for the
measurement of its properties such as cross sections, mass, parity and spin etc. For
photons, an efficient reconstruction and identification is required and to keep the rate of

misidentified photons rate as minimum as possible.

4.5 Particle flow

In CMS, the global event description is established by exploiting the particle flow
(PF) algorithm [91]. The aim of the PF is to integrate the information of all CMS sub-
detectors and to enable the best identification and measurements of energy for various
objects. The inputs of PF algorithm are the tracks coming from the tracker, from the
muon system and clusters of calorimeter (from ECAL and HCAL). The CMS is capable
of benefiting from PF approach because of its powerful magnetic field as well as fine

segmentation of the tracker, calorimeters and muon system.

The combinatorial track-finding procedure is used to reconstruct the tracks utiliz-
ing the hits information from the tracker by having several iterations [92]. The iteration
procedure is, firstly track seeds having two or three hits are considered by defining the
parameters of initial track and then an extrapolation is done from the paths of expected
track by adding additional hits information. After this, a re-estimation of track parame-
ters is done and the track candidate collection is cut-off depending upon quality criteria.
All of the selected hits are taken off from the consideration for following iterations. In
this method, the identification of the most obvious tracks i.e. with hight p; and close to
point of interaction is done in the first iteration. As a results, the complexity of next iter-
ation is decreased as several hits are removed. Therefore, it allows lower thresholds can

be used and tracks having lower py to be found. Additionally, an independent procedure
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has been employed for reconstruction of muon tracks utilizing the hits information from

the muon system.

A clustering algorithm, in the calorimeters, is exploited to collect deposits of en-
ergy corresponding to each shower. This method in the ECAL is explained here as it is
a crucial input for the H — yy studies. Clustering algorithm starts by choosing cluster
seeds having energy above a certain level and larger than any neighbouring crystal [93].
The topological clusters composed repeatedly by including deposits which shares a side
or corner with the one already within the cluster, provided that the energy is more than a
threshold. If a crystal is included in more than one topological cluster then its energy is
shared between them by considering a Gaussian shower shape. At the end, the topolog-
ical clusters are combined into the so-called superclusters (SCs). This step is outlined
to reacquire the energy lost due to bremsstrahlung. The radiated showers normally have

similar # values but have spread out in ¢ direction due to the magnetic field.

Based on these tracks and calorimeter clusters as inputs, PF algorithm forms the
group of candidates for five kinds of particle i.e. muons, electrons, photons, neutral
hadrons and charged hadrons. As a result of above mentioned procedure, the central
software of CMS offers analyses with the physics objects which are ready to be used in

studies.

4.6 Photons

In order to use the photons in H — yy analysis, they are selected from Particle
Flow (PF) set of photon candidates. From the super clusters (SC), the energy is esti-
mated for each of the photon candidate. The SC contains the energy deposits from EM
showers of various particles. Sometimes, photons can interact with the detector mate-
rials in front of ECAL producing electron-positron pairs which are called as converted
photons. These converted photons make energy deposition in pre-shower detector of
ECAL, which does include in the estimation of SC energy. A multivariate regression
technique is then employed for the correction of this SC energy. Scale and smearing
corrections are used after that for photon energies in order to make the data and MC
agreement better. The explanation of the procedure to correctly estimate the energy
is in Section 4.6.2. Furthermore, a pre-selection criteria is applied also on the set of

photons to be used in physics analysis, once photon energy is fully established. An-
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other requirement is also placed on the MVA trained for photon identification in order

to mimic the contamination from other objects usually lessen the real photons.

4.6.1 Definition of variables

Reconstruction of the photons usually based upon various set of variables which
are categorized as isolation and shower shape variables. The shower shape information
from the ECAL is utilized for the energy correction as well as to discriminate the real
photon from the fake ones. Isolation variables plays important role in reducing the
misidentification of objects resemble to a real photon. The variables and their definitions
are described below in this section.

Shower Shape variables:

e Cov;,;q: The covariance of the single crystal # and ¢ in terms of crystal cells
within the 5x5 crystals centred on the SC seed crystal.

® 0,,;,,- The lateral extension of the EM shower measured in terms of crystal cells.

® Ry: E3 3/ Eg sy, Where Esy 5 is the energy sum of the 3 by 3 crystals surround-
ing the SC seed crystal and Eg 4y, is the raw energy sum of the SC.

e o,: The logarithmic energy weighted standard deviation of single crystal #
within the SC.

e o4 The logarithmic energy weighted standard deviation of single crystal ¢
within the SC.

e Preshower opp: The standard deviation of the shower spread in the x and y

planes of the preshower (only defined in the endcap).
Isolation variables:

e PF Photon Isolation (Is0,,): Transverse energy sum associated with all parti-
cles identified as photons by the particle flow algorithm, falling inside a cone size R =
\/m = 0.3 around photon candidate direction with p correction applied.

e PF Charged Isolation (selected vertex) (Iso.;,): Transverse energy sum asso-
ciate with all particles identified as charged hadrons falling inside a cone size R=0.3
around the photon candidate direction with respect to the selected vertex;

e PF Charged Isolation (worst vertex) (I so ): Transverse energy sum asso-

ch,worst
ciated with all particles identified as charged hadrons falling inside a cone size R=0.3

around the photon candidate direction with respect to the worst vertex. The advantage
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of this variable is due to the fact that generally a prompt photon is isolated with respect
to any vertex and fake photon is not.

e Charged Hadron Isolation (150, p,4): The energy in HCAL from charged par-
ticles inside a cone (R<0.3) around the photon candidate.

e H/E: The energy collection by the HCAL towers within a cone of R=0.15 cen-
tered on the SC position, divided by the SC energy.

o Tracker Isolation in a hollow cone (Iso,,,.;): Transverse momentum sum as-
sociated with all tracks falling in a cone size of R=0.3 around the photon candidate
direction. Tracks falling in an inner cone of size R=0.04 are not included in the p;sum.
Other variables:

e Electron veto: It is set to true if SC corresponds to PF reconstructed electron.

o Pixel-seed electron veto: 1t is set to true if its SC is found to match an electron
track with least one hit in the pixel detector.

e p (rho): The energy median density per unit area in the event.

e Supercluster n: The n of the SC corresponding to the reconstructed photon.

o Supercluster Eg 40 The raw energy of the SC corresponding to the recon-

structed photon.
4.6.2 Photon energy

The energy of photon SC is computed from the calibration of the ECAL SC but this
estimation of energy is not perfect for various reasons. First of all is that, the SC might
not be able to capture all the energy of EM shower and which eventually cause under-
estimation the photon energy. It happen when a photon interacts with the material and
begin making EM shower before reaching ECAL. As a result, the energy is lost within
the material causing a dispersed shower which is may not be contained by the superclus-
ter. Additionally, leakage may occur between crystals and modules in the ECAL, and
can also through the back of the ECAL because shower may star near the crystal’s end.
The energy deposition by the electrons in the EM calorimeter is the same as photons do,
so they are considered as reference to photons. A general pattern of electron/photon in
the ECAL when they came out of the ITS is shown in Figure 4-30. A multivariate re-
gression can improve significantly the estimate of uncorrected supercluster (Eg-). An
additional correction of the energy to each of the reconstructed photon is applied so that

its energy may agree well in simulation with the real energy of photon. The aim to train
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e+

Figure 4-30 Positron and Photon pattern in the detector.

a regression, is to know the parameters of E,, /E g distribution function, which are

rue
parameterised as Gaussian having power law tails on either side.

In order to account for different effects, a large number of inputs variables are
provided to the regressor. These may add the information of shower shapes, the SC
position and the energy density for that specific event. Position and the shower shape
variables allows us to correct the difference in contaminated showers due to changed in
ECAL geometry and showers which caused by the material. The seed crystal position
variables in the SC and energy ratios estimated using the seed are responsible for the
shower containment. When the regression is made, some additional corrections are

there to make the data and MC agreement reasonable.

Firstly, data energy scales are corrected. Detector response may be effected be-
cause of the radiation damaging while LHC operation and recovery during LHC shut-
down time. It may alter the energy measured and transform discontinuously with the
passage of time. With the help of Z — ee events, where electrons are reconstructed as
photons, a set of corrections are derived by using the well known Z boson mass. These
additional corrections are expressed differentially in time and binned in photon Rq and 5
with two bins in barrel and endcap. The magnitude of these derived corrections changes
from 0.1% to 0.3% (barrel) and from 0.2% to 2.0% (Endcaps). In the simulation, the en-
ergy resolution is also corrected to have a better agreement to that in data. These are
implemented actually as a Gaussian smearing with the same set of binning as that of the

energy corrections.

After applying all of the corrections, the energy resolution of the photons from 1%
to 2.5% (barrel) and in endcaps it range from 2.5% to 3.5%. Energy validations after

applying all of the corrections shown in Figure 4-31 are done by using Z — ee event,
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where electrons are

reconstructed as photons [94].

For the validation of unbiased
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Figure 4-32 Invariant mass distribution of Z — uuy events shown for 2017 barrel (left) and

2018 endcap (right) photons selected from data and simulation.

photons, sample of Z — uuy events used are selected from data having 99% photon

purity. The standard dimuon trigger requirements are necessary to be satisfied for both

data and MC events. An event is considered if at least two muons passed the tight muon

ID requirements [95], with py > 30 and 10 GeV and |5| < 2.4. The two muons must

be oppositely charged with mass (m,,) > 35 GeV. After successfully identifying the
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dimuon system, a photon in the event be reconstructed which must have |n| < 2.5 and
pr > 20 GeV but outside EB and EE transition region. The uuy system is selected
with the requirement that, photon is within AR = 0.8 of at least one of muons. Figure

4-32 shows the invariant mass distribution of the Z — puy system (m,, ) attained after

Huy
the scale and smearing corrections applied which were derived with electrons from Z

boson decay. For both data and MC, the energy scale of photon is extracted by using

2

mean of the distribution of a per event level estimator [96] defined as s = (m” uy —

m2)/(m? — m,zl ) Where m is the Z boson mass. The energy scale difference between
data and MC, is corrected by using energy scale corrections which are derived with

the electrons originating from the decays of Z boson, both from Z — m,, ., events, is

py
less than 0.1% for the photons in EB or in EE. The correction is within the quadratic
sum of uncertainties (statistical and systematic) connected with the process of scale
extraction which include the uncertainty (systematic) of scale and spreading, along with

the systematic uncertainties because of the corrections applied to muon momenta [95].
4.6.3 Photon identification

In order to properly identify the photons, an MVA is trained using the Boosted
Decision Tree, so called photon ID BDT, to distinguish the real photons from the ones
(non-prompt photons) coming from other objects like jet fragments etc. Non-prompt
photons are the ones originating from the neutral meson decays where both photon
(prompt and non-prompt) shares the same SC and reconstructed as a single photon can-
didate. Whereas photons coming from quarks are considered as prompt photons. The
training of photon ID BDT is done by using y + jet MC samples with the events pass-
ing some preselection criteria. The real photons are treated as signal and fake ones are
background. The inputs of this BDT are the same as the ones used in energy regres-
sion which includes shower shape and isolation variables. Some other variables are also
used as inputs of this BDT such as total number of interaction vertices and the kinematic
variables of photons etc. A loose selection on the photon ID BDT is also used i.e. -0.9,
in the analyses of Higgs boson property measurements and the search for an additional

Higgs boson in the diphoton decay channel.

This BDT is then validated that whether the input and output variables of photon
ID MVA are reproduced well. Taking the SM Higgs to diphoton analyses for example,

it is done using the Z — ee events, where the electrons are constructed as photons
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(i.e. neglecting tracks) selected in data and simulation. It’s so-called the Tag and Probe
(TnP) method. The purity of Z boson decay makes it the most suitable channel for this
study over electrons. The Z — ee events are selected with an inverted electron veto
which is applied as a part of the preselection. The TnP selections are described in the

Table 4-4.

Table 4-4 Criteria for tag and probe electrons selection for validation (all years).

Probe electrons:  pp > 25 GeV, |n| < 2.5 not in EB-EE gap (1.4442 < |5| > 1.566),

passes preselection cuts, has matched pixel seed

Tag electrons: pr > 40 GeV, |n| < 2.1 not in EB-EE gap (1.4442 < [5| > 1.566),
Ry > 0.8, photon IDMVA > 0.4, has matched pixel seed,
Iso.;, <20 GeV, Iso,,/pr £0.3

Alongwith these selections, the tag electrons are also required to undergo the HLT

mentioned in the Table 4-5. The validation of the input and output variables of photon

Table 4-5 HLT paths for the tag electrons.

HLT path 2016: HLT_FEle27_WPTight_Gsf_v
HLT path 2017: HLT_FEle35_WPTight_Gsf_v
HLT path 2018: HLT_Ele35_WPTight_Gsf_v

ID BDT are also compared in data and simulation with the help of Z — uuy events.
The Z — ee validation of the variable Full 5x5 Rq (one of the shower shape variables)

are shown in Figure 4-33.
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Figure 4-33 Probe electron R, distribution in 2017 (top) and 2018 (bottom) data and simulation
in ECAL barrel (left) and endcaps (right).

The photon ID MVA output with photons from Z — uuy events are shown in

Figure 4-34. The Z — upy validation of the PF photon isolation and full 5x5 o;,;, (one

inin

of the shower shape variables) are shown in Figure 4-35.
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Figure 4-34 Distribution of photon ID MVA output with the photons selected from Z — uuy
events in selected with the 1.2016 (top), UL2017 (middle) and UL2018 (bottom) data and
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to the shape of the MC distribution is shown by the hashed region.
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Figure 4-35 Distribution of the p-corrected PF photon isolation for 2016 (top) and ¢, ,, for 2018
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(bottom) data and simulation in ECAL barrel (left) and endcaps (right).

4.6.4 Diphoton Vertex

The mass resolution of the diphoton decay channel mainly depend upon two factors
i.e. the energy resolution of the photon and the opening angle of two photons. It’s also
determined by two things such as the position of the SC and vertex location. Due to the
extremely good granularity of the ECAL, the position of the SC can be well measured.
So, it’s crucial to correctly select the primary vertex among the pileup vertices. The
photon opening angle resolution does make a tiny contribution to the mass resolution
relative to the energy resolution of ECAL as long as the interaction point is considered

to be within 1 cm. The mass resolution can be achieved by correctly determining the

59



Chapter 4: Physics Objects

reconstructed photons to the interaction vertices reconstructed using charged tracks with
the help of CMS algorithm. The methodology used in the study of diphoton decay
channel is to choose the best primary vertex by training an MVA using the kinematics
of vertex tracks and their correspondence with kinematics of diphoton. Additionally,
the information from the tracker for converted photons is also required [81].

In the Higgs boson decay to two photons, the unconverted photons in final states are
the ones that are not detected in the ITS and as a result, the primary vertex determination
correspond to the signal is not trivial. The recoiling tracks information can be utilized
to access the correct vertex position with at least one of the converted photon belongs
to the tracker. For Run 2 LHC operations, the CMS tracking algorithm was optimized
to better cope up with the expected higher pile-up conditions as the energy was about

to change from 8 TeVto 13 TeV.

With the presence of unconverted photons, for the vertex identification, the most

discriminating variables are:

sump?® = Y || (4-1)
1-577
Ploa = — DBy =) 4-2)
i |pT
Plasym = (1, Bpl = o Y, Byl + ) 4-3)
i i

where ﬁiT is momentum of the i-th track which corresponds to a given vertex. ﬁ;y is

diphoton pair momentum. The sum is over all of the PF candidate having an electric
charge, with pr > 10 GeV and attached with the chosen vertex are considered. If one
or more than one photons are converted in to electrons within the tracker, two additional
variables for the vertex MVA training along with the ones defined above are used:

e Total number of conversions,

e thepull |z,,,—z,|/o, between the longitudinal position of the constructed vertex

vtx
(z,4) and the vertex (longitudinal position) constructed using conversion track (z,). The
uncertainty on z, is denoted by variable o,.

The probability of choosing the vertex within 1 cm of the real vertex is then used
which is computed from the output of a another MVA (vertex probability BDT) using

a BDT method same used for vertex identification. The input variables used for this

second MVA are:
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The diphoton system pr,

number of vertices,

converted photons number (0, 1, or 2).

the values of vertex ID MVA discriminant for the three best vertices,

the Az among the best vertex, the second and third choices,

The performance validation of the vertex ID BDT is using Z — u™* u~ events where the

muon tracks are ignored to mimic the diphoton system. Good agreement between data

and MC is observed which is shown on the "left” side of Figure 4-36. The vertex choice

efficiency, alongwith the estimated vertex probability is shown on the “right” side of

Figure 4-36. The performance in MC is shown as a function of both diphoton p;. It

can be seen from the figure that, average vertex probability estimate resembles the true

vertex efficiency [97].
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Figure 4-36 (left) H — yy vertex identification algorithm validation using Z — u* ™ events,

4.7
4.7.1

omitting the muon tracks with 2017 data and simulation. (Right) Comparison of the

true vertex ID efficiency and average estimated vertex probability as a function of recon-

structed diphoton p;.

Other objects

Electrons reconstruction and identification

Electrons and photons interact electromagnetically, thus can be reconstructed and

identified effectively in the CMS. Photons having no charge and deposits its energy
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in the EM calorimeter with no tracks in the CMS tracking system. Contrary to this, as
electrons exhibit charge so they show tracks in the ITS. A general behaviour of electrons
and photons to the detector is shown in Figure 4-30. Reconstruction and identification of
the electrons can be done when its supercluster is matched to a track in ITS of the CMS.
For electron track reconstruction, the seeding of the ECAL is good for p; > 10 and for
lower pr, seeding from the tracker is (using BDT method for tracker clusters) is more
effective. The electron p; is measured as it traverse through the tracker and produce hits.
As itis a charged particle, it exhibit curved trajectory due the presence of magnetic field
caused by superconducting magnet and radiate photons. Additionally, a Gaussian Sum
Filter (GSF) algorithm is considered in order to report the bremsstrahlung loss, and is
exploited for track reconstruction.

After having the loose cut on track-cluster matching, preselection of the electron
candidates is made. It is needed actually to maintain highest selection efficiency of elec-
trons and remarkable rejection of QCD background. Electron reconstruction details can
be accessed in Ref. [98]. There is a dedicated group in the CMS which is responsible
for the reconstructions (electrons/photons) known as E/gamma Physics Object Group
(EGM POG). The main goal EGM POG is to develop and validate the tools in order to
correctly identify and reconstruct photons and electrons based on the available informa-
tion from the detector. This information is the later on used for both offline studies and
also for the online selection of events. The identification and isolation of electrons is
done by training a new BDT which uses the EM cluster information, matching of tracks

as well as PF isolation sums.
4.7.2 Muons reconstruction and identification

The information from the CMS muon system is exploited for the reconstruction
of muons as well as the track from the tracker (ITS). They are reconstructed as global
muons. They can also be reconstructed with the help of at least one muon track created
in CSC or DT hits. Muons are also produced in the W or Z bosons decays.

The identification criteria to ensure the muon isolation, is exploited by considering
the pr tracks and deposits in the calorimeter are coherent with the muon track py. This
way the chances of the mis-identification with the other charged hadrons are reduced.
The muon energy can be estimated from inner track curvature for p; < 200 GeV. For

the values above 200 GeV, more information is needed from muon tracks is correctly
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fitting of the tracks and eventually improves the py measurement precision. If a heavy
resonance decay into two Z bosons, both of them are highly boosted. The leptons coming
from these boosted Z are collinear and the particle flow ID loses its efficiency. As the
muons are separated with AR < 0.4, they usually originate from Z bosons having pr
greater than 500 GeV. A detailed information related to the reconstruction process of

muons can be checked in Reference [99].
4.7.3 Jet reconstruction

The production of particles due to the hadronisation of quarks/gluons which are
collimated and usually known as jets. In high energy physics experiments such as at
LHC, these jets are produced by making a structure like cones. The existence of quarks
and the gluons is also confirmed because of the presence of jets. The jets possess sig-
natures in the components of detector i.e. tracker, EM calorimeter and HCAL. The
reconstruction of the jet is done through some jet algorithms. The Vector Boson Fusion
(VBF) process of Higgs production differ from the other production mechanisms as the
jets are involved in VBF. A general layout of a jet is shown in Figure 4-37 taken from
Reference [100]. The jets are also important for the H — yy analysis and the studies

presented in this dissertation.

Parton level

‘p\ Particle Jet Energy depositions

in calorimeters

Figure 4-37 A general of a collimated jet in p-p collision.

The jets in the CMS are reconstructed with the help of anti-k clustering algorithm
with the distance parameter R = 0.4 by charged hadrons rejection which are connected
with a primary vertex (pileup) [101]. These algorithms perform iterations which cre-
ate a distance metric based upon the p and angular parameters of energy clusters and

the combine these clusters together starting with two nearest objects. As soon as the
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minimum distance is achieved between an object and beampipe, the process quit and
determine these clustered objects as a jet. The process keeps on iterating until all the

clusters are composed as jets.

As the tracker coverage is up to only |7|= 2.5, so the jets forward than this do not
have removed pileup. After all the jets are in place, a set of corrections are made, in
order to correct the energy scale and the resolution of jet in data and MC. It is estimated
as function of py and # to include the variation throughout the detector. The procedure
how these corrections are applied can be accessed in Ref. [102]. Additionally, the jets
from pileup are removed with the help of pileup jet ID standards provided by the JetMET
physics object group.

The jets from the pileup are normally more dispersed than real ones, as they are
usually made up of multiple jets overlapping having low pr values. A pileup jetID BDT
is trained utilizing the shape variables of the jets and also the track variables correspond-
ing to jet interaction vertex. The BDT output score is actually used for pileup rejection
with p and # threshold of jets. In simulation, L1Fast]Jet, L2Relative, and L3Absolute
corrections have been applied. In data, after the three correction levels, L2I.3Residual
corrections are applied additionally. In the current analysis, the jets are considered if

they pass the pileup jet ID standards and have p; > 20 GeV with || < 4.7.
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Chapter 5: Search for a standard model-like Higgs boson in the mass
range between 70 and 110 GeV in the diphoton final state with full
Run 2 dataset

5.8 Introduction

In the standard model (SM) of particle physics, particle acquire masses with the
phenomena of spontaneous electroweak symmetry breaking (EWSB). It is implemented
through the Brout-Englert-Higgs mechanism [46]. In 2012, the ATLAS [4] and CMS [5]
experiments at CERN LHC, claims the existence of new particle called the Higgs bo-
son with an invariant mass of 125 GeV. The properties of Higgs boson till date are

compatible with the SM Higgs boson.

The physics beyond the SM (BSM) is capable of providing a Higgs state that is
in accordance with the observed 125 GeV boson and also the extended space of some
BSM models like, Next-to-Minimal Supersymmetric Model (NMSSM) [6-8], the gen-
eralized two-Higgs-doublet models (2HDM) [9, 10] and the Georgi-Machacek (GM)
model [11, 12]. These model give rise to an interesting phenomenology containing sev-
eral Higgs bosons and some of them may have masses below 125 GeV. Therefore, it
is well-motivated to extend the lower search range of the Higgs boson mass as much as

possible below my =110 GeV.

The H — yy decay mode furnish a clean final state topology which permit the mass
of Higgs boson to be reconstructed precisely. Gluon fusion is the primary production
mode of the Higgs boson and an additional contributions, relatively smaller from vector
boson fusion (VBF), associated production with a W or Z boson, or with a tt pair. The
dominant background sources are irreducible direct production of diphoton, reducible

pp — v+ jet and pp — jet + jet processes.

The study presented in this chapter is the probe for an additional Higgs boson with
an invariant mass lower than 110 GeV in the diphoton decay mode. This search is per-
formed on full dataset taken by the CMS detector at 13 TeV in 2016, 2017 and 2018.
The results from these years are then combined statistically.

In this study we search for an excess of diphoton events over a smoothly falling

background because of prompt production of diphoton and events with one jet which is
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misidentified as a photon. An extended method is developed as compare to what used
in the observation of properties of a SM Higgs boson discovered in 2012 [103]. The
mass range investigated is 70 GeV < m,, < 110 GeV. MVA methods are used for the
photon event classification and identification in order to gain the best sensitivity. A fit

is performed on the background to extract the signal.

As compared to previous published results with 2016 data [14] various elements
have been updated and optimized, such as diphoton BDT and photon ID MVA in the
current studies with the full Run2 data. The suppression of relic DY events having a
mass peak not very far from the observed excess in the previous results with 2016 data,
is done by introducing two additional cuts as our additional DY suppression strategy
for the studies with full Run 2 dataset. The trigger pre-firing is considered for 2016
and 2017 datasets which is same as the standard H — yy analysis which was not taken
in account in the previously published studies with 2016 dataset. The scale factors are
also studied for two additional cuts of DY suppression with events in data and MC for
all of the three years. The ”Simultaneous Signal Fitting” method is used for the signal
modelling which was not used int the previous low-mass analysis results with 2016 data.
An exponential is introduced to the double-sided Crystal Ball (DCB) function to well
model the relic Drell-Yan events in the background modelling. In some of the event
classes of 2016, 2017 and 2018 analyses, significant bias was observed because of the
relic DY, for the signal masses closer to the fitted peak of DY events in each event class.
The issue was resolved by inflating the normalization uncertainties of DY background

and the bias was reduced to some acceptable values.

The isolation and differential shower shape corrections are used as what explained
in the standard H — yy analysis. The photon ID MVA and the systematic uncertainty
for MC photon ID BDT score (EB and EE) is exploited from the standard H — yy
studies with the 2016 legacy data. The diphoton BDT has been retrained using MC
samples in the low mass region are used. The optimization of boundaries is redone

based on the retrained diphoton BDT.

In the studies with 2017 dataset, various elements are updated or optimized, as
compare to what used in the previously published results with 2016 dataset. The trigger
requirements were different in the 2017 HLT path. So there is a difference in preselection

of the events 2017 relative to 2016 analysis. The photon ID BDT and diphoton BDT was
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retrained for 2017 analysis using MC samples of low mass region and the boundaries of
categories (Untagged classes) were also optimized based on retrained diphoton BDT. An
additional VBF tagged event class is introduced with the training method same as used
in the standard H — yy studies [104] in order to enhance the sensitivity of analysis.
The dijet and combined (dijet plus diphoton) BDT is trained using the samples of low
mass region. The studies with VBF tagged events are also of much interest for various

BSM models.

The analysis strategy with 2018 data set is inherited from 2017 analysis. The
weights files for photon ID MVA, diphoton BDT, dijet and combined (diphoton plus
dijet) BDT used for VBF class are exploited in 2018 analysis after the validation of
weights with data and simulation from 2018. The class boundaries (Untagged and VBF)
are same as what used in 2017 analysis. The tighter preselection in 2018 applied which
is different from 2017 because of different HLT in 2018 and as a result, the trigger effi-
ciencies are not same as the 2017 analysis. Secondly, in 2018 studies we use differential
(shower shape and isolation) corrections as used in the standard H — yy analysis. The
systematic uncertainty in simulation of photon ID BDT score in EB and EE (doubled)
is taken directly from standard H — yy analysis. For the analysis with 2018 data, the
elements which are inherited from 2017 are used after obtaining the satisfactory val-
idations results which are also explained later in this chapter to demonstrate that the

performance is reasonable in 2018 even after using 2017 weights.

5.9 Data and simulation samples

The data samples mainly used for the studies, corresponds to 2016 (36.3 fb™!),
2017 (41.5 fb~1) and 2018 (54.4 fb~!) datasets collected by CMS in p-p interactions at
13 TeVcenter-of-mass energy. The 2018 trigger (HLT) path,
HLT_Diphoton30_18_R9IdL._AND_HE_AN_IsoCalold_NoPixel Veto, was not placed
at the start of 2018 data taking, so almost 5 fb~! data could not be used for the stud-
ies. As shown in the right side plot of Figure 5-38, the pileup for the true interactions
passing HLT in data is somewhat different from full integrated luminosity of 59.7 fb~!.
The pileup in 2017 data passing prescaled HLT is not same as the full 2017 integrated
luminosity of 41.5 fb~!, as displayed at the left side of Figure 5-38.

The DoubleEG dataset is used for signal for 2016 and 2017 studies as well as Dou-
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Figure 5-38 Pileup profiles for data taken in 2017 with the full integrated luminosity of 41.5fb~!
(black points) and with the prescaled HLT path (red points) in the left. For 2018 data with
the full integrated luminosity of 59.7fb~' (black points) and with the 54.4fb™! from the

low-mass HLT path (red points) used in the main analysis is in the right.

bleMuon and SingleElectron datasets are exploited for efficiency calculation, calibration
and control samples. In 2018, EGamma and DoubleMuon datasets are used for the cor-
responding studies and for related calibrations and efficiency calculation respectively.
In Table 5-6, the data samples used for the years 2016, 2017 and 2018 are placed along

with their integrated luminosity.

Signal samples corresponding to four major Higgs production mechanism are pro-
duced with POWHEG and MADGRAPH_aMC@NLO v2.4.2 generators. However, the
MADGRAPH_aMC@NLO samples are used in order to carry out the studies presented
here for the low-mass search analysis. The samples at the parton level are interlinked
to PYTHIAS.230 for the purpose of parton showers and hadronization. The recom-
mended cross-sections and branching ratios by LHCXSWG are used [59]. The signal
samples are generated with 5 GeVgranularity from 65 GeVto 115 GeVHiggs mass val-
ues which are to be used for signal modeling in all of the three years. In order to increase
the number of events for dijet and combined (diphoton plus dijet) MVA training used
for VBF categorization, the 60 GeVsignal MC samples are also used. The simulated
background samples are produced using various generators. The matrix-element gen-
erator MADGRAPH is interlinked with PYTHIAS8 and SHERPA which also generate
particle showers. SHERPA (v.2.2.4) is used to model the prompt-prompt background

for diphoton. It also includes the born processes having up to 3 jets at lowest-order
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(LO) along with the box processes at LO. The simulation of DY samples is done by us-
ing MADGRAPH_aMC@NLO. In Table 5-7, all of the background samples are listed
used in the current studies with their corresponding events counts and cross-section,
for 2017 and 2018 analyses. The samples used in 2016 analysis which are actually
the same background samples but generated using 2016 pileup conditions. All of the
background events are generated using same conditions as that of the SM Higgs boson
events. These background events are exploited in calculation of shower shape correc-
tions, energy scales and spreading corrections, setting the preselection criteria, photon
ID efficiencies and MVA classifier training, estimations of systematic errors and also for

validation purposed. The background estimation is done by using the data directly [105].
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Table 5-6 Data samples used in the analysis, with their corresponding integrated luminosity

per run-periods.

Dataset name Run-range L[fb7]
/DoubleEG/Run2016B-17Jul2018_ver2-v1!
/DoubleEG/Run2016C-17Jul2018-v1'
/DoubleEG/Run2016D-17Jul2018-v1!
/DoubleEG/Run2016E-17Jul2018-v1! 36.3
/DoubleEG/Run2016F-17Jul2018-v1!
/DoubleEG/Run2016G/H-17Jul2018-v1!
/DoubleEG/Run2017B-31Mar2018-v1/MINIAOD' 297047-299329 4.79
/DoubleEG/Run2017C-31Mar2018-v1/MINIAOD! 299368-302029 9.63
/DoubleEG/Run2017D-31Mar2018-v1/MINIAOD' 302030-302663 4.24
/DoubleEG/Run2017E-31Mar2018-v1/MINIAOD' 303818-304797 9.30
/DoubleEG/Run2017F-31Mar2018-v1/MINIAOD! 305040-306460 13.54
/EGamma/Run2018A-17Sep2018-v2/MINIAOD
/EGamma/Run2018B-17Sep2018-v1/MINIAOD 314472-325175  54.4%°
/EGamma/Run2018C-17Sep2018-v1/MINIAOD 59.4%4
/EGamma/Run2018D-22Jan2019-v2/MINIAOD
/DoubleMuon/Run2016B-17Jul2018_ver2-v1'
/DoubleMuon/Run2016C-17Jul2018-v1!
/DoubleMuon/Run2016D-17Jul2018-v1!
/DoubleMuon/Run2016E-17Jul2018-v1' 36.3
/DoubleMuon/Run2016F-17Jul2018-v1!
/DoubleMuon/Run2016G/H-17Jul2018-v1!
/DoubleMuon/Run2017B-31Mar2018-v1/MINIAOD' 297047-299329 4.79
/DoubleMuon/Run2017C-31Mar2018-v1/MINIAOD' 299368-302029 9.63
/DoubleMuon/Run2017D-31Mar2018-v1/MINIAOD! 302031-302663 4.24
/DoubleMuon/Run2017E-31Mar2018-v1/MINIAOD! 303824-304797 9.30
/DoubleMuon/Run2017F-31Mar2018-v1/MINIAOD' 305040-306462 13.54
/DoubleMuon/Run2018A-17Sep2018-v2/MINIAOD
/DoubleMuon/Run2018B-17Sep2018-v1/MINIAOD 314472-325175  59.5%°
/DoubleMuon/Run2018C-17Sep2018-v1/MINIAOD
/DoubleMuon/Run2018D-PromptReco-v2/MINIAOD
/SingleElectron/Run2016B-17Jul2018_ver2-v1!
/SingleElectron/Run2016C-17Jul2018-v1!
/SingleElectron/Run2016D-17Jul2018-v1!
/SingleElectron/Run2016E-17Jul2018-v1! 36.3
/SingleElectron/Run2016F-17Jul2018-v1!
/SingleElectron/Run2016G/H-17Jul2018-v1!
/SingleElectron/Run2017B-31Mar2018-vI/MINIAOD'!  297047-299329 4.79
/SingleElectron/Run2017C-31Mar2018-vI/MINIAOD'  299368-302029 9.63
/SingleElectron/Run2017D-31Mar2018-v1/MINIAOD' 302030302663 4.24
70 /SingleElectron/Run2017E-31Mar2018-v1/MINIAOD'  303818-304797 9.30
/SingleElectron/Run2017F-31Mar2018-v1/MINIAOD!  305040-306460 13.54
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Table 5-7 Background samples used for training and validation purpose in 2017 and 2018 along

with their relative number of events, cross-section (pb) and Equiv. Lumi. (pb7H).

2017 Samples Events o Equiv. Lumi.

/GJet_Pt-20t040_DoubleEMEnriched MGG-80toInf_TuneCP5_13TeV_Pythia8/
RunlIFall17MiniAODv2-PU2017_12Apr2018_94X_mc2017_realistic_v14-v1l/
MINIAODSIM 17058859 220.0 77540.2

/GJet_Pt-40toInf_DoubleEMEnriched_MGG-80toInf_TuneCP5_13TeV_Pythia8/
RunlIIFall17MiniAODv2-PU2017_12Apr2018_94X_mc2017_realistic_v14-v2/
MINIAODSIM 77049626 850.8 90561.4

/GlJet_Pt-20toInf_DoubleEMEnriched_MGG-40to80_TuneCP5_13TeV_Pythia8/
RunlIFall17MiniAODv2-PU2017_12Apr2018_94X_mc2017_realistic_v14-v1/

MINIAODSIM 42042387 3216.0 13072.9
/QCD_Pt-30to40_DoubleEMEnriched_ MGG-80toInf_TuneCP5_13TeV_Pythia8/
RunlIFall17MiniAODv2-PU2017_12Apr2018_94X_mc2017_realistic_v14-v1/

MINIAODSIM 14501828 22110.0 655.9

/QCD_Pt-30toInf_DoubleEMEnriched_MGG-40to80_TuneCP5_13TeV_Pythia8/
RunlIFall17MiniAODv2-PU2017_12Apr2018_94X_mc2017_realistic_v14-v1l/
MINIAODSIM 41954304 241400.0 173.8

/QCD_Pt-40toInf_DoubleEMEnriched_ MGG-80toInf_TuneCP5_13TeV_Pythia8/
RunlIFall17MiniAODv2-PU2017_12Apr2018_94X_mc2017_realistic_v14-v1/
MINIAODSIM 20341160 118100.0 172.2

/DiPhotonJetsBox_MGG-40to80_13TeV-Sherpa/
RunlIFall17MiniAODv2-PU2017_12Apr2018_94X_mc2017_realistic_v14-v2/
MINIAODSIM 3849864 303.2 12697.4

/DiPhotonJetsBox_MGG-80toInf_13TeV-Sherpa/
RunlIIFall17MiniAODv2-PU2017_12Apr2018_94X_mc2017_realistic_v14-v2/
MINIAODSIM 49605719 84.4 587745.5

/DYJetsToLL_M-50_TuneCP5_13TeV-amcatnloFXFX-pythia8/
RunlIIFall17MiniAODv2-PU2017_12Apr2018_94X_mc2017_realistic_v14-v1/
MINIAODSIM 27413121 5765.4 3222.1

/DYlJetsToLL_M-50_TuneCP5_13TeV-amcatnloFXFX-pythia8/
RunlIFall17MiniAODv2-PU2017_12Apr2018_94X_mc2017_realistic_v14_ext1-v1/
MINIAODSIM 182100467 5765.4 21405.1

2018 Samples” Events o Equiv Lumi

/GJet_Pt-20t0o40_DoubleEMEnriched MGG-80toInf_TuneCP5_13TeV_Pythia8/
RunlTAutumn18MiniAOD-102X_upgrade2018_realistic_v15_ext1-v2/
MINIAODSIM 14366641 220.0 65302.9

/GJet_Pt-40toInf_DoubleEMEnriched_MGG-80toInf_TuneCP5_13TeV_Pythia8/
RunlTAutumn18MiniAOD-102X_upgrade2018_realistic_v15-v1/MINIAODSIM 10205533 850.8 11995.2

/GJet_Pt-20toInf_DoubleEMEnriched_MGG-40to80_TuneCP5_13TeV_Pythia8/
RunlTAutumn18MiniAOD-102X_upgrade2018_realistic_v15_ext1-v2/
MINIAODSIM 6072002 3216.0 1888.1

/QCD_Pt-30toInf_DoubleEMEnriched MGG-40to80_TuneCP5_13TeV_Pythia8/

RunlTAutumn18MiniAOD-102X_upgrade2018_realistic_v15-v2/MINIAODSIM 10912544 241400.0 45.2
/QCD_Pt-40toInf_DoubleEMEnriched_ MGG-80toInf_TuneCP5_13TeV_Pythia8/
RunITAutumn18MiniAOD-102X_upgrade2018_realistic_v15-v1/MINIAODSIM 10895375 118100.0 92.3
/DiPhotonJetsBox_M40_80-Sherpa/

RunITAutumn18MiniAOD-102X_upgrade2018_realistic_v15-v1/MINIAODSIM 4881986 303.2 16101.5

/DiPhotonJetsBox_MGG-80toInf_13TeV-Sherpa/

RunITAutumn18MiniAOD-102X_upgrade2018_realistic_v15-v1/MINIAODSIM 14857013 84.4 176031.0
/DYlJetsToLL_M-50_TuneCP5_13TeV-amcatnloFXFX-pythia8/

RunlTAutumn18MiniAOD-102X_upgrade2018_realistic_v15_ext2-v1/ 71
MINIAODSIM 193215674 5765.4 22711.5

“*QCD_Pt-30to40_DoubleEMEnriched_MGG-80toInf_TuneCP5_13TeV_Pythia8’ is not available
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5.10 Event selection and reconstruction

5.10.1 L1 trigger and HLT

In 2016 studies with legacy data, two HLT paths were active during the data col-

lecting period and used in the analysis are shown in Table 5-8.

Table 5-8 HLT Trigger paths employed in 2016 data taking.

Trigger Path Prescale

HLT_Diphoton30EB_18EB_RO9Id_OR_IsoCalold_ AND_HE_R9Id_DoublePixel Veto_Mass55_v7 1
HLT_Diphoton30PV_18PV_R9Id_AND_IsoCalold_AND_HE_R9Id_DoublePixel Veto_Mass55_v7 1

The HLT_Diphoton30EB_18EB_R91d_OR_IsoCalold_AND_HE_R9Id_Double
PixelVeto_Mass55 path (called “OR” path) is used for the photons reconstructed in EB.
The HLT_Diphoton30PV_18PV_R91d_AND_IsoCalold_AND_HE_R9Id_DoublePix
elVeto_Mass55 (called “AND” path) was considered for the photons both in EB and
EE. It is needed that they pass the requirements on the Rq and Calol D + I so filters.
The same strategy employed for the trigger efficiency as used in previous published
results with 2016 dataset. The HLT paths used during the 2017 and 2018 data taking

are listed in Table 5-9. As the instantaneous luminosity was increased, the "OR” path

Table 5-9 HLT Trigger paths employed in 2017 and 2018 data taking.

Year Trigger Path

2017 HLT_Diphoton30PV_18PV_R9Id_AND_IsoCalold_AND_HE_RO9Id_PixelVeto_Mass55

2018 HLT_Diphoton30_18_R9IdL._AND_HE_AN_IsoCalold_NoPixelVeto

was removed in order to sustain the HLT bandwidth as well as collecting signal events
as much as possible. Only the ”AND” path was kept as mentioned above. This path is
dedicated for the low-mass analysis and possess some differences w.r.t. the one used
for Standard Higgs analysis. Keeping in mind the complexity 2017 HLT path, a new
path was proposed for the 2018 data taking period with a different logic as well as the
filters reorganization. In this way, the same efficiency was ensured as that of 2017 path
and in the meantime, the rate was reduced by a factor of three providing room for cuts
relaxation and to extend the search region. As a result, the mass cut and the pixel veto

got removed. The HLT paths for 2016, 2017 and 2018 are constructed in two parts. The
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”seeded leg part” and the “unseeded leg part”. A layout of the trigger requirements, the
list and various trigger filters can be seen in Figure 5-39, Figure 5-40 and Figure 5-41

for 2016, 2017 and 2018 respectively.

“OR” PATH “AND” PATH
L1 SEEDED LEG L1 SEEDED LEG
- [E> 10 Gev ] + E>306ev ()
+ E,>30GeV(EB + E;>30GeV (EB)
Ry>0.5(0.8) in EB(EE) + Ry>0.5(0.8) in EB(EE)
H/E < 0.10(0.1) in EB(EE) + H/E<0.10(0.1) in EB(EE)

!

- OR |* Own<0.015(0.035) in EB(EE) - uaND”| [+ i< 0.015(0.035) in EB(EE)
Ry > 0.85(0.9) in EB(EE) | « ECALisolation < 6.0 + 0.012E; Ro>0.85(0.9) in EB(EE) |T| + ECALisolation < 6.0 + 0.012E,

UNSEEDED LEG (N 2 2) UNSEEDED LEG (N 2 2)
.« E; >18GeV .« E; >18GeV
- [n<1s] - [n<2s]
+ Ry>0.5(0.8) in EB(EE) + Ry>0.5(0.8) in EB(EE)
+ H/E <0.10(0.1) in EB(EE) + H/E <0.10(0.1) in EB(EE)
- [PeLvero - [PeLvero |
,yin< 0.015(0.035) in EB(EE) l + 0,n< 0.015(0.035) in EB(EE)

* inin inin
R,>0.85(0.9) in EB(EE)| OR |+ ECALisolation < 6.0 +0.012E; l Ry>0.85(0.9) in EB(EE) ||“AND”| |+  ECAL isolation < 6.0 + 0.012E,

* Track isolation < 6.0 + 0.002E, * Track isolation < 6.0 + 0.002E;
M,,> 55 GeV M, > 55 GeV

Figure 5-39 Layout of 2016 HLT path showing the list, position and logic of filters.

L1 SEEDED LEG (N 2 1)
E; > 30 GeV (EE)
E; > 30 GeV (EB)
Ry > 0.5(0.8) in EB(EE)
H/E < 0.10(0.1) in EB(EE) |

.
.

N\

Input collection: ys passing H/E filter
If at least 1y passes highRy | #y =1
Filters:
Giyin< 0.015(0.035) in EB(EE)
/ « ECALisolation < 6.0 + 0.012E;

UNSEEDED LEG (N 2 2)
*« E;>18GeV

¢ n<25

* Rg>0.5(0.8) in EB(EE)

7/

Input collection: ys passing H/E filter
#y=1
Filter: Ry> 0.85(0.9) in EB(EE)

H/E <0.10(0.1) in EB(EE)

|+ PIXEL VETO | \
Input collection: ys passing pixel veto
If at least 1y passes highRy | #y > 1
Filters:
i< 0.015(0.035) in EB(EE)
ECAL isolation < 6.0 + 0.012E;
M,,> 55 GeV » Track isolation < 6.0 + 0.002E

#y=2

Input collection: ys passing pixel veto
#y=>1
Filter: Ry> 0.85(0.9) in EB(EE)

Figure 5-40 Layout of 2017 HLT path showing the list, position and logic of filters.

The trigger efficiencies are computed using the tag-and-probe (TnP) technique
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L1 SEEDED LEG

E; > 30 GeV (EE)
E; > 30 GeV (EB)

+ |Ro>0.5(0.9) in EB(EE) |
H/E <0.12(0.1) in EB(EE)

o

inin< 0.015(0.035) in EB(EE)
¢ ECALisolation < 6.0 + 0.012E;

UNSEEDED LEG (N 2 2) '
-
n <2.55
+ |Rg>0.5(0.9) in EB(EE) |
H/E < 0.12(0.1) in EB(EE)

Oiyin< 0.015(0.035) in EB(EE)

ECAL isolation < 6.0 + 0.012E;
¢ Track isolation < 6.0 + 0.002E;

Figure 5-41 Layout of 2018 HLT path showing the list, position and logic of filters.

on Z — ee events as done in the standard H — yy analysis [106]. By applying the
single electron HLT path and with some offline selection, high purity Z — ee events
can be acquired. In the single electron trigger, the electron from the pair which fires
is called “tag” and the second can serve as an unbiased “probe” which is then used to
estimate the diphoton path efficiency. All of the tags candidates have to pass the trigger
HLT _Ele27_WPTight_Gsf for 2016 and HLT _Ele32_WPTight_Gsf for 2017 and 2018.
Additionaly, both tags and probes must have to pass the preselection criteria that is used

for the analysis (explained later) but with the inverted pixel veto.

The trigger efficiency is defined as the ratio of total number of passing (passing
the HLT condition) probes over the number of probes. In 2016 and 2017, cut-and-count
method is used while a fitting procedure is employed in 2018. The efficiency is com-
puted for the seeded and unseeded leg separately and then multiplied in order to get a
per-event value. In the TnP technique, HLT seeded leg (leading photon candidate) is
required to undergo tighter cuts, while for the unseeded leg (sub-leading photon candi-
date) the selections are relaxed relatively. The trigger efficiencies for 2016 are shown

in Figure 5-42 for seeded leg and in Figure 5-43 for unseeded leg.

The 2017 trigger efficiencies are shown in Figure 5-44 for the seeded leg and in Fig-
ure 5-45 for the unseeded leg.
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Figure 5-42 (2016) Seeded leg trigger efficiency measured on data for Z — ee events using the
TnP technique. Efficiency w.r.t. offline probe p, with the “OR” path (left) and “AND”

path (right).
CMS Preliminary 36.3fb* CMS Preliminary 36.3fb?
> 105 — > 1051
5} E E 8] E ]
c r ] c r ]
() 1 [} 1
‘S [ gee00® oo o : L] : | ‘O T o o . ° !
E= L o0 ° ] = £ 0o ®*°® ]
D 0.95[® ;e 1 © 0.95]¢® ‘ ]
6 = o. B CT) = :;++++ + + + + * B
o 09F ] 2 09e" 1
g P 3] S’ = B
5 0.85F 1 5 0.85h ]
% L ] % = ]
@ 08f ] @ 038[ ]
7} = . ) = ]
g 0. 75: 7: g 0 75: 7:
> Tt + EBR,>0.85 ] >t + EBR,>0.85 ]
0.7F | — 0.7F —
E ¢ EB085>R>050 E + EER>09 ]
0.65F = 0.651 =
0'620 ‘ ‘ 40 ‘ ‘ 60 ‘ ‘ 80 ‘ ‘100‘ ‘120 0'620 ‘ ‘40 ‘ ‘ 60 ‘ ‘ 80 ‘ ‘100‘ ‘120
probe P, (GeV) probe P, (GeV)

Figure 5-43 (2016) Final trigger efficiency of the ‘“unseeded” leg, measured as the product of
the efficiency of the unseeded leg of the standard path up to the mass filter (¢*””), the
ratio between the “OR”/AND” path efficiency of the unseeded leg up to the pixel veto,
the “STD” path efficiency of the unseeded leg just after the H/E filter (SF,), the pixel-
veto efficiency (e,,,). The “OR” path results are shown on the left, while the “AND” path

shown on right.
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Figure 5-44 (2017) Seeded leg trigger efficiency measured on data for Z — ee events using the
TnP method. R, turn-on bin on the left and in the R, plateau bin on the right.

CMS Preliminary 41502017 (13 TeV) CMS Preliminary 41.5 012017 (13 TeV)
g [ 1 & f N
g 1 g 1
) L ¢ ] 8 [ ¢ ]
S§— -
T [t 1 % i% ¢ ]
(o)) T [o))
3 0.9r T 1 g 091 1
E Pt 1 § ok 1
® 08 o o084
) = E 7] = E
(%] L B 172 L 4
[ L i c L B
S [ i 5 L i
0.77 [ ¢ EBR,>0.85 ] 0.77 ¢ EBRy0.85 ]
L ¢ EER,>0.90 i L ¢ EER,>0.90 i
[ ¢ EB0.53>R;>0.50 ] [ ¢ EB0.85>R,>0.53 ]
8L | # EE083>Rp080 ] 08f | # EE090-Rp083) ]
ol vl vl b Loy | ] ol vl vl b ey ]
20 40 60 80 100 120 20 40 60 80 100 120
probe electron ET (GeV) probe electron ET (GeV)

Figure 5-45 (2017) Unseeded leg trigger efficiency measured on data for Z — ee events using

the TnP method. R, turn-on bin on the left and in the R, plateau bin on the right.

The trigger efficiencies for 2018 data are shown in Figure 5-46 for the seeded leg and

in Figure 5-47 for the unseeded leg.

5.10.2 Photon reconstruction

The photons are reconstructed as a part of global event reconstruction which is
described in [107]. They are identified as energy clusters of ECAL. Each crystal energy

can also be shared by adjacent clusters considering a transverse profile of EM shower.
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Figure 5-46 (2018) Seeded leg trigger efficiency measured on data for Z — ee events using the
TnP method. R, turn-on bin on the left and in the R, plateau bin on the right.
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Figure 5-47 (2018) Unseeded leg trigger efficiency measured on data for Z — ee events using

the TnP method. R, turn-on bin on the left and in the R, plateau bin on the right.

These clusters are then finally merged in to superclusters (SC’s). The photon’s energy
is then estimated by the sum of the energy of clustered crystals which is calibrated and

corrected.

The SC’s are then added with the preshower energy in the region where they are
installed. In order to optimize the resolution, the energy of the photon is corrected for
EM shower containment in the SC’s and losses of energy due to the converted photons.
The MVA regression method is used to compute the correction for the photon and its

uncertainty simultaneously. The inputs are the position variables and the shower shapes
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Figure 5-48 Distributions of raw ¢ ./ E output for 2016 (top), 2017 (middle) and 2018 (bottom)
for the EB (left) and EE (right) cases. The electrons from Z — ee are reconstructed as

photons.

and both of these variables are sensitive to possible un-clustered energy, preshower in-

formation and the global event observables that are sensitive to pileup.

The energy resolution (o ¢/ E) of photon is validated with electrons originating from
the decays of Z boson but reconstructed as photons. Figure 5-48 shows the distributions

of o/ E for 2016, 2017 and 2018 datasets in barrel and endcaps. The energy resolution

78



Chapter 5: Search for a standard model-like Higgs boson in the mass range between 70 and 110 GeV in the
diphoton final state with full Run 2 dataset

CMS_Preliminary 36.3 fb* (13TeV)
e reminary. G SR
5000 —
S ¢ Data -
e C ]
s T Zoppy
20000 (— —
g [ JMC syst.]
w L ]
15000~ hi<1.4442
10000 - 4
5000; { 4
ok | | ! ol
g R e L B B A L
< 2 + E
g 4E . ToT' ot
g ETe
o 0, B ol b b b by L A
0 001 002 003 004 005 006 007 008

CMS _Preliminary

Photon o /E

415 b (13TeV)

Y0000 =
IS} = ¢ Data
35000
) E Z-uuy
= = >
Gaoooo |~ [ ]MC syst.
25000 [—
F Inl<1.4442
20000 [—
15000 [—
10000 [—
5000 —
0 £ L Ll Ll Ll
O 2F T A
= C L
= =
s g %
© C 3
O bl b b b b e dl
0 001 002 003 004 005 006 007 008
Photon 6/E
CMS_Preliminary 59.5 fb! (13TeV)
~ BT e T T
Swoo0 - [ $ Data
o £ ]
285000 - Z - ppy
sk i []MC syst.]
7130000 |~ =
E W E
25000 ni<1.4442
20000 — —
15000 — —
10000 - —
5000 — —
0: Ll 1y i o
O 15pTm T
= E w
= 1F . o0y
8 b
0% 501

Photon o /E

Events / 0.002

Data / MC

Events / 0.002

Data/MC

Events / 0.002

Data / MC

2500

2000

1500

1000

500

7000

5000

4000

3000

2000

1000

4500

4000

3500

3000

2500

2000

1500

1000

50

=]

I
to

0.5,

wo

O

-
TTTTITTTT

o

H
TTTTITTTT
=

CMS_Preliminary
T T

36.3 fb™ (13TeV)
R T

In[>1.566

CMS_Preliminary

~005

006 007 008
Photon o /E

415 b (13TeV)

- ¢ Data

6000 ; Z - ppy
- [ IMC syst.

[n[>1.566

N o

o
of
o

ar

Q

MS Preliminary
B RaRE R

PRI I
0.06 0.07

59.5 fb™ (13TeV)
IR ACA LU L

Photon o/E

¢ Data

Z-upy
F [ ]MC syst,

Inl>1.566

;o ik

ekt

L0

|
1117

oo
o

o
o
o
=
o
Q

0.07
Photon o/I

8

m

Figure 5-49 Distributions of ¢,./E of photons in top (2016), middle (2017) and bottom (2018)

with EB on left and EE on right with photons selected from Z — puuy events. The bottom

panel in each figure shows the data to MC ratio together with the systematic uncertainty.
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per photon is validated also with the photons selected from Z— uuy events. These
validations are shown in Figure 5-49. The systematic uncertainty (red bands in the plots)

placed to the obtained shape from MC events relative to a shift of o ;/E by +0.05.
5.10.3 Photon preselection

All of the diphotons within the geometrical acceptance (|| < 2.5 but not in the
barrel and endcaps gap corresponding to 1.442 < |5| < 1.566) have to pass some offline
preselection criteria which is constructed to reflect the requirements of HLT. This is to
keep the coherent phase space in data as well as in simulation (where the HLT is not
applied). The preselection requirements are slightly more stringent than the HLT. The

variables such as H/E, o;,,,, Photon ISO (p corrected), Tracker ISO and Rg are used in

nin>
preslection. The leading photon candidate have p; > 30 GeVand the subleading pho-
ton must have p; > 18 GeV. Each photon candidate of the diphoton pair has to fulfill
the electron veto condition. The photon is removed if it’s SC is found to match with
the electron track with even one hit in the pixel detector. An MVA based classifier is
used for identification which is trained by exploiting isolation, shower shape and kine-
matic variables. This photon ID MVA aid to discriminate the signal from background
photons. A very loose photon ID MVA requirement above -0.9 is applied as a part of

further selection. It significantly eliminates a large amount of non-prompt photons and

accommodate approximately 100% of prompt photons.

Additionally, a requirement which is designed to minimize the MiniAOD (data for-
mat) photon cuts is employed also at the preselection step. Both of the photons have to
pass either Ry > 0.8, Charged Hadron Isolation < 20 GeV or (Charged Hadron Isola-
tion) /pr < 0.3 if their pr > 14 GeVand H/E < 0.15. The preselection requirements for
2016 analysis are shown in Table 5-10, Table 5-11 for 2017 and Table 5-12 for 2018. In

Table 5-10 2016 preselection requirements.

R, H/E c pfPholso  TrackerIso

inin

Both photons in barrel Barrel >0.5 <007 <0.0105 <4GeV <6GeV
Atleastoneinendcap Barrel >0.85 <0.07 <0.0105 <4GeV <6GeV
Atleastoneinendcap Endcap >09 <0.035 <0.0275 <4GeV <6GeV

2017 analysis, an additional requirement is set, the diphoton pair is selected in a way that
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Table 5-11 2017 preselection requirements.

HE  o0,,, Ry  pfPholso Trackerlso
EB;R9>0.85 <0.08 <0.015 >05 <4.0 <6.0
EB;R9<0.85 <0.08 <0.015 >05 <4.0 <6.0
EE; R9>090 <0.08 <0.035 >08 <4.0 <6.0
EE; R9<0.90 <0.08 <0.035 >08 <4.0 <6.0

Table 5-12 2018 preselection requirements.

H/E o Ry  pfPholso Trackerlso
EB; R9>0.85 <0.08 <0.015 >05 <4.0 <6.0
EB; R9<0.85 <0.08 <0.015 >0.5 <4.0 <6.0
EE; R9>090 <0.08 <0.035 >08 <4.0 <6.0

at least one of the photon candidate should be in the higher Rq region. Finally, for both
2017 and 2018 studies, the diphoton pair is required to satisfy 55 < m,, < 120 GeV.
The efficiencies of preselection and loose photon ID MVA requirement apart from the
electron veto, are computed by using Z — ee events. In order to estimate the efficiency
of electron veto, Z — uuy events are taken into consideration. The efficiencies and
scale factors of preselection and loose photon ID MVA requirement are shown in Ta-
ble 5-13 and Table 5-14 respectively for 2016, Table 5-15 and Table 5-16 respectively
for 2017, and Table 5-17 and Table 5-18 respectively for 2018 data. For the pixel-seed

electron veto requirement, the efficiencies and scale factors for 2016, 2017 and 2018 are

shown in Tabel 5-19, Tabel 5-20 and Tabel 5-21 respectively.
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Table 5-13 (2016) Preselection efficiencies measured in the three 7, R, categories using tag and

probe with Z — ee events (for all preselection criteria except electron veto).

Data Simulation Ratio

Eff. Stat Eff. Stat. Scale  Stat. Unc. Syst. Err
Barrel; R, >0.85  0.8708 0.0001 0.8774 0.0002 0.9925  0.0003 0.0099
Barrel; Ry <0.85  0.7395 0.0002 0.7371 0.0004 1.0033  0.0006 0.0321
Endcap; R, >0.90 0.6219 0.0003 0.6280 0.0006 0.9903  0.0011 0.0222

Table 5-14 (2016) Loose photon ID MVA cut efficiencies measured in the three 7, R, categories

using tag and probe with Z — ee events (for all ID MVA criterion except electron veto).

Data Simulation Ratio

Eff. Stat Eff. Stat. Scale  Stat. Unc. Syst. Err

Barrel; Ry >0.85  0.9996 < 0.0001 0.9996 <0.0001 1.0000 <0.0001  0.0001
Barrel; Ry <0.85  0.9976 < 0.0001 0.9974  0.0001  1.0002  0.0001 0.0004
Endcap; Ry >0.90 0.9993 < 0.0001 0.9992 <0.0001 1.0001 < 0.0001 0.0003

Table 5-15 (2017) Preselection efficiencies measured in the four 5, R, < categories using tag

and probe with Z — ee events (for all preselection criteria except electron veto).

Data Simulation Ratio

Eff. Stat Eff. Stat. Scale  Stat. Unc. Syst. Err
Barrel; Ry >0.85  0.8699 0.0001 0.8756 0.0002 0.9934  0.0003 0.0139
Barrel; Ry <0.85  0.5986 0.0002 0.5956 0.0003 1.0050  0.0004 0.0333
Endcap; R, >0.90 0.8475 0.0002 0.8494 0.0003 0.9977  0.0004 0.0070
Endcap; R, <0.90 0.5739 0.0004 0.5770 0.0006 0.9946  0.0012 0.0155
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Table 5-16 (2017) Loose photon ID MVA cut efficiencies measured in the four #, R, categories

using tag and probe with Z — ee events (for all ID MVA criterion except electron veto).

Data Simulation Ratio
Eff. Stat Eff. Stat. Scale  Stat. Unc. Syst. Err
Barrel; Ry >0.85 0.9943 < 0.0001 0.9963 <0.0001 0.9979 <0.0001 0.0017
Barrel; Ry <0.85  0.9803  0.0001 09852  0.0001  0.9950  0.0001 0.0026
Endcap; R, >0.90 0.9951  0.0001  0.9950  0.0001 1.0001 0.0001 0.0012
Endcap; R, <0.90 0.9730 0.0002 09723  0.0003  1.0007 0.0004 0.0022

Table 5-17 (2018) Preselection efficiencies measured in the three 5, R, categories using tag and

probe with Z — ee events (for all preselection criteria except electron veto).

Data Simulation Ratio
Eff. Stat Eft. Stat. Scale  Stat. Unc. Syst. Err
Barrel; R, >0.85  0.8677 0.0001 0.8631 0.0002 1.0053  0.0003 0.0201
Barrel; R, <0.85  0.8160 0.0002 0.8105 0.0003 1.0068  0.0005 0.0588
Endcap; R, >0.90 0.7761 0.0002 0.7588 0.0004 1.0228  0.0006 0.0060

Table 5-18 (2018) Loose photon ID MVA cut efficiencies measured in the three 5, R, categories

using tag and probe with Z — ee events (for all ID MVA criterion except electron veto).

Data Simulation Ratio
Eff. Stat Eff. Stat. Scale  Stat. Unc. Syst. Err
Barrel; Ry >0.85  0.9952 < 0.0001 0.9954 <0.0001 0.9998 <0.0001  0.0007
Barrel; Ry <0.85  0.9841  0.0001  0.9829  0.0001  1.0012  0.0001 0.0029
Endcap; R, >0.90 0.9939 < 0.0001 0.9930 0.0001 1.0009  0.0001 0.0006
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Table 5-19 (2016) Efficiency of the pixel-seed electron veto, measured in the three photon cate-
gories using tag and probe with 2016 Z— puy events. The data to simulation ratio is also

shown with its uncertainty.

Data Simulation Scale Factor

Eff. Stat. Eff. Stat. Eff. Unc.
Barrel; Ry >0.85  0.9613 0.0009 0.9775 0.0014 0.9834 0.0017
Barrel; Ry <0.85  0.8828 0.0026 0.8751 0.0056 1.0088 0.0071
Endcap; Ry, >0.90 0.8329 0.0035 0.8695 0.0064 0.9580 0.0081

Table 5-20 (2017) Efficiency of the pixel-seed electron veto, measured in the four photon cate-
gories using tag and probe with 2017 Z— puuy events. The data to simulation ratio is also

shown with its uncertainty.

Data Simulation Scale Factor

Eff. Stat. Eff. Stat. Eff. Unc.
Barrel; R, >0.85  0.9382 0.0010 0.9619 0.0013 0.9754 0.0017
Barrel; Ry <0.85  0.8438 0.0026 0.8781 0.0042 0.9610 0.0054
Endcap; Ry >0.90 0.6897 0.0034 0.7495 0.0052 0.9202 0.0078
Endcap; R, <0.90 0.4561 0.0081 0.4979 0.0133 0.9161 0.0293

Table 5-21 (2018) Efficiency of the pixel-seed electron veto, measured in the three photon cate-
gories using tag and probe with 2018 Z— 1y events. The data to simulation ratio is also

shown with its uncertainty.

Data Simulation Scale Factor

Eff. Stat. Eff. Stat. Eff. Unc.
Barrel; Ry >0.85  0.9343 0.0008 0.9656 0.0013 0.9676 0.0015
Barrel; Ry <0.85  0.8465 0.0022 0.8742 0.0042 0.9683 0.0053
Endcap; R, >0.90 0.6711 0.0028 0.7589 0.0054 0.8844 0.0073
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5.10.4 Photon identification

The identification of photon is done by using a photon ID MVA classifier to dis-
criminate prompt photons from non-prompt ones. It include the unconverted photons
and mostly the ones converted within tracker sub-detector. Non-prompt are those mainly
originating from neutral (high momentum) mesons such as z°, which decays into two
photons, share same SC (supercluster) and reconstructed as single photon candidate.
The prompt photons are the ones coming from quarks, gluons or photons (at generator
level). The separation of these two classes of photons, has been done with the BDT
classifier with the TMVA 4 package. The BDT score for each of the two selected pho-
tons is then used as one of the input variables of diphoton BDT for the diphoton event
categorization. The photon ID MVA training has been done by using 2017 y + jets
simulated samples. The retraining is also done using 2018 y + jets MC samples and
performance was checked with the 2017 photon ID MVA training. The performance of
2018 training was quite similar to 2017 training in a test done on 2018 samples. The
2017 photon ID MVA weights are validated with 2018 Z— e*e™ and Z— u* u~y data
and MC events. In the analysis with 2016 data, the photon ID MVA trained for standard

H — yy analysis was used.

The BDT is trained by employing 13 TeV MC samples. The signal are the prompt
photons and the non-prompt ones are used as background which are taken from the
double EM-Enriched y + jets simulated samples. The 2017 simulated samples has been
utilized for this task. The samples used are weighted relative to their cross-section, as
they do not have similar py and mass ranges. The diphoton candidates should pass
the preselection criteria which is constructed to have a same phase space for data and
simulation. The photon candidate will be considered as signal like prompt photon if
matched to a generator level photon with the help of gen matching criteria. The photon
candidate is considered as a non-prompt photon if it does not matched to a generator
level photon. The prompt and non-prompt photons considered for MVA training have

pr > 18 GeVand m,, > 55 GeV. The BDT training is made independent of photon

ry
kinematic variables, a 2D reweighting which is based on the SC # and the candidate
photon p; of signal photons to background photons is performed. The re-weighted

plots are presented in the Figure 5-50.

During the training, BDT classifier differentiate among input variables for prompt
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Figure 5-50 (2017) p;, supercluster # shown for barrel(left), and endcap(right), background
photons distributions are shown in red, signal photons are in - blue and the signal photon

ones reweighted with 2D p,. - ;- weights are shown in green.

and non-prompt photons. For barrel and endcaps, two separate training are performed.
The input variables for the training are the photon kinematic, shower shape and isola-
tion variables. p, SC 7 are the kinematic variable.. The shower shape variables are o;,;,,
Coviyigs Enyrl Esys, Ry, 6, and o4 as defined in section 4.6.1. The isolation variable
are the PF Photon ISO, PF Charged ISO (worst vertex) and PF Charged ISO (selected
vertex). Supercluster raw energy Ep 4y is also used for both barrel and endcap pho-
tons. For the endcaps, two additional variables are used i.e. preshower spread (o g) and
Erg/Egaw as defined in section 4.6.1. These two variables help to increase the perfor-

mance of photon ID in the endcap. The validation of minimum photon ID BDT output

score is done by using signal samples and other H — yy backgrounds (photon plus jets,
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QCD dijet, diPhotons and DYjetsToLL) have been used for 2017 and 2018 data/simu-
lation studies. The photon ID MVA training which is developed for 2017 conditions is

applied to diphoton events in data and simulation for 2017 and 2018.

The validation of the photon ID BDT input variables of is done by Z— ee events
where electrons are considered as reference to photons (i.e. neglecting tracks). The val-
idation process is carried out by exploiting tag and probe technique with the electrons
from Z decays in 2016, 2017 and 2018 analysis. The shower shape and isolation correc-
tions are applied to the electrons before making any selections in 2016, 2017 and 2018
simulation samples. The inverted electron veto is then applied to all of the events a part

of preselection. Figure 5-51 shows the Z— ee validations for two of the variables.
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ECAL barrel for probe candidates for 2016 (top), 2017 (middle) and for 2018 (bottom).
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The validations are also done for Z— uuy events that are selected in data with
high photon purity (~99.5%) after the Z— puy event selections. The photon candidates
has to pass analysis preselections (Section 5.10.3) along with the loose requirement on

photon ID with MVA > —0.9.
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Figure 5-52 2017 distributions of the photon Couv,,,, (left) and ¢ width (right) in ECAL barrel
with 2017 (top) and for 2018 (bottom). Points are data and the green filled histogram is

simulation.

The photon ID MVA score distributions are shown in Figure 5-53 and Figure 5-
54 for Z — ee and Z— upy events. The data and simulated distributions agree well
within the systematic uncertainty, corresponding to a shift in the value of the BDT score
of +0.05 along with a linearly increasing term for the tail with low values of the photon
ID MVA score in the EB, and a constant +0.06 in the EE. In 2016 and 2018, the sys-

tematic uncertainty in the MC photon ID BDT score in EB and EE are taken from the
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standard H — yy with the systematic uncertainty doubled in EE for 2018 in Z — ee
validations. For the validations with Z— puuy events, the same consideration of the sys-
tematic uncertainty as the standard H — yy analysis is employed for 2016 and 2018.
In 2017, the systematic uncertainty correspond to a shift of +0.04 (EB)/+0.06 (EE) in
the value of the MVA output along with a linearly increasing term (only EB case) at low

values from -0.9 to 0.2.
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Figure 5-53 Photon ID MVA output distribution for Z — ee (left) and Z— uuy (right) in
ECAL barrel for 2016 (top), 2017 (middle) and for 2018 (bottom).
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Figure 5-54 Photon ID MVA output distribution for Z — ee (left) and Z— puy (right) in
ECAL endcaps for 2016 (top), 2017 (middle) and for 2018 (bottom).
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The photon ID validation plot for the lower-scoring photon from diphoton pairs
in data and background simulated samples is presented in Figure 5-55. The data and
simulated backgrounds events are considered in the final fit range of invariant mass,
M, € (65—120) GeV. The prompt-prompt component of the total background is scaled
by a factor of 1.3. The total and individual components of the backgrounds are scaled
to data by a global Scale Factor (SF) of 0.869676 for 2017 and 1.08751 for 2018. The
MC background samples are used only for the training of BDT, the agreement is more

or less consistent with data.
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Figure 5-55 Photon identification BDT score of the lower-scoring photon of diphoton pairs in

an event in 2017 (left) and 2018 (right).

5.10.5 Additional selections for Drell-Yan suppression

The relic DY events that have a mass peak not very far from observed excess in the
previous published results with 2016 dataset [14], are suppressed by introducing two
additional cuts as our definitive strategy. The investigation of significantly higher pro-
portion of surviving DY events in 2018 compared to the other years, led us to realize that
a stricter DY suppression technique than Pixel-Seed electron veto (PSV) was required.
We have spent a considerable amount of time to develop the additional DY suppression
strategy. These cuts are defined as follows

e so-called “linear cut”: log(Zp%) <= 0.016 x p}}y + 6.0, where log(Zp%) is log-

arithm of the sum of squares of transverse momenta of all the tracks associated with
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the chosen vertex as described in next subsection, and pyTy is the transverse momen-
tum of the selected diphoton candidate. The / og(ZpZT) distributions of the relic DY MC
events and the signal events after the preselection from 90 GeV ggH production mech-
anism are shown in Figure 5-56 for 2016, 2017 and 2018 analysis. In 2D plots, white
line shows the boundary of this linear cut Figure 5-56. It has the ability to reject almost
~25%1~45%I/~56% of relic DY events as well as keeping ~97% of boosted signal events
in 90 GeV ggH sample in for all of the three years as can be seen in Figure 5-57 where
red circles shows when events are categorized into 3 untagged event classes.

o «“NMaiched _ (y». Ny Maiched i the number of electrons that are reconstructed and
matching to each of the photon from the diphoton candidate. The p; of electron should
be greater than 9 GeV as required in the 4 AO D production and used in all of the H — yy
studies with full Run 2 data. For an electron matches to a photon should satisfy at least
one out of the following 4 quantities: AR(y, electron), AR(y — supercluster, electron),
AR(y,electron— supercluster) and A R(y — supercluster, electron— supercluster), has
to be less than 0.2. As presented in Figure 5-57, the blue circles with this cut, can also
efficiently suppress the relic DY background while at the same time, keep the signal
« N Matched

efficiency of about 95%. On the top of linear cut,
to mimic an additional ~63%/~70%/~65% of relic DY events in 2016/2017/2018 and

= 0” requirement can aid

keeping almost 95% efficiency signal events.

As a result, by combining these two requirements, we are able to reject ~55%/
~60%/~T70% of relic DY events and keep about ~92% efficiency of the 90 GeV ggH
signal events in 2016, 2017 and 2018 analysis, as presented as black points in the Fig-
ure 5-57. In the most sensitive class 0, the events with higher diphoton BDT scores,
these additional cut help to reject ~63%/~70%/~65% of relic DY background as well
as keeping almost ~90% efficiency of the 90 GeV ggH signal events in 2016, 2017 and
2018 analysis.

The Z — ee events are used to measure the efficiencies of the linear cut are for both
data and Drell-Yan MC. In order to eliminate the effect because of two electron tracks
in original log(Zp:‘}) with larger values, a modified log(Zp%) with matched tracks to
each of two photon candidates removed, is used to calculate the linear cut efficiencies.
The tracks matching criteria to each of leading and subleading photon candidates, is

that A R between any tracks and each photon candidate or its supercluster should be less
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Figure 5-56 Comparisons of the / og(Zp%) distributions of the relic DY MC events and the signal

events from 90 GeV ggH production mode (left), / og(ZpT) versus p ” for the signal events
from 90 GeV ggH production mode (middle) and the relic DY MC events (right). The

boundary of the linear cut, log(ZpT) <= 0.016 x p ” 4+ 6.0, is shown as the white line in

each 2D plot. Top plots are for 2016, middle plots are for 2017 and the bottom ones are
for 2018.
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Figure 5-57 Selection efficiencies of the linear cut, “N »““"*/ = (”” and the combination of these
two requirements on the relic DY events (left) and 90 GeV ggH signal events (right). Top
plots are for 2016, middle plots for 2017 and the bottom ones for 2018.
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than 0.05. The ratio between the number of Z — ee events after the linear cut and the
total number of Z — ee events after the preselection is referred as efficiency. For the
linear cut, efficiencies and scale factors can be seen in Figure 5-58 for 2016, 2017 and
2018. The quadratic sum of the statistical uncertainty(from the nominal fitting) and the

systematic uncertainty is taken as total uncertainty.
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Figure 5-58 Efficiencies measured using Z — ee events in data (top left) and MC (top right),
and the scale factors (bottom) of the linear cut with 2016, 2017 and 2018 datasets.

The efficiencies of “NM@¢hed = (” cut are computed using the photons of Z—
uuy events in both Drell-Yan and MC. The e-veto requirement is used for the estima-
tion of efficiencies and scale factors of “NM@ched — (7 The efficiency is measured
as the ratio of photons surviving the “NM#¢h¢d — (” cut divided by the total num-
ber of photons. Table 5-22, Table 5-23 and Table 5-24 shows the efficiency results of
“N 5\4 atched — (y* cut in data and MC and their ratios, in 2016, 2017 and 2018 datasets.
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Table 5-22 (2016) Efficiency of the “N»“<"*¢ = (7’ requirement, measured in the three photon
categories using tag and probe with 2016 Z— uy events. The data to simulation ratio is

also shown with its uncertainty.

Data Simulation Scale Factor

Photon categories Eff. Stat. Eft. Stat. SF Unc.

Barrel; Ry >0.85  0.9946 0.0003 0.9947 0.0006 1.0000 0.0007
Barrel; Ry <0.85  0.9425 0.0018 0.9255 0.0042 1.0184 0.0050
Endcap; R, >0.90 0.9618 0.0019 0.9317 0.0045 1.0323 0.0054

Table 5-23 (2017) Efficiency of the “N eM aiched — (1’ requirement, measured in the four photon
categories using tag and probe with 2017 Z— uuy events. The data to simulation ratio is

also shown with its uncertainty.

Data Simulation Scale Factor

Photon categories Eff. Stat. Eff. Stat. SF Unc.

Barrel; Ry >0.85  0.9928 0.0003 0.9936 0.0005 0.9993 0.0006
Barrel; Ry <0.85  0.9169 0.0018 0.9232 0.0030 0.9932 0.0038
Endcap; Ry, >0.90 0.9590 0.0017 0.9638 0.0026 0.9951 0.0032
Endcap; R, <0.90 0.8035 0.0091 0.8009 0.0140 1.0033 0.0209

Table 5-24 (2018) Efficiency of the “N »“<"*! = (7’ requirement, measured in the three photon
categories using tag and probe with 2018 Z— uuy events. The data to simulation ratio is

also shown with its uncertainty.

Data Simulation Scale Factor

Photon categories Eff. Stat. Eff. Stat. SF Unc.

Barrel; Ry >0.85  0.9928 0.0003 0.9932 0.0005 0.9996 0.0006
Barrel; Ry <0.85  0.9232 0.0015 0.9253 0.0032 0.9978 0.0039
Endcap; Ry, >0.90 0.9628 0.0013 0.9606 0.0028 1.0023 0.0032

5.10.6 Diphoton vertex identification

For the diphoton vertex identification, the same as described in [105] is used.

A BDT classifier is employed to obtain a diphoton vertex among the set of all primary
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vertices. The sum of the square of transverse momenta of the charged particle connected
with the vertex, two variables which define the vector and scalar balance of p; of the
diphoton system and the charged particle tracks linked with the vertex. Moreover, if
the photon is associated with any tracks of charged particle which have been identified
as resulting from conversion process, the pull between the longitudinal positions of the
primary vertex of the conversion tracks alone as well as from all the associated tracks
has been added to the BDT input variable set. The detailed description along with the

performance of the vertex ID for all of the years can be accessed in [105].
5.10.7 Event classification

This analysis utilize the events with diphoton pairs and each photon is required
that the ratio of its transverse momentum, py, to invariant mass of the diphoton system,
m,,. be pi/m,, > 0.47 (~ 30.55/65.) and ph-/m,, > 0.28 (~ 18.20/65.), where 7,0,
are the photon candidates with the highest (next-to-highest) value of p;. The use of pr
thresholds scaled by m,,, stop the distortion of the low end of diphoton mass spectrum
which results if we use a fixed threshold. Preselection requirements has to be satisfied
by each of the photon candidate as well as a minimum requirement on photon ID BDT
value (>-0.9). The diphoton system finally have the invariant mass lie within the range
65 <m,, <120 GeV.

The analysis sensitivity has been enhanced by categorizing of events using mass
resolution, signal-to-background ratio and production modes. The Higgs production
mechanisms are identified by selecting the final objects in addition to the diphoton pair
except the ggH mode. In the VBF production mode of Higgs boson is accompanied by
a pair of jets separated by a large rapidity gap. Dijet events tagging for VBF class has
significantly increased the overall sensitivity of the analysis. The dijet objects tagged
events considered as exclusive categories and those which are remain untagged are the
inclusive categories determined by the ggH mechanism. The inclusive categories are
splitted to combine events with identical mass resolution.

The studies have been done with 2017 and 2018 data, so one additional VBF tagged
event class was finally introduced in 2017 and 2018 analyses. In 2016 analysis, the
events are categorized in to different event classes based on the retrained diphoton BDT.
The rest of events in 2017 and 2018 as well as all of the events in 2016 analysis are

divided in to classes using the diphoton BDT score. The boundaries are also optimized

99



Chapter 5: Search for a standard model-like Higgs boson in the mass range between 70 and 110 GeV in the
diphoton final state with full Run 2 dataset

for 2016 and 2017. The total number of these event classes and their boundaries are
determined, such as to maximize the expected signal significance. The same boundaries
are employed for both the 2017 and 2018 analyses. Three untagged event classes are
used in 2016, 2017 and 2018 and referred as 0, 1, 2 where class O contains the events
with greatest expected sensitivity. If there are more than one diphoton candidate within
the analysis mass window is present then the candidate with the highest priority tag is
selected. In case of multiple diphoton pairs with same tag priority, the diphoton with
highest p photons is then considered. For the studies presented in this chapter, 3 event

classes are considered in 2016 analysis and 4 event classes in 2017 and 2018 analyses.

5.10.8 Diphoton BDT classifier

The sensitivity of analysis is increased by splitting the events in to categories, char-
acterized by a high signal-to-background ratio and better mass resolution. The studies
presented here has new updates w.r.t. to the previous published low-mass analysis [14].
The categorization of events is performed based on the output of event classifier which
aim to assign events having high scores with two photons such that they fulfill the fol-
lowing criteria:

e signal-like kinematic characteristics

e good diphoton mass resolution

e scores from the photon identification BDT in the ‘photon-like’ region

The MVA classifier does not select the events on the basis of invariant mass of the
diphoton pairs such as not be biased by the related mass used at the time of generation
of signal component of the training sample. The diphoton events are selected after they
fulfill the preselection criteria described in Section 5.10.3 and in addition a loose selec-
tion on the ID MVA output (> —0.9) which is 99% efficient for signal events passing
the preselection requirements.

The TMVA package is employed for the training of diphoton BDT classifier with
the hyperparameters NTrees=2000, MaxDepth=3 and MinNodeSize=0.125 are used.
This is done specifically on the low mass signal samples for all of the four production
modes (ggH, VBF, VH, and ttH) and my = 90 GeV. The selection of background
events is made from the simulated SM background samples, which includes the prompt

(from diphoton + jets sample), prompt-fake (from photon + jet and QCD di-jet sam-
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ples) and fake-fake (from QCD di-jet samples) contributions. Due to the presence of
high weights in the QCD dijet sample because of not enough simulated events, the events
are down-weighted by a factor of 25 to prevent over-training of the input variables. The
variables used as input to the classifier are the transverse momenta for both photons,
rescaled for the diphoton mass (plT’(z)/mW), pseudorapidities of both photons (5'?),
cosine of the angle between the two photons in the transverse plane (cos(A¢)), identi-
fication BDT score for both photons, per-event relative mass resolution estimate, under
the hypothesis that the mass has been reconstructed using the correct primary vertex
(c,,), per-event relative mass resolution estimate, under the hypothesis that the mass
has been reconstructed using an incorrect primary vertex (o,,,) and per-event probabil-
ity estimate that the correct primary vertex has been used to reconstruct the mass, based
on the event-level vertex selection MVA (p,;,). The shapes of the BDT input variables
for 2016 legacy are shown in Figure 5-59. The BDT output variable shapes are shown
in Figure 5-60 for 2016 legacy and 2017. The events with the higher BDT score bins
shows the properties of signal events (signal kinematics with boosted p, more central
photon pairs, good mass resolution, “photon-like” values from the photon ID BDT).

The discriminating power between signal and background events of the BDT classifier
in the form of ROC (Receiver Operating Characteristic) curves are shown in Figure 5-61
for 2016 legacy and 2017. The ROC curves are extracted by using the test sample such

as to prevent bias in the results.

As it is already mentioned that 2017 analysis diphoton BDT training is used for
2018 data analysis. Apart from the validations of 2018 analysis diphoton BDT score
using Z — ee and diphoton data/simulation comparison, we had also checked perfor-
mance ("ROC”) of 2018 analysis diphoton BDT using 2017 analysis weight file. The
”ROC” comparison along with the normalized distributions for signal and background
of 2017 and 2018 can be seen in Figure 5-62. The "AUC (Area Under Curve)” value
for 2018 analysis with 2017 training, is a little lower (around 2%) than the 2017 one but
this difference is acceptable.

The validation is done using electrons reconstructed as photons in Z — ee events
in data and Drell-Yan simulation with the electron veto inverted applied as a part of pre-
selection. The comparison of the signal model shape for Z — ee in data and simulation

represents a crucial check that the BDT input variables modeling and their correlations

101



Chapter 5: Search for a standard model-like Higgs boson in the mass range between 70 and 110 GeV in the
diphoton final state with full Run 2 dataset

gt vaitie: suticsdpiom gt varisse: s |
b E
{: = 1: g §
o = - -
i g f: g g
¢ 2 je 2 ¢
{4 E g
i ia i
a o 4 a
. ! s
03 04 05 08 0.7 o8 08 1 [
subleadpborm
I puf variahle: eadeta [in puf variabie: subleadeta |
8 8
H: © g .
I 3 i3 g
H? = ¢ E 4
H el el
5 i i
q 2 2
| — {i ] ]
i i i i i i i L ] a L]
08 -3E-24 0F 0 0F 0.4 08 08 1
subleadmia
i il e w0 e | [k Errien e e P et onc )
B L B B A M na: - oo T T T
g 180 b g
2 i § 2 g
g @ i ® g8, g
g W {: = ¢ Z £
= an A5 = a - 2! a
& EE ! !
o EH : :
- E s
: ! ! !
l.- ' L I ||. !._ .5 i i - - 1 El ok .5
00F Q4 G068 008 G 012 0 GO 004 Q06 OB Q1 G2 a4 - 0.5 ] [
sigmany S gy CosPhi
g I s e
o
=~ 8
A
£ ¢

o 5,8 (0, 308 ¢ L) ELCH

¢ 0Z 03 o4 a5 08 07 08 09 1
wiiprob

Figure 5-59 Comparisons on the input variables of 2016 legacy diphoton BDT between the
signal and background. The blue distribution corresponds to the signal whereas the red

one corresponds to the background.

in the simulation are accurate sufficiently. The single electron data samples and the trig-
ger (single electron HLT) path used for 2016 legacy is HLT_Ele27_WPTight_Gsf. For
2017 samples, the trigger path applied to both data and simulation is HLT_Diphoton30PV
_18PV_RO9Id_AND_IsoCalold_AND_HE_RO9Id_NoPixelVeto_Mass55, prescaled by a
factor of 18. For 2018 samples, the default low-mass analysis path is used which is
HLT_Diphoton30_18_R9IdL_AND_HE_AND_IsoCalold_NoPixelVeto_Mass55. Apart
from different trigger paths, the construction of signal model was done in similar man-
ner as that for H — yy by using the same energy scale and smearing corrections applied

in the analysis. The events with mass range between 80 and 100 GeVare used for this
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validation. Two key systematic uncertainties affecting the diphoton BDT and its inputs
are included i.e. shift in the photon ID MVA score as well as the uncertainty on the
photon energy resolution o;/E. A simple re-weighting of the MC sample is applied
in pr  bin so that simulation sample agrees well with data. This re-weighting also
enhance the data/MC agreement for the distributions of diphoton BDT correlated with
pr.z like the vertex probability, the py/m and cosine of the angle between two elec-
trons. Some of the comparisons between data and simulation are shown in Figure 5-63
and Figure 5-64. The data/MC agreements are within the uncertainties. It is observed
that the diphoton BDT shapes in Z — ee events in 2017 and 2018 are a bit different.
The reasons is the different mass resolution in 2017 (worse) and 2018 which is inducing
the different output shape for 2017 and 2018 as the mass resolutions w.r.t. right vertex
and wrong vertex are two of the input variables for the training. The 2017 and 2018
selections are different due to different requirements in HLT paths of 2017 and 2018 is

also an additional reason.
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dle) and diphoton BDT output score distribution (bottom) on electrons reconstructed as

photons from Z boson decay for 2016 (left) and 2017 (right).
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Figure 5-65 Distributions of diphoton invariant mass and diphoton BDT scores for 2016 (top),
2017 (middle) and 2018 (bottom) data sets.
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The validation has also been done with selected events in data and MC for the in-
puts and output of diphoton BDT training. In 2018 analysis, the MC sample ”/QCD_Pt-
30to40_DoubleEMEnriched_MGG-80toInf_TuneCP5_13TeV_Pythia8” is not available
so its contribution in the MC distributions is missing. The background MC is normal-
ized according to the number of events in each 2016, 2017 and 2018 data. In order to
validate the inputs and outputs of diphoton BDT training, the events in data are selected
from the whole analysis mass range from 65 to 120 GeV. The distribution of some of the
input variables of the diphoton BDT training are shown in Figure 5-65. The agreements

are observed reasonable for each of the three years.
5.10.9 Boundary optimization

The diphoton BDT (as discussed in the previous section) output score is used to
split the analysis in to different classes. The number of classes and position of bound-
aries are optimized. The categorization of events was done based on their BDT output
values. The classes boundaries in the BDT output spectrum are chosen by an optimiza-
tion method. The 'n’ boundaries are placed initially at equal distances from each other
in signal quantiles such that two fixed boundaries at the edges of the spectrum +1. Us-
ing 'n’ boundaries, n + 1 categories are determined and then, only 'n’ are selected for
the studies in order to calculate the expected significance. The events within the lowest
BDT score category are not considered. The boundary positions are allowed to float
freely and are adjusted by on the basis of combined p-value. The method is same as
used in the standard H— yy analysis [105]. In each of the category, the simulation is
used for the extraction of signal and background models. The signal model shape is
extracted by using the sum of two Gaussian functions, one fitting the signal component
where the mass resolution is entirely dominated by photon energy resolution (i.e. the
distance 'dz’ between the selected vertex for reconstruction of mass and correct vertex
is less than 1 cm along the z-coordinate) and the other Gaussian function is fitting the
worse resolution component of signal given by the non-negligible term related to the
vertex displacement (dz > 1 cm). The p-value (expected significance defined as fig-
ure of merit in Figure 5-66) has been extracted from a fit to Asimov toy dataset thrown
from the signal plus background model in each category. As the p-value is computed
several times during the optimization, so no systematic uncertainty on the signal is in-

cluded in the procedure and the simplified models for signal and background described

108



Chapter 5: Search for a standard model-like Higgs boson in the mass range between 70 and 110 GeV in the
diphoton final state with full Run 2 dataset

above are considered. The simulated background samples are used to extract the back-
ground model through an exponential shape fit to the m,, invariant mass distribution.
In order to make the background modeling simple, the DY MC sample is not included
in the background samples for the optimization of boundaries. But we make sure that
the optimized boundaries have enough DY MC events for the modelling of relic DY

background in each of the corresponding event class.

A per class fit will be performed on MC relic Z — ee events where both electrons
are reconstructed as photons. Therefore, it needs to make sure that enough DY MC
events should be present in each class to obtain acceptable fits i.e. the central values
of fit parameter has to be greater than their statistical uncertainties as well as the sigma
value is not too far away from the real Z — ee value. It is necessary to define a minimal
width for the size of the classes in terms of diphoton BDT score. The class 70 contains
the events which are more signal-like having high BDT diphoton scores. It is the class
containing fewest events and is sufficient to find the minimal width of optimal size for
this class only. In order to that, relic DY event fits have been performed for various
class 0 widths and the optimized value is therefore defined as the minimal width value
for which, the parameters are well defined w.r.t. their statistical uncertainties as well as

the sigma parameter value is within 1 standard deviation of the true Z sigma.

The width value is then placed as a minimal width value for class 0. By minimizing
the p-value for number of classes, a figure of merit as shown in Figure 5-66 for 2016 and
2017 obtained as a function of n. There is no significant change in the figure of merit
while going from n=3 to n=4 or n=5. For this reason, it is reasonable to chose n=3 and
to proceed with 3 classes having boundaries [1.000, 0.593, 0.246, -0.538] for 2016 and
with boundaries [1.000, 0.753, 0.334, -0.364] for 2017 in term of diphoton BDT output
value as shown in Figure 5-67 for 2016 and 2017.
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5.11 VBF selection strategy

As it is mentioned above that in 2017 and 2018 analyses we introduced VBF class
with two jets along with the photon pair in the final state. This is done in order to select
events originating via vector boson fusion (VBF) production mechanism. In the studies
presented in this section, only the two highest in py jets are considered. For this VBF
production mode, the SM Higgs cross section is about ten times smaller than that for
gluon-gluon fusion. By using multivariate classifier, a category of events can be defined
with excellent signal-to-background ratio. The expected signal-to-background ratio of

the events selected in VBF class is highest among all the event categories.

This section is dedicated to the dijet and combined MVA training, based on the
2017 data which is also used for 2018 analysis. The strategy of training, the input vari-
ables and the training package is inherited from standard H — yy analysis [105]. The
results of the training with 2017 MC samples are then validated with both 2017 and
2018 Z — ee plus 2jets events and also with the diphoton events selected in both data
and MC for 2017 and 2018. As itis explained that the H — yy events contain two high-
E 1solated photons. The event selections for photons is same as used in the inclusive

analysis and described in Sections 5.10.3.

VBF events possess a distinctive topology having two forward jets from the scat-
tered quarks that may be measured in the detector. In order to tag them as VBF like
events, they must have at least two jets along with two photons. Based on the combined
MVA output score, we add one VBF tagged event class in each of the 2017 and 2018

analyses.

5.11.1 Jet definition

In the VBF tagged events, jets are reconstructed by using the Jet/MET dedicated
recipe i.e. the anti-kt algorithm with radius parameter 0.4 has been applied to Particle
Flow (PF) candidates. The charged candidates are excluded which are not associated
with the selected vertex of the event 1.e. defined by Particle Flow with Charged Hadron
Subtraction (PFCHS). Several corrections are applied to the simulated events and data

which are described in section 4.2.3.

An algorithm known as Pileup-Jet Identification (PUJID) is used which returns a

PUIID jet score to define three kinds of working points i.e. loose, medium and tight.
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As we are following the same strategy in [105], so the tight working point is chosen in
the studies. It is eventually helpful in order to improve the data/simulation agreement

as explained in Ref. [105].

5.11.2 VBF preselection

The contributions of the background processes has been reduced by requiring the
the events to pass a selection criteria for photons and the jets. Particularly jet require-
ments are employed in order to distinguish real VBF signal jets from the ones originat-
ing from gluon fusion, the standard model background processes and fake jets (from
pileup interactions). The requirements include a high dijet invariant mass m;;, which is
a characteristic of VBF event topology. A set of selections referred as VBF preselection
requirements are listed below and the events passing these preselections, are possibly

considered as VBF candidates.

e Two photons passing the Diphoton Preselection described in Section 5.10.3
e Both photons have a photon ID MVA score > —0.9

e Tight requirements on the photon py: p?/mw >0.47 and p;?/mw >0.28

e Two jets passing the PUJID and satisfying the requirements pjT1 > 30GeV, psz >
20 GeV, n;; jo <47, where j; (j,) refers to the jet with the highest (next-highest) pr
value

> 100 GeV

¢ mjj,

5.11.3 Dijet MVA and combined MVA categorization

The Dijet MVA used in the study takes the following variables as input from events

after passing the VBF preselection:

e The transverse momenta of the leading and subleading photons divided by the

72

invariant mass of the diphoton candidate: P m , and pi./m,,

T 7

e the transverse momenta of the leading and subleading jets: pJT1 and pJT2

the dijet invariant mass, m i1
1J2

the difference in pseudo-rapidity between the two jets, Az

the difference in azimuthal angle between the dijet and the diphoton, Agy; ;. ).

4 <’1 _ﬂ1+ﬂ2>2
(m—mp)? \'7Y 2

O}, 7y, and 7, are the pseudo-rapidities of two jets and the diphoton.

centrality variable, defined as C,, = exp <—

e the difference in azimuthal angle between two leading jets, A¢;;
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e the minimum distance between a leading or subleading jet and leading or sub-
leading photon, min AR(y, jet).

In the training procedure, the invariant mass of diphoton is relaxed to the range
55 GeV to 120 GeV in order to include the simulated 60 GeV signal samples. This is
done as a purpose to increase the simulated signal events. The kinematic variables are
grouped by BDT using a Gradient Boosting (BDTG) algorithm which is implemented
in scikit-learn [108]. This BDTG is trained on the simulated events. The VBF H — yy
samples with m; in the range from 60 to 115 GeVwith 5 GeV granularity are employed
as signal. All of the standard background without Drell-Yan and QCD samples are
used. Additionally, ggH samples with my varies from 60 to 115 GeV are also used as
background in the training to enhance the purity of dijet signal. The training, is done
by using 70% of the signal/background events and rest of the events for testing. The

distributions of dijet MVA output as well as the ROC curve are shown in Figure 5-68.
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Figure 5-68 Comparison of training and the testing is on left which indicates no obvious sign

of over-training and the ROC curve of dijet MVA training is on the right.

The combined (dijet plus diphoton) MVA is a BDT that receives the kinematic
dijet MVA score, diphoton MVA score and the pyT1 yz/myy as input variables. This MVA
is trained in order to discriminate the dijet signal from background processes by utilizing

Yir2

the information from corresponding objects in the tagged event. The variable p."*/m,,,

is included due to its significant correlation to the dijet and diphoton MVA scores. The
simulated VBF H — yy samples with my from 60 to 115 GeV (5 GeV step) are used
to train this MVA. All of the standard backgrounds are used except QCD samples due to

larger statistical fluctuation. The ggH samples are not utilized as a part of background
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samples in combined MVA training because of the reason that, if we train with ggH
samples, we are penalizing real diphoton events which degrade the performance. The
discrimination between ggH and VBF events is done by using the information from the
dijet system through dijet MVA. In this training, 50% of signal/background events are

used in training and the rest for testing purpose.

As there are not much events left after all applying all the selections, we only have
one VBF category. This category has been defined by directly comparing the signifi-
cance (“p-value” symbolized as Z)) of different cuts on the combined MVA score. The
same method is used as the one employed in the diphoton BDT boundary optimization.

Figure 5-69 shows the distributions of combined MVA output as well as the ROC curve.
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Figure 5-69 Comparison of training and the testing is on left which indicates no obvious sign

of over-training and the ROC curve of combined MVA training is on the right.

Figure 5-70 shows significance as a function of combined MVA. The events se-
lected from 90 GeV VBF MC sample are used as ‘signal’ and the ‘background’ events
are selected from DiPhotonJetsBox and GJet MC samples. As can be seen from the plot,
for highest Z, value with a cut at 0.9 (combined MVA > 0.9), will almost reject all of
the VBF like events in data as well as simulation. We will be having less ‘single-fake’
events in data as well as DY MC which are not enough for the study of shape uncer-
tainty of the relic DY (described later in this chapter). Its necessary to choose a cut
value which give us enough VBF like events along with high significance value. If the
cut value is smaller than 0.80, Z, value sharply declines. So, the value 0.8 was chosen

as the VBF category boundary. It means that the events for the VBF category has to
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pass the cut i.e. combined MVA > 0.80. The events not surviving this cut value will go

to the inclusive categories.
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Figure 5-70 The significance, ‘p-value’ symbolized as Z; as a function of various cut values
on combined MVA score for 2017 (left) and 2018 (right) using the same weight files from
2017 analysis.

As it is already mentioned that, the 2017 weight files for dijet and combined BDT
are also employed in 2018 VBF class. Apart from the validations with 2018 Z — ee
plus 2 jets events and diphoton events in both data and MC, we have also checked the
2018 performance (ROC) of dijet and combined BDT. Figure 5-71 shows the compar-
1sons of ROC curves between 2017 and 2018. The events for these ROC curves are
selected from 90 GeV VBF MC as ‘signal’ and the ‘background’ events are selected
from DiPhotonJetsBox and GJet MC samples. From the ‘AUC (Area Under the Curve)’
values, there is a bit (2%) lower but still acceptable performance in 2018. For the 0.8
cut value of combined MVA, the signal efficiency is around 54.61% (54.48%) and the
background efficiency is about 1.73% (1.81%) in 2017 (2018) from the signal and back-
gound samples used in the ‘ROC’ as shown in 5-71. Systematic uncertainties related to
jets and to the VBF topology are also considered which are discussed in the dedicated

systematics section of this chapter.

5.11.4 Validations

The validation of dijet MVA and combined MVA has been performed using Z—e*e™
events containing two jets. In 2018 studies, we have used the 2017 weight files of dijet
and combined BDT after the validations with the 2018 Z — ee plus 2 jets events and

also the 2018 diphoton events. The events are required to pass the diphoton preselections
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Figure 5-71 ‘ROC’ comparisons between 2017 and 2018 for the dijet MVA (left) and the com-
bined MVA (right) with the same weights files from 2017 used in 2018 analysis.

but with inverted electron veto and a di-electron invariant mass in the range of 80 and
100 GeV. For 2017 data, events should firstly pass the HLT path HLT_Diphoton30PV_18
PV_R9Id_AND_IsoCalold_AND_HE_R9Id_NoPixelVeto_Mass55, prescaled by a fac-
tor of 18, while the HLT path HLT_Diphoton30_18_R9IdL _AND_HE_AND_IsoCalold_
NoPixelVeto as used in the main analysis of 2018 data is applied for 2018 data. In ad-
dition, the VBF preselection as are also applied. HLT paths are not applied to MC in
both 2017 and 2018.

The main systematics affecting input variables are included in the systematic band
of MC. The systematic related to jet includes the uncertainties on the jet energy scale
and resolution corrections (JEC and JER respectively) and the PUJID jet selection. The
photon related systematics include the uncertainties on the photon ID MVA and the
og/E shift. Figure 5-72 and Figure 5-73 shows validations of some of the variables

with Z — ee plus 2jets events selected from 2017/2018 data and simulation.
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Figure 5-72 Invariant mass of diphoton candidates, dijet BDT and combined BDT in Z — ee
plus 2jets events selected from 2017 data and MC (left), and in 2018 data and MC (right).

MC is normalized according to number of events in data for each year.
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The dijet and combined M VA has also been validated with diphoton data and sim-
ulation same as that in diphoton MVA training. The events are selected in mass range
65 GeV < m,, < 120 GeV after the diphoton preselection and the VBF preselection are
used. The background MC samples are normalized according to the number of events
in each 2017 and 2018 data. Figure 5-74 and Figure 5-75 shows the validations of some
variables for 2017 and 2018 data.
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Figure 5-74 The distributions of m;; and C,, in data and MC (without QCD) 2017 (left) and
in 2018.
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Figure 5-75 The distributions of dijet and combined MVA in data and MC (without QCD)

2017 (left) and in 2018.

5.12 Signal parametrization

The statistical interpretation of observed data is based on the description of signal

which specifies the overall efficiencyxacceptance along with the shape of the diphoton

mass distribution in each of the event classes. The diphoton mass distribution shape

is parameterized separately for each event class and production mode which includes

ggH, VBF, tt+Higgs associated production, W and Z associated production. The vertex

choice affects the diphoton mass distribution shape, so the modeling is done separately

for the cases where the right vertex (RV) or wrong vertex (WV) was selected. The right

primary vertex is considered if it is associated with the diphoton candidate within 1 cm

of the true vertex. The signal distributions of diphoton mass are parameterized using a
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sum of up to five Gaussian functions, as described in H — yy studies at CMS [105].

The signal shape is influenced by ECAL response and reconstruction, and is mod-
eled empirically by a sum of between two and four (three and four) Gaussian functions
for 2017 (2016 and 2018) data, depending on the event class. The signal shape for
events having an incorrect primary vertex is smeared significantly by the variation in
the z-coordinate of the selected primary vertex w.r.t. the true Higgs boson production
vertex. These numbers of Gaussians are determined with 90 GeV signal samples in
2016, 2017 and 2018 separately. The strategy is different from the one used in the
previous low-mass analysis with 2016 data set [14]. The simulation is used after the
smearing of resolution and applying all the efficiency corrections and scale factors in
order to build a parameterized model. The signal is defined continuously for any value

of a Higgs boson mass (mg) between 70 and 110 GeV.

The strategy of signal shape model is to describe the Monte Carlo with an analytic
function. The function parameters are determined by a simultaneous fit of all various
m g samples where the individual parameters of functional form are polynomials of m .
The floating parameters in the fit are the coefficients of these polynomials. The method
which is referred as SSF (Simultaneous Signal Fitting), has an advantage of reduction
in the total number of parameters used to determine the full model. Moreover, the SSF
method is a sensible parametric model and on the other hand, the linear interpolation
method can lead to discontinuous or unphysical models. The SSF method has applied
separately for each process, category and RV or WV case. The fits for the RV and
WYV are summed up to make the signal model for each category. Like for the other
parameters in the signal model, vertex efficiency is interpolated between mass points
while constructing the final parametric model. For the categories having low statistics,
the RV fraction is set to 1. Figure 5-76 shows the SSF, interpolation and Figure 5-77
illustrate a full parameterized signal shape for all classes combined case for 2016, 2017
and 2018 datasets. The signal efficiencyXacceptance of the event selection as a function
of mass hypothesis is shown in Figure 5-78. The systematic uncertainties related to
the scale and smearing of individual photon energies, fraction of events where the right
vertex was correctly identified, material corrections and the ECAL crystal light yields

are considered into the signal model as additional parameters to be treated as nuisances.
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Figure 5-77 Full parameterized signal shape integrated over all event classes in 90 GeV Higgs

boson Monte Carlo at \/_ =13 TeV in 2016 (top left), 2017 (top right) and 2018(bottom).

The black points are the weighted Monte Carlo events and the blue lines are the corre-

sponding models. The effective ¢ values and corresponding intervals are also shown.
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5.13 Background estimation

In the analysis presented here in this chapter, background modelling is done by
fitting analytic functions to the observed diphoton mass distributions for each analy-

sis category within the range 65 < m,, < 120 GeV. The methodology to deal with

ry
the continuous background is same as in [109], the ‘envelope’ or ‘discrete profiling’

method [110].
A double-sided Crystal Ball (DCB) function which is defined in Eq. 5-1 is in-

cluded to treat the background from the Drell-Yan process where, the two electrons are
misidentified as photons. The DCB function is identical to a Gaussian distribution but
with asymmetric tails. It has six parameters i.e. y, o, ay, ny, ag, hg where y and o
parameters has same meaning like for a Gaussian function. The parameters o (a) and
ny (ng) describe the behavior of left (right) tail. The a g is responsible for the tail start
and n; g corresponds to the decreasing power of the tail. An exponential is added to
the DCB, as it alone is not sufficient to cover all background events in relic Drell-Yan
processes. This exponential has two parameters i.e. exp_pl and frac_sum. exp_pl is
the coefficient in the additional exponential and frac_sum is the fraction that the expo-
nential function represents in the total Drell-Yan process model. The *'DCB(x)+exp(x)’
function in the following is in fact ’(1.0-frac_sum)XDCB(x) + frac_sumXexp(x)’ with

x being the invariant mass of selected diphoton candidates.

RUANC AN ClaplPy n _ X—u\ThE X—p
2 —u~—nh
DCB(x) =+ \/_(|ZR|) R Xp(—%)(% — |ag| + %) R XA ap
1 (x /4) .
exp(—=55-) , otherwise
270
(5-D

The set of analytic functions considered in the discrete profiling method are, with

N anormalization factor and f the fraction of the continuous background component:
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M
NfXExp(x)+ N(1 - f)(DCB(x)+exp(x))=Nf X Z ﬂzl-eﬂz‘“x + N(1 — f)(DCB(x) + exp(x))
i=0
M
N f X Pow(x)+ N(1 — f)(DCB(x) + exp(x)) = N f X Z ﬂZixﬁ2f+1 + N(1 = f)(DCB(x) + exp(x))

i=0
M
N f X Ber(x)+ N(1 — f)(DCB(x) + exp(x)) = N f X 2 Bibiy + N(1 = f)(DCB(x) + exp(x))
i=0 (5-2)
with b, =[ M in(l - )M
i
M

N f X Lau(x)+ N(1 — f)(DCB(x) + exp(x))= N f 2 pix% + N(1 = f)(DCB(x) + exp(x))
i=0

with @, =4,5,3,6,2,7,... for i=0,1,2,3,4,5,..

The DCB+exp parameters are determined by fitting the diphoton invariant mass
distributions from relic Drell-Yan events which are known as ’double-fake’ events after
passing all the selection requirements. As the statistics is low in the Drell-Yan double-
fake samples, we have fixed two of the six DCB parameters i.e. a; and ag to make the
fit stable. The uncertainties on a; and ay are considered and discussed in the dedicated
systematic section. They are optimized to give minimum or close to minimum y? value
of the fit in each ‘single fake’ event class selected in MC, without QCD events (due to
large statistical fluctuation) for 2017, and in data for 2016 and 2018, while also giving
reasonable fitted values of the parameters in double-fake relic events in DY MC. The
optimized and fixed values of «; and ay are different in each event class as shown in
Table 5-25 (2016), Table 5-26 (2017) and Table 5-27 (2018). The fits on the mass dis-
tributions of *double-fake’ events in DY MC, shown in Figure 5-79 (2016), Figure 5-80
(2017) and Figure 5-81 (2018), are performed in each event class and the parameter
values are applied in determining the order for the polynomial component of the func-
tions in Equation 5-2. For relic Drell-Yan events modeling in VBF tagged event class,
less double-fake events selected from DY MC samples. To cope up with this issue, the
events are selected from DY MC sample passing only the VBF preselection without any
cut on combined MVA and due to this, additional systematic has also been considered.

For the required fitting with discrete profiling method, a set of functions within
each family is selected. The same strategy as described in [14] is used. Four families of
functions are considered i.e. sums of exponential, polynomials in the Bernstein basis,
Laurent series and sums of power laws. An F-test is used to select representative func-

tions from each of these four families in order to proceed with the discrete profiling.
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Table 5-25 (2016) Fit parameter values for the double-fake Drell-Yan events.

Class u(Gev) o(GeV) ny ng a,  ag exp_pl exp_suml
0 89.66+0.27 1.59+0.27 0.65+0.38 0.88+0.76 1.2 2.0 -0.07+0.14 0.08+0.21
1 89.79+0.20  3.04+0.17 0.47+0.28 1.1740.28 1.2 2.0 -0.14+0.04 0.24+0.09
2 88.60+0.09 3.27+0.10 0.35+0.22 1.21+041 14 1.6 -0.08+£0.01 0.33+0.04

Table 5-26 (2017) Fit parameter values for the double-fake Drell-Yan events.

Class u(Gev) o(GeV) ny Ny a, ag exp_pl exp_suml
0 91.67£0.84 2.22+1.14 0.22+0.38  1.62+10.02 0.7 2.5 -0.09+£0.06 0.22+0.28
1 89.96+0.30 2.26+0.31 0.28+0.16  2.85+5.24 1.0 2.0 -0.08+0.02 0.28+0.12
2 89.53+0.33  2.23+0.39 0.31+0.11 226+1.69 09 1.8 -0.09+0.01 0.48+0.06
VBF  90.55+0.45 2.33+047 0.72+1.46 10.96+10.76 1.1 22 -0.12+0.02 0.70+0.16

Table 5-27 (2018) Fit parameter values for the double-fake Drell-Yan events.

Class u(GeV) o(GeV) ny Ny a, g exp_pl exp_suml
0 88.50+0.29 1.65+0.32 0.60+0.68 1.71t1.46 12 1.7 -0.09+0.02 0.51+0.19
1 88.96+0.26  2.14+0.29 0.23+0.09 1.95+0.30 0.7 09 -0.12+0.04 0.14+0.08
2 88.91+0.19 2.90+0.30 0.35+0.22 1.21+041 09 1.7 -0.11+0.03 0.36+0.01
VBF  89.05+0.74 2.34+0.48 8.96+5.37 10.00+1.27 23 1.0 -0.12+0.01 0.83+0.03

When fitting the background m,,, distribution, the value of twice the negative logarithm
of likelihood (-2NLL) is minimized. The 1o uncertainty is obtained by taking the width
of 68% range. Some of the background model fits to the diphoton invariant mass dis-
tribution with the no signal hypothesis are shown in Figure 5-82 for 2016, Figure 5-83
2017 and Figure 5-84 for 2018 data. The best-fit function in the event class is identified
as the “Best Fit Pdf” in each figure.

Figure 5-85 for 2016, Figure 5-86 2017 and Figure 5-87 for 2018, shows data and
the best-fit background function (assuming no signal). The error bands includes the
uncertainty only associated with the statistical uncertainties of the fits and are shown for
illustration purposes only. The corresponding signal model for m ;=90 GeV, multiplied

by 10 is also shown for illustration purposes.
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Figure 5-79 Double-sided Crystal Ball function fits to the diphoton invariant mass distribu-
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Figure 5-80 Double-sided Crystal Ball function fits to the diphoton invariant mass distribu-
tions from 2017 Drell-Yan double-fake events for Class 0 (top left), Class 1 (top right),
Class 2 (bottom left) and VBF Class (bottom right).
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Figure 5-82 A set of functions chosen to fit the background using the discrete profiling method
for each of the inclusive classes for 2016. Class 0 (top left), Class 1 (top right) and Class
2 (bottom).
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Figure 5-83 A set of functions chosen to fit the background using the discrete profiling method

132
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Class 2 (bottom left) and VBF Class (bottom right).
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Figure 5-84 A set of functions chosen to fit the background using the discrete profiling method
for each of the inclusive and VBF classes for 2018. Class 0 (top left), Class 1 (top right)
and Class 2 (bottom left) and VBF Class (bottom right).
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Figure 5-85 (2016) Background model fits using the chosen ’best-fit” parametrization to data.
The corresponding signal model for m;, = 90 GeV, multiplied by 10, is also shown for
Class 0 (top left), Class 1 (top right) and Class 2 (bottom). The difference between the

data and the best-fit model is shown in the lower panels.
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Figure 5-86 (2017) Background model fits using the chosen ”’best-fit”” parametrization to
data. The corresponding signal model for m, = 90 GeV, multiplied by 10, is also shown
for Class 0 (top left), Class 1 (top right), Class 2 (bottom left) and VBF Class (bottom
right).The difference between the data and the best-fit model is shown in the lower pan-

els.
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Figure 5-87 (2018) Background model fits using the chosen ”’best-fit”” parametrization to
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data. The corresponding signal model for m, = 90 GeV, multiplied by 10, is also shown
for Class 0 (top left), Class 1 (top right), Class 2 (bottom left) and VBF Class (bottom

right).The difference between the data and the best-fit model is shown in the lower pan-

els.
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5.14 Systematic uncertainties

Most of the systematic uncertainties relevant to [105] are also considered in this
analysis. Those additional systematic uncertainties specific to this analysis are described
in more detail below.

Per-photon systematic uncertainties

The systematic uncertainties correspond to the shape of photon ID BDT distri-
bution and the estimate of per-photon energy resolution, as determined in [105], are
considered to be sufficient and applicable for our studies. These were calculated using
signal sample with m ;=90 GeV. For the photon identification BDT distribution shape,
the relative efficiency variation of greatest magnitude are 6.9% (2016) occurs for the
ttH process in event class 2, 6.4% (2017) occurs for the ggH process in event class 1
or 4.1% (2018) occurs for the VBF process in event class 1 for the other processes they
are below 2.2% (2016), 5.3% (2017) or 3.7% (2018). For photon energy resolution, the
largest relative variation 18.2%, occurs for the ggH process in 2016 class 1, the largest
relative variation 14.6%, also occurs for the ggH process in 2017 class 1 and the largest
relative variation 13.7%, occurs for the ttH process in class 2 in 2018. Other relative

variations are below 12.9% (2016), 13.7% (2017) or 11.9% (2018).

For 2016, 2017 and 2018 data, uncertainties in the trigger efficiencies give rise to
efficiency variations less than 0.8%/1.8%/0.5% respectively. The uncertainties in the
scale factors of the preselection give rise to efficiency variations of 3.3%/3.2%/5.2% in
2016, 2017 and 2018 studies. The electron veto and minimum value of the photon iden-
tification BDT scale factors uncertainties are important sources of efficiency variations
corresponds to less than 0.8%/0.9%/0.8% and 0.1%/0.4%/0.2% for the 2016, 2017 and
2018 data respectively. The scale factors uncertainties of the ‘NMached — (y

ment, give rise to efficiency variations of less than 0.5%/0.4%/0.4% in 2016/2017/2018

require-

data. The uncertainties arising from material budget modeling, non-uniformity of light
collection, non-linearity, imperfect electromagnetic shower simulation and vertex-finding
efficiency are the same as those in [105]. The uncertainties in [105] are also propagated
to the parametric signal model, where they result in uncertainties in the diphoton effi-
ciency, mass scale, and resolution.

Uncertainties from jets and VBF dijets

The VBF tagged class in 2017 and 2018 relies on the presence of two jets along with
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the diphoton. Events in the VBF tagged class are selected by using jet quantities and an
MVA classifier which requires quantities related to the jets and their energies. Therefore,
systematic uncertainties associated with jet energy scale, smearing corrections and the

pileup jet identification are also implemented.

e Jet energy scale and smearing corrections: Jet energy scale corrections (JEC)
account for maximum of 14.9% (2017) and 15.8% (2018) from VBF category to un-
tagged categories. The jet energy resolution (JER) has an impact on the event migration
of less than 1.1% in 2017 and 3.0% in 2018.

e Pileup jet identification: This uncertainty is estimated by comparing in data and
simulation. The full discrepancy between data and simulation is used to estimate the

event migration, which is less than 4.1% in 2017 and 3.2% in 2018.

Per-event uncertainties

Integrated luminosity: The per-event systematic uncertainty on the total integrated lumi-
nosity, estimated from data [111-113] which contributes to an uncertainty of 1.2%/2.3%
/2.5% on the signal yield in 2016, 2017 and 2018.

Uncertainties from 2016 and 2017 pre-firing: A pre-firing weight for each diphoton
object is implemented in MC signal events in order to consider the effect of the trigger
pre-firing in 2016 and 2017. The relative variations are 1.3%/1.9%/1.1%/0.2%/1.6% for
the ggH/VBF/WH/ZH/ttH production mechanisms in 2017 VBF tagged event class. For
the rest of 2017 event classes, the relative variations are below 0.8%. In 2016 data, the
relative variations are below 0.5% in all processes and in all of the corresponding event
classes.

Underlying event and parton shower uncertainties: As there are no dedicated simulated
low-mass signal samples so these uncertainties are calculated using dedicated 2016 125
GeV simulated samples using dedicated low-mass conditions with the only change in
mass window i.e. from 65-120 GeV to 100-180 GeV. For the normalisation uncer-
tainties from the modelling of underlying event, the largest variation is 13.7% in 2016
(class 2) in ttH production process. The largest variation is 26.8% in 2017 and 20.4%
in 2018 with both occurring in ZH production process in the VBF tagged event class.
The normalisation uncertainties from parton shower modelling, largest variation is 9.6%
in 2016 (class 2) occurring in ttH production process. 15.9% in 2017 occurring in ZH

production process in the VBF tagged event class and 12.0% in 2018 occurring in VBF
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production process in the VBF tagged event class. Otherwise, they are typically below
7% in 2016 and 10% in 2017/2018.

Uncertainties from 2018 HEM (HE minus i.e. negative endap HCAL sectors) issue:
During data taking in late June 2018, two neighboring readout boxes (RBXs) in the -z
endcap of HCAL, HEM15 and HEM 16, lost communication and subsequently event in-
formation from the region of the detector covered by these RBXs is lost. In our studies, it
has affected mainly the jet reconstruction. Jets near this region of the detector would be
reconstructed without their full energy. Similar as the standard H — yy analysis [114],
we don’t drop the jets in this region in 2018 data, but try to quote the uncertainty of jet
energy scale with source from this HEM issue. For untagged event classes, the uncer-
tainties are in general less than 0.5% but can be as large as 1.2% for event class 0 in VBF
production mode. For VBF tagged event class, the uncertainties range from 1-3% with
the largest uncertainty 3.4% occurring in ggH production mode.

Uncertainties from VBF additional jet radiation issue: For the VBF signal sample, there
is an issue from the additional jet radiation. With PYTHIAS version >= 8.23, it is rec-
ommended to set “dipoleRecoil” to be “on” in order to cure the un-physical effect due
to inaccurate treatment of the initial-final color connections. There is no low-mass VBF
signal sample with this issue repaired. We check the effects with two 2018 125 GeV
VBF MC samples, one with and the other without this issue repaired with low-mass
conditions applied in each 2017 and 2018. The only change is the mass window, from
65-120 GeV to 100-180 GeV. The uncertainties range from about 0.1-3% depending
on different event classes, with the largest uncertainty 2.9% in 2017 and 2.6% in 2018
occurring in the VBF tagged event class. The linear cut scale factors uncertainties, give
rise to efficiency variations of 0.4%/0.9%/0.5% in the case of the 2016, 2017 and 2018

data.

There are two types of theoretical systematic uncertainties considered in this anal-
ysis. Firstly, theoretical uncertainties on the signal acceptance coming from PDF, QCD
scale and « variations are calculated as in [105] using a signal sample with m ;=90 GeV.
For the PDF variations, the uncertainties are negligible in each 2016, 2017 and 2018.
For the QCD scale variations, largest variation is 11.9% in 2016 (class 0) in ggH pro-
duction process, 10.0% in 2017 (class 0) in ggH production process and 13.7% in 2018

in ggH production process in the VBF tagged event class. For ag, the largest variations
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is 1.9% in 2016, 3.9% in 2017 and 4.1% in 2018. The overall variations are typically
below 0.5%. Secondly, for the calculation of the expected limit on the product of the
production cross section times branching ratio into two photons relative to the SM-like
BSM expectation and for the expected p-value, the uncertainties on the production cross
sections of a Standard Model-like Higgs boson from PDF and scale variations are taken
into account, following the recommendations of the LHC Higgs Cross Section working
group [59].
Dedicated uncertainties on DCB parameters

The systematic per-event level uncertainty specific to this analysis is the modeling
of the Z boson resonance within the background model. The DCB+exp parameters used
to model the Z boson resonance are obtained from simulated Drell-Yan events with all
of the selections applied including the electron veto requirement (‘double-fake’ events).
These parameters might be different in data and simulation. In order to address these
differences, we study simulated events from the Drell-Yan, diphoton, photon + jet and
jet + jet processes where one photon candidate survives all selection requirements in-

cluding the electron veto and the

¢ Né"’ aiched — () requirement, and the other survives

all selection requirements but fails the electron veto and no ‘NMatched — (p

require-
ment on it ("single-fake” events). Additionally, similar to Z — ee events, the modified
l og(Zp%) with the matched tracks to each of two photon candidates removed is used in

the linear cut, for the selections of ”single-fake” events.

We fit the diphoton invariant mass of single-fake events in data, in Monte Carlo
including the sum of all background processes (‘M C,;,,,0cp’) Without QCD because
of large statistic fluctuation from QCD samples and in DY MC alone (‘M Cpy’) with a
DCB plus exponential component to describe the additional continuum background in
the single-fake events. In 2017 analysis, since the prescaled HLT is used for the “’single-
fake” events in data, resulting not enough events in the VBF tagged event class. So the
”Replacement” samples are used for the “single-fake” events in the 2017 data. Consis-
tently the "Replacement” of the “’single-fake” events in DY MC and ‘M C,;,,,0cp” are
used in the 2017 analysis. We have also considered an additional systematic on DCB
mean and sigma because of "Replacement” in relic DY events modeling. It is done by
comparing the fitted values of real VBF selected events (combined MVA > 0.8) with

the events passing only VBF preselection cuts (without cut on combined MVA) from

140



Chapter 5: Search for a standard model-like Higgs boson in the mass range between 70 and 110 GeV in the
diphoton final state with full Run 2 dataset

the single-fake DY MC. Some of these fits are shown in Figure 5-88 for 2016 and Fig-
ure 5-89 for 2017 and 2018.
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Figure 5-88 (2016: Class 0) Fit of the single-fake events for Data (top left), DY MC (top right)
and MC,;,,,ocp (bottom).
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Figure 5-89 (2017 (left) / 2018(right) Class 0): Fit of the single-fake data (top), DY MC (middle)
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We have considered the differences in the DCB u and o parameters extracted from
these three kinds of fit and those which are statistically significant will enter into the total
systematic error on the Z resonance modeling. Tables 5-28 and 5-29 (2016), Tables 5-30
and 5-31 (2017), Tables 5-32 and 5-33 (2018) show the fitted values of x and ¢ from the
fits of “’single-fake” data, M C;,,,0cp and M Cpy in each event class, together with
the statistical errors and the differences between data and M C,;,,,0¢ p> and between
M Ch1000cp @and M Cpy in units of GeV. The differences marked “Y”("N”") will (not)

enter into the total systematic error.

Table 5-28 (2016) Fitted values of u ( GeV) from single-fake data, single-fake M C,;,,,ocp and

single-fake M C,,, in all 3 event classes.

Hdata  PMCueocp  MMCpy  100datar MCpypoocp 1AHdata=MCoppoocn! 10MChinoocptMCpy  1AHMCh00cp-MCpy |

Event class 0 90.33+0.03  90.24+0.04 90.23+0.04 0.05 0.10 (Y) 0.06 0.01 (N)
Event class 1 90.30+0.01 90.22+0.01  90.21+0.01 0.01 0.09 (Y) 0.01 0.01 (N)
Event class 2 89.57+0.01 89.40+0.01 89.37+0.01 0.01 0.20 (Y) 0.01 0.03 (Y)

Table 5-29 (2016) Fitted values of ¢ from single-fake data, single-fake M C,,,,ocp and single-

fake M C,, in all 3 event classes.

Odata OMCuyueocp  "MCpy 1.004q1a+ M CallwoQCD |1A0dq1a-M Cu//anClJl l'OUMCa//wano*'M Cpy [Acy Callwogcp—M Cpy l

Eventclass 0 2.49+0.03 2.36+0.04 2.38+0.04 0.05 0.11 (Y) 0.06 0.02 (N)
Eventclass 1 2.23+0.01 2.28+0.01 2.28+0.01 0.01 0.08 (Y) 0.01 0.03 (Y)
Eventclass 2 2.72+0.01 2.80+0.01 2.80+0.01 0.01 0.11 (Y) 0.01 0.03 (Y)

Table 5-30 (2017) Fitted values of u ( GeV) from single-fake data, single-fake M C,;,,,0cp and

single-fake M C,,, in all 4 event classes.

Hdata MM Cuiuepcp  HMCpy 1004 ata+ M Copoocn 1AMdata—M Cotwapcn! 100 M Cmnoco+MCpy AHMCy10cp=MCpy |
Event class 0 90.69+0.20 90.33+0.07 90.37+0.07 0.21 0.36 (Y) 0.10 0.04 (N)
Event class 1 90.17+£0.05 89.77+0.02 89.78+0.02 0.05 0.40 (Y) 0.03 0.01 (N)
Event class 2 89.68+0.04 89.34+0.02 89.34+0.02 0.04 0.34 (Y) 0.03 0.0(N)
Event class VBF (replaced) 89.95+0.18 89.44+0.06 89.43+0.06 0.40 0.51 (Y) 0.08 0.01 (N)
MMy 1 0MCpy e puuairt M Cpy eptaceay VAFMCovige raun=M Covieptaces
Event class VBF (default) - - 90.57+0.25 0.26 1.14 (Y)

The central values of the mean u and o are taken from double-fake Drell-Yan MC
events in each class. The contributions from the single-fake differences has to be applied
to double-fake DY MC events to estimate total systematic. Assuming the two fakes are

totally correlated with each other, the contribution is doubled of each single-fake dif-

ference (for a difference A, VA2 + A2 +2 % A x A = 2A). The final systematic error in
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Table 5-31 (2017) Fitted values of ¢ from single-fake data, single-fake M C,,,,ocp and single-

fake M C,,, in all 4 event classes.

Odata OMCpuepcp  OMCpy 1064 ata+MCyypocp 1A% G ata—M Copapcn! 100 M C1oocptMCoy 1ATMC100cp=MCpy |
Event class 0 2494022  2.31+0.07 2.37+0.06 0.23 0.18 (N) 0.09 0.06 (N)
Event class 1 2.41+0.06 2.43+0.02 2.48+0.02 0.06 0.02 (N) 0.03 0.05 (Y)
Event class 2 2.69+0.05 2.83+0.02 2.89+0.02 0.05 0.14 (Y) 0.03 0.06 (Y)
Event class VBF (replaced) 2.82+0.22 3.07+0.06 3.08+0.06 0.23 0.25 (Y) 0.08 0.01 (N)
oMCpy I'OJMCDY(de auintMCpy (replaced) [Aop Cpydefauny=M Cpy replaced)
Event class VBF (default) - - 3.14+0.24 0.25 0.06 (N)

Table 5-32 (2018) Fitted values of x4 ( GeV) from single-fake data, single-fake M C,,,,ocp and

single-fake M C,,, in all 4 event classes.

Hdata MM Coiwogep  HMCpy 1'05‘1”?4+MQHMQCD lAMd”m’MCuHu‘oQCD‘ l'OGMCuuoncD*MCDy lAMMCu/maQCD’MCDY !
Event class 0 90.04+0.03  89.88+0.04 89.91+0.04 0.05 0.16 (Y) 0.06 0.03 (N)
Event class 1 89.76+0.01 89.77+0.01 89.79+0.01 0.01 0.01 (N) 0.01 0.02 (Y)
Event class 2 89.02+0.01 88.94+0.01 88.95+0.01 0.01 0.08 (Y) 0.01 0.01 (N)
Event class VBF (default)  89.79+0.11 89.81+0.10 89.79+0.09 0.15 0.02 (N) 0.13 0.02 (N)
MMy 1 OOMChy e putirt M Cpyeptacear 1AFMCoyide rautn=M Covoeptaced)
Event class VBF (replaced) - - 88.86+0.03 0.09 0.93 (Y)

Table 5-33 (2018) Fitted values of ¢ from single-fake data, single-fake M C,,,,ocp and single-

fake M C,, in all 4 event classes.

%data__ "M Caiwopcp  "MCpy 100 4ata+ M Copopcn 1A%data=MCypopep! L00MCouopcotMCpy 1ATMCypo0cp=MCpy!
Event class 0 2.49+0.03  2.65+0.04 2.52+0.04 0.05 0.16 (Y) 0.06 0.13 (N)
Event class 1 1.75£0.01  1.82+0.01  1.82+0.01 0.01 0.07 (Y) 0.01 0.00 (N)
Event class 2 2.79+0.01  2.92+0.02  2.79+0.01 0.02 0.13 (Y) 0.02 0.13 (Y)
Event class VBF (default) ~ 2.44+0.12  2.16+0.07 2.17+0.05 0.14 0.28 (Y) 0.09 0.01 (N)
OMCpy 1 00MC oyt M Coyreptaceas ATy e rauin=M Coytreptaceay
Event class VBF (replaced) - - 2.73+0.02 0.07 0.28 (Y)

each category for each parameter, y and o, is the quadratic sum of all sources including
the statistical error from the fit of the double-fake DY MC events. Dedicated systemat-
ics due to the replacement of real VBF selected events by the events passing only VBF

preselection cuts for the VBF tagged event class is also considered.

The mean values of y and o are taken from the double-fake DY MC events and
their total uncertainties calculated in each event class has been used in final statistical
analysis, are summarized in Table 5-34, 5-35 (2016), Tables 5-36, 5-37 (2017) and Ta-
ble 5-38, 5-39 (2018).
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Table 5-34 (2016) Values of 4, statistical uncertainties from double-fake fits, uncertainties from
single-fake fits and the total uncertainty in each event class. Here MC represents the

above MC,;;,.,0cp-

H Mg 208H00-mc 208Myc_mcy, Aptyy

(GeV) (GeV) (GeV) (GeV) (GeV)
EventclassO  89.66 0.27 0.20 - 0.34
Eventclass1  89.79 0.20 0.18 - 0.27
Eventclass2  88.60 0.09 0.40 0.06 0.41

Table 5-35 (2016) Values of o, statistical uncertainties from double-fake fits, uncertainties from

single-fake fits and the total uncertainty in each event class.

o Aoy, 2.0A0'dma_McmeCD 2'0AO-MCauoncn—Mpr Ao,
EventclassO 1.59  0.27 0.22 - 0.35
Eventclass1 3.04  0.17 0.16 0.06 0.24
Eventclass2 327  0.10 0.22 0.06 0.25

Table 5-36 (2017) Values of y, statistical uncertainties from double-fake fits, uncertainties from
single-fake fits and the total uncertainty in each event class. Here MC represents the

above MC;;,.,0cp-

H Apgyy 208 Ugata-mc 208UNc_mcpy 2~0AHMCDY(“M“,,)-MCDY(W,MM) Aty

(GeV) (GeV) (GeV) (GeV) (GeV) (GeV)
Event class 0 91.67 0.84 0.72 - - 1.11
Event class 1 89.96 0.30 0.80 - - 0.85
Event class 2 89.53 0.33 0.64 - - 0.76
Event class VBF 90.55 0.45 1.02 - 2.28 2.54

Table 5-37 (2017) Values of ¢, statistical uncertainties from double-fake fits, uncertainties from
single-fake fits and the total uncertainty in each event class. Here MC represents the

above MC,;;,..ocp-

o Aoy 2.0A6410-r1c 2‘0AUMC—MCUy Z‘OAUMCDY(defa“/;)—MC‘DY(rep/uced) Ao,
Event class 0 2.22 1.14 - - - 1.14
Event class 1 2.26 0.31 - 0.10 - 0.33
Event class 2 2.22 0.39 0.28 0.12 - 0.49
Event class VBF  2.33 0.47 0.50 - - 0.69
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Table 5-38 (2018) Values of 4, statistical uncertainties from double-fake fits, uncertainties from
single-fake fits and the total uncertainty in each event class. Here MC represents the

above MC,;;,.,0cp-

2018 H Abdgrar 2.0Atyara-mc Z'OA”MC—MCDY 2-0AﬂMCDy(‘,eflm,,)7MCDY(,£,p,Md) Aptyy
(GeV) (GeV) (GeV) (GeV) (GeV) (GeV)
Event class 0 88.50 0.29 0.32 - - 0.43
Event class 1 88.96 0.26 - 0.04 - 0.26
Event class 2 88.91 0.19 0.16 - - 0.25
Event class VBF 89.05 0.74 - - 1.86 2.00

Table 5-39 (2018) Values of o, statistical uncertainties from double-fake fits, uncertainties from
single-fake fits and the total uncertainty in each event class. Here MC represents the

above MC,;;,.,0cp-

2018 o Aomt 2‘0A°'dﬂm-MCa11onCD Z'OAO-MCulIquCD_MCDY 2'0A6MCDY(defnulr)_MCDY(rep[aced) Agmf
Event class 0 1.65 0.32 0.32 0.26 - 0.52
Event class 1 2.14 0.29 0.14 - - 0.32
Event class 2 2.90 0.30 0.26 0.26 - 0.47
Event class VBF ~ 2.34 0.48 0.56 - 1.28 1.48

The DCB parameters a; and ag were optimized and fixed during the background
modeling. The uncertainties on DCB parameters a; and ag are considered. The fits
have been performed on the double-fake DY MC events with floating @; and ag. For
each of the a; and ag corresponding to each event category, the central values are opti-
mized and fixed, as summarized in Table 5-25 (2016), Table 5-26 (2017) and Table 5-27
(2018). The fits with a; and ay floating are used to obtain the statistical uncertainty.
The difference of the fixed value and fitted value from the floating fit has been treated
as systematic uncertainty. Finally, the quadratic sum of the statistical and systematic
uncertainty is considered as the total uncertainty of fixed alpha. The fitted values of
a; and ap are summarized in Table 5-40 for 2016, 2017 and 2018. Table 5-41 (2016),
Table 5-42 (2017) and Table 5-43 (2018) list the central values, statistical uncertainties,

systematic uncertainties and the total uncertainties of a; and ay.

Finally, the studies in this chapter takes in account the statistical uncertainties on

the values of the DCB parameters n; and ng, as well as those from the additional ex-

146



Chapter 5: Search for a standard model-like Higgs boson in the mass range between 70 and 110 GeV in the
diphoton final state with full Run 2 dataset

Table 5-40 Fit values of «; and a, while floating in the fitting of the double-fake DY events.

2016 2017 2018

class a ag a ag a; ag
0 1.04+0.25 0.85+0.28 1.27+0.36 1.49+0.92 1.67+0.22 1.09+0.39
1 0.73+0.14 3.04+0.18 1.44+0.19 2.58+0.62 0.92+0.15 1.68+0.15
2 0.64+0.11 1.34+0.16 0.90+0.18 0.96+0.11 0.57+0.11 1.47+0.21
VBF - - 1.78+0.37 1.83+0.76 1.04+0.11 1.75+0.38

Table 5-41 (2016) Central values, statistical uncertainties,systematic uncertainties and the total

uncertainties of o, and a.

ap aR

class Central Stat. Syst. Total Unc. Central Stat. Syst. Total Unc.

0 1.2 03 02 0.3 2.0 0.3 1.2 1.2
1 1.2 0.1 0.5 0.5 2.0 0.2 1.0 1.1
2 1.4 0.1 0.8 0.8 1.6 02 03 0.3

Table 5-42 (2017) Central values, statistical uncertainties, systematic uncertainties and the

total uncertainties of «; and a,.

ap aR

class Central Stat. Syst. Total Unc. Central Stat. Syst. Total Unc.

0 0.7 04 0.6 0.7 2.5 0.9 1.0 14
1 1.0 02 04 0.5 2.0 06 0.6 0.8
2 0.9 02 0.0 0.2 1.8 0.1 0.8 0.8
VBF 1.1 04 07 0.8 22 0.8 04 0.8

ponential function exp_p1 and frac_sum, obtained from the double-fake fits as listed in
Table 5-25 for 2016, Table 5-26 for 2017 and Table 5-27 (2018).

The relic DY events have a similar peak shape as that of the signal. Significant bias
observed due to the relic DY, when the signal mass is close to the relic DY fitted peak in
2016 class 0, in 2017 for all classes and in 2018 class 0. The maximum bias, is around

0.6 in 2016 class O, for all the classes in 2017 and in 2018 class 0. In order to deal with
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Table 5-43 (2018) Central values, statistical uncertainties, systematic uncertainties and the

total uncertainties of «; and a,.

ap aR

class Central Stat. Syst. Total Unc. Central Stat. Syst. Total Unc.

0 1.2 02 05 0.5 1.7 04 0.6 0.7
1 0.7 02 02 0.3 0.9 02 038 0.8
2 0.9 0.1 0.3 0.3 1.7 02 02 0.3
VBF 23 0.1 1.3 1.3 1.0 04 07 0.8

this, different approaches were tried and the so-called “inflated “f”” uncertainty method”
is considered to reduce the bias to acceptable values as well as having a small impact
on the expected uncertainty of signal strength. This method inflates the normalization
uncertainties of the relic DY background. In 2016 class 0, the inflated “f” uncertainty is
0.02 which is around 4 times the original uncertainty (~0.005) for each selected analytic
function in this event class. With this method, the maximum bias in 2016 class O re-
duced to less than 0.2. In 2017 data set, the best choice is to employ 4 times the original
uncertainty on “f”” in event class 0 and event class 1, while to employ 6 times the orig-
inal uncertainty on “f” in event class 2 and the VBF tagged event class. The original
uncertainties are between ~0.00001 to 0.0531 in 2017. With this method, maximum
bias reduced to around 0.3 to 0.4, depending on the different 2017 event classes. In
2018 class 0, the uncertainty is 4 times the original uncertainty and the maximum bias
in 2018 class 0 is reduced to be less than about 0.2. As these fractions “f” with inflated
uncertainties are treated as Gaussian constrained nuisance parameters and included as
“param” nuisances in the datacards for statistical analysis, they will change the impact
ranking of the nuisance parameters on the signal strength. The unblinded impacts for

the full Run 2 combination are shown in Figure 5-90 and Figure 5-91.
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Figure 5-90 Full Run 2 unblinded impact plots of NP on signal strength for 70 GeV (top) and

90 GeV (bottom) signal mass, where 6, is the NP before the fit and 6 is the NP after the

fit. The red band shows the impact on the signal strength when 6 reaches its +1c while

the blue one shows the impact when 6 reaches its — 1o value.

149



Chapter 5: Search for a standard model-like Higgs boson in the mass range between 70 and 110 GeV in the
diphoton final state with full Run 2 dataset

CMS internal

1 ftest_pdf_0_13TeV_2016_ber_4_frac_suml —— ! T
2 DYee_13TeV_2018_UntaggedTag_1_DCB_alphaCB2 -—.——c

3 CMS_hgg_scaleWeight 2 S

4 DYee_13TeV_2016_UntaggedTag_0_DCB_alphaCB2 et

5 CMS_hgg_nuisance_HighRIEBPhi_13TeVsmear o —————i

6 DYee_13TeV_2018_UntaggedTag_2_DCB_sigma ———

7 DYee_13TeV_2017_UntaggedTag_0_DCB_sigma —

8 CMs_hgg_scaleWeight 1 ——

9 DYee_13TeV_2018_UntaggedTag_1_DCB_mean : —_——

10 Qcpscale_gg ———

11 DYee_13TeV_2017_UntaggedTag_1_DCB_mean : —— it

12 DYee_13TeV_2018_UntaggedTag_2_DCB_alphaCB2 o—.—a

13 CMS_hgg_SigmaEOverEShift_2017 H ._._..

14 DYee_13TeV_2018_UntaggedTag_2_DCB_mean ————

15 p_alphas_gg —_——i

16 CMS_hgg_scaleWeight 0 ——————t

17 DYee_13TeV_2017_UntaggedTag_0_DCB_mean —————

18 CMS_hgg_PreselSF_2018 D—Q—'

19 DYee_13Tev_2017_UntaggedTag_2_DCB_sigma ———t

20 CMS_hgg_nuisance_NonLinearity_13TeVscale } — et

21 DYee_13TeV_2018_UntaggedTag_1_DCB_sigma D o——

22 flest_pdf_1_13TeV_2017_exp_3_frac_sumi i e i

23 DYee_13TeV_2018_UntaggedTag_2_DCB_alphaCB1 —————— !
24 DYee_13TeV_2017_UntaggedTag_1_DCB_alphaCB1 ——— i
25 CMS_hgg_SigmaEOverEShift_2016 —_——

26 DYee_13TeV_2016_UntaggedTag_2_DCB_alphaCB1 ———

27 DYee_13TeV_2018_UntaggedTag_1_DCB_alphaCB1 D o———

28 DYee_13TeV_2016_UntaggedTag_2_DCB_mean ———
29 UnderlyingEvent_norm —_——i :
30 CMS_hgg_SigmaEOverEShift_2018 | 7—?—1

-2 -1 0 1 2I —O..04 —O.IOZ O 0.62 0.64
--Pull [@+1o0 Impact [J-1o Impact (@—GO)/AG At

CMS internal

1 CMS_hgg_SigmaEOverEShift_2016 | —
2 PartonShower_norm 3 e ‘
3 CMS_hgg_JEC_migration0_2018

4 DYee_13TeV_2018 VBFTag_frac_suml

5 DYee_13TeV_2018_VBFTag_DCB_alphaCB2

6 DYee_13TeV_2018_VBFTag_exp_pl

7 DYee_13TeV_2018_VBFTag_DCB_mean

8 CMS_hgg_PreselSF_2018

9 CMS_hgg_scaleWeight_2 : i ‘

10 DYee_13TeV_2018_UntaggedTag_2_DCB_alphaCB2 :'—._‘
11 CMS_hgg_scaleWeight 0 : ; . )
12 DYee_13TeV_2018_UntaggedTag_1_DCB_alphaCB2

13 CMS_hgg_nuisance_HighRIEBPhi_13TeVsmear

14 ftest_pdf_0_13TeV_2017_ber_3_frac_suml

15 ftest_pdf_0_13TeV_2018_lau_1_frac_sum1

16 ftest_pdf_0_13TeV_2016_pow_1_frac_suml

17 DYee_13TeV_2018_UntaggedTag_2_DCB_sigma

18 ftest_pdf_2_13TeV_2017_ber_4_frac_suml

19 QCDscale_gg

20 ftest_pdf_1_13TeV_2017_exp_3_frac_suml

21 DYee_13TeV_2018_UntaggedTag_0_DCB_alphaCB2

22 pdf_alphaS_gg

23 DYee_13TeV_2018_UntaggedTag_1_DCB_alphaCB1

24 DYee_13TeV_2016_UntaggedTag_1_DCB_alphaCB2

25 CMS_hgg_LinearCutieight_2018

26 CMS_hgg_nmatchedeleSF_2018

27 CMS_hgg_scaleWeight_1

28 DYee_13TeV_2017_UntaggedTag_1_DCB_mean

29 CMS_hgg_pdfweight_8

30 DYee_13TeV_2018_UntaggedTag_2_DCB_alphaCB1 I

2 -1 0 1 2 002 0 002
--Pull [+1o Impact [[]-1o Impact (@-GO)/AG Ar
Figure 5-91 Full Run 2 unblinded impact plots of NP on signal strength for 95 GeV (top) and
110 GeV (bottom) signal mass, where 6, is the NP before the fit and 6 is the NP after the
fit. The red band shows the impact on the signal strength when 0 reaches its +1c while

the blue one shows the impact when 6 reaches its — 1o value.
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5.15 Results

The final results (limits and p-value) of the study carried out in this chapter are
obtained by following the same method as used by SM H — yy analysis and are
from [115].

The expected number of signal events are listed in Table 5-44 which corresponds
to the production of an additional SM-like Higgs boson with my; = 90 GeV from 2016,
2017 and 2018 datasets. The total number is broken down into the contributions from
all the production processes in each of the event classes. Also shown the o4 and
oM Values along with the number of background events per GeV estimated from the
background-only fit to the data. The number from the DY process, in the corresponding
o.; Window centered on my = 90 GeV, using the chosen background function is also
shown. Figure 5-92 displays the same information visually, with the additional plot
of the number of signal events divided by the total number of signal plus background

events.

Table 5-44 The expected number of SM-like Higgs boson signal and background events (m,; =

90 GeV) per event class and the corresponding percentage breakdown per production

process.

Event classes Expected SM-like Higgs boson signal yield (my = 90 GeV) Bkg. DY Bkg.
Total ggH VBF WH ZH #H o4 oy (GeVTH  (GeVTH

%) (%) R B () (GeV) (GeV)
2016 0 130 719 156 62 36 26 1.12 1.00 271 12
36.3 fb~! 1 304 874 66 36 21 03 1.25 1.07 3093 33
2 407 947 2.5 1.7 1.0 0.1 1.87 1.51 9190 193
Total 842 88.5 60 31 18 06 150 1.20 12554 239
2017 0 104 734 116 75 43 32 127 1.13 248 7
41.5fb™! 1 347 885 56 35 21 03 1.40 1.24 3625 83
2 413 944 26 19 1.1 0.1 1.91 1.64 8169 244
VBF 26 456 518 1.0 05 10 133 1.15 29 1
Total 890 88.2 62 31 18 06 1.60 1.35 12071 338
2018 0 162 751 102 73 43 30 121 1.05 430 3
54.4 fb™! 1 585 90.1 48 31 18 02 134 1.17 6445 378
2 473 944 2.5 19 12 01 201 1.73 10982 720
VBF 38 454 519 .1 06 10 121 1.03 46 1

Total 1258 884 6.1 31 1.8 06 1.54 1.27 17902 1104
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Figure 5-92 The expected number of signal events per event class and the percentage break-
down per production mode in 2016 (top) 2017 (middle) and 2018 (bottom) analysis. The
effective o is also provided as an estimate of the m , resolution in that category and com-
pared directly to the full-width at half maximum. The ratio of the number of signal events

(S) to the number of signal plus background events (S+B) is shown on the right hand side.
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The expected and observed 95% confidence level upper limits on the product of
the production cross-section times branching ratio into two photons, both in the case
relative to the SM-like BSM expectation from the latest LHCHGXSWG [60] and in the
unnormalized case, are presented in Figure 5-93 for 2016, Figure 5-94 for 2017 and Fig-
ure 5-95 for 2018. A simultaneous binned maximum likelihood fit is performed to the
distributions of diphoton invariant mass in all event classes, with a step size of 0.1 GeV
within the range 70 < m,, < 110 GeV by using an asymptotic approach [30, 116, 117].
The related theoretical prediction for an additional SM-like Higgs boson is shown as a
solid hatched band line indicating its uncertainty [30]. In 2016 analysis, one excess with
approximately 3.3 o local (2.1 ¢ global) significance is observed for an hypothesis mass
of 95.7 GeV and no significant excess with respect to the expected limits is observed
for 2017 and 2018. The minimum (maximum) observed upper limit on the production
cross section times branching ratio is approximately 30 (154) fb corresponding to a mass
hypothesis of 87.2 (95.7) GeV in 2016, approximately 34 (159) fb corresponding to a
mass hypothesis of 108.8 (70) GeV in 2017 and approximately 24 (94) fb corresponding
to a mass hypothesis of 110 (74.6) GeV in 2018.
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Figure 5-93 (2016) Expected and observed exclusion limits (95% CL) on the production cross-
section times branching ratio into two photons (left) in the case relative to the expected
SM-like BSM cross-section and (right) in the unnormalized case, in the asymptotic CLs

approximation.

153



Chapter 5: Search for a standard model-like Higgs boson in the mass range between 70 and 110 GeV in the
diphoton final state with full Run 2 dataset

CMS Preliminary 415 fb” (13 TeV) 0,25 CMS Preiminary 415 b (13 Tev)
s L e ~—~ 0. L e e e B
7 H ] ] I T T T ] '8_ H T T T T T ‘ T
< oW — Observed 1 = - Yy — Observed ]
A g 1
] c eo ]
1 . Expected + 1o 7] § 02 - xpected * ]G,
T ] - i Expected + 20|
\6’ ————— Expected + 20 ,: ; §§§§ o, x 8 ]
3 ] ]
5 - T
S _ N—’
= : @
] x
> 4
7 T 0.
1 . S 0.1
5 ]
(o}

70 75 80 8 90 95 100 105 110 70 75 80 8 90 95 100 105 110
m, (GeV) m, (GeV)

Figure 5-94 (2017) Expected and observed exclusion limits (95% CL) on the production cross-
section times branching ratio into two photons (left) in the case relative to the expected

SM-like BSM cross-section and (right) in the unnormalized case, in the asymptotic CLs
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Figure 5-95 (2018) Expected and observed exclusion limits (95% CL) on the production cross-
section times branching ratio into two photons (left) in the case relative to the expected
SM-like BSM cross-section and (right) in the unnormalized case, in the asymptotic CLs

approximation.
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5.15.1 Full Run 2 combination

The results from 2016, 2017 and 2018 datasets are combined statistically at \/E =13
TeV exploiting the same methods which are used to obtain the results from each individ-
ual dataset, in the mass range 70 < m,,, < 110 GeV. Figure 5-96 address the expected
and observed 95% confidence level upper limits on the production cross-section times
branching ratio into two photons in both cases i.e. relative to the SM-like BSM expec-
tation from the latest LHCHGXSWG predictions [30] and in the unnormalized case.
The minimum (maximum) observed limit on the production cross section times branch-
ing ratio is approximately 15 (73) fb relative to a mass hypothesis of 108.9 (95.4) GeV.

Figure 5-97 shows the expected and observed 95% confidence level upper limits on the
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Figure 5-96 (Run 2) Expected and observed exclusion limits (95% CL) on the production cross-
section times branching ratio into two photons (left) in the case relative to the expected
SM-like BSM cross-section and (right) in the unnormalized case, in the asymptotic CLs

approximation.

production cross-section times branching ratio into two photons, for the ggH plus 1 H
and VBF plus VH processes, the VBF only production hypothesis and the VH only pro-

duction hypothesis from the statistical combination of 2016, 2017 and 2018 datasets.

Figure 5-98 shows the observed local p-values as calculated with respect to the
background-only hypothesis using the ratio of a profile likelihood. In the full Run 2

results, one excess approximately 2.9¢ local (1.3¢ global) significance is observed for
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Figure 5-97 (Run 2) Expected and observed exclusion limits (95% CL, in the asymptotic ap-
proximation) for the ggH plus (7H (top left) and VBF plus VH (top right) processes,
100% VBF production hypothesis (bottom left) and the VH production hypothesis (bot-
tom right). The inner and outerbands indicate the regions containing the distribution of
limits located within +1 and +2¢ of the expectation under the background-only hypoth-

esis.

a mass hypothesis of 95.4 GeV where the global significance has been calculated using
the method explained in Ref. [118]. In Figure 5-99 and 5-100, there are channel compat-
ibilities for the full Run2 combinations. It has been estimated by fixing the mass value to
the maximum significance mass point i.e. 95.4 GeV, corresponds to the full Run2 com-
bination. The horizontal bars indicate 1o uncertainties in the values, the vertical line
and band indicate the value of combined “u” in the fit to data and its uncertainty. Sig-

nal strengths at 95.4 GeV are compatible among 2016, 2017, 2018 (with y? probability
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Figure 5-98 (Run 2) Observed local p-values for an additional SM-like Higgs boson as a func-
tion of m;; from 2016, 2017, 2018 and the full Run 2 combination.

value of 0.06) and for all the event classes (with y? probability value of 0.68) in 2016,

2017 and 2018 data sets. In the Figure 5-101, m,,, distributions are shown for all events
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Figure 5-99 Full Run 2 channel compatibility per event class with the categories belong to each

corresponding year.

in all classes, in combined 13 TeVdata set along with the result of a fit of the signal-

plus-background model under a mass hypothesis of 95.4 GeV. In the right plot, each

event is weighted according to ratio of the numbers of signal to signal-plus-background

157



Chapter 5: Search for a standard model-like Higgs boson in the mass range between 70 and 110 GeV in the
diphoton final state with full Run 2 dataset

CMS Ppreliminary 132.2 b (13 TeV)
T T Ty T e T
H-vyy .
. Combined + 1o
: -
— u - —
: — IJ-SM
2016 | 0.77 *°% ) . _ +0.19
o . Mcombmeci = 033 -0.12
L]
— . m,, = 95.4 GeV ]
2017 | 001702 .
:
L]
.
2018 | 035757 :
L]
TR AR | \:\ | | IR |
-2 -1 0 1 2 3 4 5 6
H

Figure 5-100 Full Run 2 channel compatibility per year.

events (S/S+B) for its event class, where S and B are the numbers of expected signal

and background events.
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Figure 5-101 Events in all classes of the combined 13 TeV dataset together with the fit of signal-
plus-background model, under a mass hypothesis of 95.4 GeV. The left plot is unweighted
and in right plot, each event is weighted by the ratio S/(S+B) for its event class, where S

and B are the numbers of expected signal and background events.

5.16 Conclusion

The results for the search of a new low-mass resonances in the diphoton decay chan-
nel has been reported. The presented study is based on the p-p collisions at \/E =13
TeV (center-of-mass energy) collected by the CMS detector at LHC in 2016 (36.3 fb_l),
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2017 (41.5 fb~!) and 2018 (54.4 fb~"). The studies are performed in a mass range be-
tween 70 and 110 GeV. The expected and observed 95% confidence level upper limits
on the product of the cross-section times branching ratio into two photons for both, ab-
solute and normalized to the prediction for an SM-like BSM Higgs boson are shown.
The statistical combination of expected and the observed results of upper limit and local
p-value from the studies of 2016, 2017 and 2018 datasets are also reported. No signif-
icant excess with respect to the expected limits is observed. The maximum observed
local significance is approximiately 2.9¢ for a mass hypothesis of 95.4 GeV, with a
global significance of 1.30. The observed upper limit on the production cross section
times branching ratio into diphoton, ranges from approximately 73 fb at a mass of 95.4

GeV to 15 fb at a mass of 108.9 GeV.
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Chapter 6: Higgs properties measurement in the diphoton decay
channel

6.17 Introduction

The studies presented in this chapter are mainly about the Higgs boson property
measurements which includes, the signal strength modifiers, production cross sections,
the Higgs boson’s couplings to other particles by using the STXS framework [25]. It
also addresses the results of inclusive and differential fiducial cross section measure-

ments [26].

The measurements shown here in this chapter for both of the analyses has been
carried out using full Run 2 dataset with the corresponding integrated luminosity of
137 fb~!. The luminosities for 2016, 2017 and 2018 data are 35.9 fb~', 41.5 fb™!,
and 59.4 fb~'respectively. The simulated signal samples are generated considering all
of the major Higgs boson production modes. The major background for both of the
studies addressed is originating from SM diphoton events and the y + jets or jet + jet
events contribute to the minor part of background. Drell-Yan events having final states

from leptons are also taken into consideration.

The signal extraction strategy as well as the techniques for the modeling of signal
and background are identical for both of analyses. The modeling of signal is done in a
parametric way, separately for each observable. The m,, signal shape is simulated at the
level of reconstruction which includes the efficiency corrections. A sum of up to four
Gaussian pdfs used for fit in each of the bin particle level and reconstruction categories.
The right and wrong vertex shapes are fitted separately and combined together in order
to have a full signal pdf per bin. The discrete profiling method has been utilized for
the background modelling. As the accurate configuration of background is unknown,
so various functions are employed to fit the smoothly falling m,, shape and their choice
is considered as a nuisance parameter in the fit (maximum likelihood) used to measure

the cross sections.
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6.18 Signal strengths and STXS with full Run 2 dataset at 13 TeV
6.18.1 The STXS framework

This analysis is mainly based upon the categories to enable measurements within
the simplified template cross section (STXS) framework. This framework give an ap-
proach to perform measurements of Higgs boson couplings, reducing the theoretical
uncertainties and at the same time, permit the use of advanced experimental methods.
These techniques were firstly introduced in Ref. [27] followed by subsequent new ver-
sions developed according to the experimental results [28]. This framework help to en-
hance the reinterpretation of the measurement and intends to supersede the traditional
measurement with the signal strength modifier.

In STXS framework, the kinematic regions motivated by theory are defined, based
upon the Higgs boson production modes. These simplified bins does exist in the chang-
ing granularity followed by sequential stages. With the help of increased granularity of
the signal bins aid to provide more information for various theory based explanations of
the measurements. As a result, the sensitivity is enhanced for the possible BSM signa-
tures. The integrated luminosity of the dataset has been increasing by the LHC resulting
an enhanced experimental sensitivity of the measurements could lead to the later stages

in the STXS framework.

At the stage 0 of STXS framework, the bins are closely related to the various Higgs
boson production modes. In order to reduce the theoretical uncertainty, another require-
ment on the Higgs boson rapidity (|yg| < 2.5) is placed. Without this, while extrapola-
tion of the measurements to the full phase space, a big part might not be experimentally
accessible. With |y, | > 2.5, the experimental acceptance of H — yy events is almost
negligible but still taken into account. Results with the stage O cross sections in the

diphoton decay mode were reported in the previous analysis (HIG-16-040) [106].

In the stage 1 of the STXS, bins are further splitted based on various kinematic
regions. The stage 1 cross section observations for gluon-gluon fusion (ggH) and vector
boson fusion (VBF) were addressed in the prior version of this analysis in HIG-18-
029 [29]. Now the updated definitions have become available for stage 1.1 and stage
1.2. The updated stage 1.2 bins is one of the differences between the current studies and

the ones reported previously.

In the latest results which corresponds to HIG-19-015 and were published by JHEP
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(JHEP07(2021)027) [25], the key differences and enhancements w.r.t. the previous re-

sults are:

e The availability of 2018 data increased the integrated luminosity from 77.4 fb~!
to 137 fb~! resulting an improvement of about 33% to the most of the measurements
which were statistically limited before.

¢ An enhanced measurement of ggH production is made where a multi-class BDT
has exploited to target stage 1 bin in contrary to just using the reconstruction level dipho-
ton p and total number of jets. This improved the categorisation effectively and mimic
the correlations of ggH parameters in the final statistical results.

e For the VBF production, an optimized approach is made by improving the ca-
pability of constraining ggH production with the topology of final state is identical to
that of typical VBF events.

e The analysis categories are added in order to target associated production (VH)
with the hadronic decays of vector bosons as well as the leptonic decays of vector bosons.

e The tth (top quark-antiquark pair) production categories are also incorporated
which were also used before in HIG-19-013 [119].

e A dedicated new category is also added for the first time, for the associated
production of single top quark (tH).

e Inclusive as well as per-production mode signal strengths are included along-

with Higgs boson coupling measurements using k-framework and additional 2D scans.

This chapter mainly talks about the analysis strategy, categorisation procedure
leading towards the final results of Higgs boson properties measurements. The pho-
ton identification BDT has been improved significantly as compared to the previous
H — yy analyses. The chained quantile regression method is used to correct the MC
inputs of this BDT in order make the simulation agree with data well. The sequen-
tially corrections are made for the input variables using their cumulative distribution
functions to maintain the variables correlations. As a result, the systematic uncertainty
belongs to the data/MC differences got reduced for the output score of photon ID BDT.
All of the optimizations are done simultaneously three years i.e. 2016, 2017 and 2018
which changes the diphoton mass resolution resulting an enhanced inclusive sensitivity
of approximately 5%. The structure of this chapter is as, it briefly describe the analy-

sis strategy, categorisation procedures which covers the ggH, electroweak (EW) qqH,
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leptonic VH and ttH production modes followed by the final results and interpretation.
6.18.2 Analysis strategy

In order to correctly define the STXS bins, categorization of the analysis is con-
structed in a way that each category can be identified separately. This goal has been
achieved by reconstructing the detector level similar particle quantities used for the bins
definitions. In addition to this, several machine learning (ML) algorithms including
boosted decision trees (BDTs) and deep neural networks (DNNs), are used to increase
as much as possible the signal to background ratio and eventually increase the analysis
sensitivity. By defining the granular categories, a good sensitivity is achieved for more
inclusive quantities like the overall signal strength as well as per-production mode signal
strengths.

The reconstruction level categorization of events is designed in a way to aim all the
bins where a good sensitivity can be achieved in the diphoton decay channel with a pre-
scribed dataset. All of the bins are measured without merging, for the ggH phase space.
It is very hard for the high dijet mass (m;;) bins to separate from VBF, even though, it
is tried to constrain them collectively. Additionally, very high Higgs boson p bins has
very low cross section resulting the limited sensitivity. It is rather possible to constrain
the main bins for qqH production mode including the VH hadronic ones, the bins with
VBF topology for high and low m;; along-with the BSM bin. For the VH events in the
leptonic decays of vector boson, the diphoton decay mode has very few events to mea-
sure precisely the bins individually. To accomplish this jobs, dedicated studies carried
out in order to finely define the analysis categories so that by not effecting the sensitivity
to VH leptonic mode. The same studies are performed to determine a precise splitting
of Higgs boson p; for ttH production and a dedicated DNN (Deep Neural Network)
referred to as the top DNN is trained to discriminate ttH from tH production.

The analysis categories can be defined separately for each year or by having all of
the three years combined together. It is then felt preferred that, if the expected num-
ber of events is small, the merging is done for all three years and where it has enough
statistics, treated them separately. The merging is then done for in the ttH phase space
and at the same time, information of the difference in different years is lost. Its also
relevant for the ggH phase space which generally posses high statistics but still, the sen-

sitivity is diphoton mass resolution dependent which is not same among years. Based

164



Chapter 6: Higgs properties measurement in the diphoton decay channel

on the studies done for both scenarios, it turned out that even for the ggH categories, the
sensitivity is higher with the merging of all years. As a result, the MVA’s used for the
categorization of each intended production mode are trained by combining all of three
years. The final categories of the analysis are based on the data from the merging of
three years. The MC events are separately generated for each year according to the cor-
responding detector conditions and they are merged. This is needed in order to include
the variation in the detector, event reconstruction and in the LHC beam parameters. In
addition to this, the photon energy scale corrections and various procedures related to
the event reconstruction are carried out individually for each year. While performing
the final categorization of diphoton events, the data and MC events from each year are

processed together.

Finally, in order to measure the cross sections along with the uncertainties, a si-
multaneous fit is performed over all of the analysis. Additionally, signal strengths w.r.t.
to the SM expectation are addressed for inclusive and per-production mode. Measure-
ments of various parameters in the xk-framework are also presented. A brief description
of different analysis regions, classifiers used and the targeted STXS stage 1.2 bins can

be seen in Table 6-45

165



Chapter 6: Higgs properties measurement in the diphoton decay channel

Table 6-45 Description and the method used for defining the categories of events.

Categorisation

region

STXS

assignment

Classifiers

Particle-level STXS bin,
(units in GeV)

Number of

categories

tHq leptonic

tHq BDT,
top DNN

tHq

1

ttH leptonic

Yy
Pr

ttH lep BDT,
top DNN

pf < 60

60 < pyf < 120

120 < pf <200

all p > 200 (2 total)

ZH leptonic

ZH lep BDT

all qqZH and
ggZH bins (10 total)

NN NN A

WH leptonic

44
pr

WH lep BDT

<75
all > 75 (4 total)

VH E}'"*

VH MET BDT

all VH leptonic
bins (15 total)

ttH hadronic

vy
pr

ttH had BDT,
top DNN

p;’ < 60

60 < pff <120

120 < pff <200

all p# > 200 (2 total)

VBF

124 Hjj
pT ) mjj, pT

dijet BDT,
diphoton BDT

350 < m;; < 700, p; " < 25
350 < m;; <700, p;” > 25
m;; > 700, p; " <25

m;; > 700, p; " > 25
P> 200

all ggH m;; > 350 (4 total)

VH hadronic

VH had BDT,
diphoton BDT

350 < m;; < 700

O I T C R R T R O N O

ggH

ggH BDT, py/

diphoton BDT

0J pff < 10

0J p > 10

1 pj' < 60

13 60pt < 120
1J 120pH < 200
21 pf <60

21 60pl < 120
27 120p# < 200
200 < pf < 300
300 < py < 450
450 < pi < 650
py > 650

DN W W W W W W W W

—_—

No categories

qqH 01, 17, m;; < 60,
qqH 120 < m;; < 350,
bbH, tHW

(=)
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6.18.3 Events categorisation

The selection of event in all of the analysis categories needed two leading prese-
lected photon candidates to have p? > m,,/3 and p’}z > m,, /4 respectively with mass
range 100 < m,, < 180 GeV. The scaled photon p; requirements mimic the distortions
at lower end of the m,, spectrum. The categorization of the events for the analysis is
made where the signal peak is recognizable from the smoothly falling background of
m,, spectrum. The properties diphoton system are used in categorization procedure to
optimize the analysis sensitivity. The categorization procedure utilize dedicated cri-
teria and classifiers to select the events consistent with the tH, ttH, V H, V BF, and
gg H production mechanism. As a result, enhanced analysis sensitivity is achieved and

measurements are performed for cross sections of individual production mode.

At the stage 1 of STXS framework, bins were splitted using the kinematic proper-
ties of events [28]. In this way, the sensitivity of analysis can be enhanced for possible
BSM physics signatures. Moreover, the theory dependence of the measurement can be

reduced by having increased number of independent bins.

ATLAS collaboration have already been reported measurements at stage 1 of the
framework [68—70]. By following these measurements, the enhancements in the frame-
work were made in a way that, the most recent STXS bins definition is stated as STXS
stage 1.2. The CMS Collaboration has reported the first measurement of STXS stage
1.2 cross sections [71]. A full set of STXS stage 1.2 bins are illustrated in Figure 6-102.
Categories targeting ggH production

At stage 1.2 of the STXS framework, the gluon fusion process (ggH) is divided
into a total of sixteen generator-level bins, as shown in blue region of Figure 6-102. The
events are split first by the transverse momentum of the Higgs boson, p? . Events with
p%’ > 200 GeV enter a dedicated BSM region, where bins are defined by more granular
splits in pf . Four BSM bins are defined by p}Tq boundaries placed at 300, 450, and 650
GeV, the final bin of which extends to arbitrarily high p? . The remaining events are
then split initially by the number of jets. At generator-level, jets are defined as anti-k
(with radius parameter 0.4) jets, built from all stable particles except the products of
the Higgs and any associated vector bosons. An additional requirement that p; > 30
GeV is also imposed, to reduce the impact of pileup. There are zero (0J), one (1J), and

greater than or equal to two jet (GE2J) bins. In the case where there are no jets present,
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Figure 6-102 Full layout of STXS stage 1.2 bins.

two bins are defined using p{f boundaries placed at 10 GeV and 200 GeV. We refer to
these bins as 0J low and 0J medium in this note. When one jet is present, boundaries
are defined by cuts on pf placed at 60, 120, and 200 GeV, named 1J low, 1J medium
and 1J high.

For events with two jets or more, a further split using m;; is performed, with a
boundary being placed at 350 GeV. Events falling in the lower m;; bin are split by pT
boundaries identical to the one jet case. Events in the upper m;; bin form a separate
region dedicated to the VBF-like phase space. This region is split into a two-jet-like
(p%{ < 25 GeV) and three-jet-like (p{l > 25 GeV) bin. Finally these bins are divided
into a low and high m;; region, by a boundary placed at 700 GeV.

For the ggH process, dedicated categories targeting each of the stage 1.2 bins.
Events are assigned to a category based on the reconstructed equivalent of the generator-
level quantities. The number of jets is defined by the number of anti-kt jets with a
measured pr > 30 GeV, and the p%’ corresponds to the measured py of the diphoton
system (p ). Similarly, the pT has a reconstruction-level analogue in the measured pt

of the diphoton plus dijet system. Finally, the m;; corresponds to the invariant mass of

Ji
reconstructed dijet system.

In general, the p;y is well measured entity and the migration between bins is very
small (approximately 1-5%). There is however greater migration between the recon-

structed jet bins, up to around 30%. Therefore, a sophisticated categorisation techniques
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such as classification using multi-class BDT have been studied, in order to make pos-
sible improvement in category purity. The analysis sensitivity is further maximized by
splitting of events based on the expected signal-to-background ratio (S/B). The diphoton
BDT used for this purpose to discriminate the signal from background processes. The
uncertainty in the ggH production of events with a VBF-like dijet system is considered
by two sources related to the prediction in the two-jet-like and three-jet-like bins. The
total magnitude vary from around 5% to 30%, with the events having one or more jets
and high values of p;I .

Categories targeting qqH production

The categories targeting EW qqH production are splitted into two groups. The first
targets the VBF like phase space, using a multi-class dijet BDT to separate true VBF,
VBF-like ggH, and non-Higgs backgrounds with dijets. The second targets hadronic VH
production, using a VH had BDT trained against both ggH and non-Higgs backgrounds.

Both groups additionally use the diphoton BDT to further reject background.

At stage 1.2 of the STXS framework, the EW qqH production is split into six
generator-level bins. The number of jets defines three regions: 0-jet, 1-jet and > 2-
jet. The latter region is further divided into two m;; regions of 0 to 350 GeV and >
350 GeV. The > 350 GeV region is further splitted by p? into two bins of 0 to 200
GeV and > 200 GeV respectively, as shown in orange color in Figure 6-102. There is
a VH hadronic bin which requires that a dijet is present with 60 < m;; < 120 GeV.
The same approach is used by employing a dedicated BDT to separate VBF from ggH
and non-Higgs background. A multi-class BDT is used instead of the as described in
Ref. [29, 105]. Categories are constructed using cuts on the multi-class BDT output, to-
gether with cuts on the diphoton BDT. In addition, categories are split by p;]j 7 and m i
in order to provide some sensitivity to the different stage 1.2 processes. A data-driven

method is used to model background events with non-prompt photons in the multi-class

BDT training, replacing the MC. The method is same as used in Ref. [29].

The VH hadronic preselection requires two jets within Iyl < 2.4 and with py >
30 GeV, and satisfying a pileup jet identification criteria. Category targeting the VH
hadronic stage 1.2 bin is defined by particle level bin by 60 < m;; < 120 GeV and is
constructed using an additional dedicated BDT. This is trained with the VH hadronic

as signal, and all other Higgs and non-Higgs processes treated as background. Together
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with the diphoton BDT and a selection on the dijet mass, this is used to define the final
analysis categories. The final categories are defined by placing thresholds on the VH
BDT output score and the diphoton BDT. Merging all years, it is found that two cat-
egories are required to reach the optimal sensitivity. A data-driven method is used to
model y + jet and jet + jet, coming mainly from specific types of quark/gluon frag-

mentation processes and are not easily modelled.

The additional sources are introduced to account for the uncertainty in the mod-

elling of the p;l , p;l 7 and m ;; distributions, and the number of jets in the event. A
total of six sources are defined to reflect migrations of events across m;; boundaries at
60, 120, 350, 700, 1000 and 1500 GeV. Two additional nuisance parameters account
for migrations across the p? =200 GeV and p;{ J = 25 GeV bin boundaries. A single
source is defined to account for a migration between the zero and one. The total mag-
nitude varies between bins is at most 8%. These are considered as uncertainties in the
SM expectations while performing measurements for cross section.

Categories targeting leptonic VH production

VH production with leptonic decays (green in Figure 6-102) contains three kinds
of decay channels, 2-lepton channel as Z(— [l)H, 1-lepton channel as W (— /v)H and
O-lepton channel Z(— vv)H. In the VH leptonic studies, the main reco-level categories
are also divided to ZHLeptonicTag, WHLeptonicTag and VHMetTag. ‘“ZHLeptonic-
Tag” focuses on Z(— [I)H with two reconstructed leptons and "WHLeptonicTag” fo-
cuses on W (— Iv)H with one reconstructed lepton. “VHMetTag” aims W (— Iv)H
with one lepton mis-reconstructed or identified and Z(— vv)H without any lepton. In
these three channels, a dedicated BDT classifier is employed to separate between the
VH signal and background events and each of the BDTs are trained on simulated signal

and background events.

In ZH Leptonic Tag (2 reco-level lepton) category, the events with two same-
flavour leptons like electrons or muons reconstructed and identified by lepton ID/ISO
criteria (LOOSE electron ID and TIGHT muon ID) are considered in this category to
extract Z(— [/)H from leptonicly irrelevant backgrounds like QCD, y + jets and other
Higgs production modes like VBF, ggH. However, the irreducible backgrounds for the
category including Z + y and Drell-Yan and a few ttH process need to be considered. In

previous studies HIG-16-040 [105], cut-based-selection strategy was used in ZH Lep-
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tonic Tag category to increase the significance of Z(— [l)H signal. Since the current
analysis considers to merge three-year data/MC together with larger statistics than pre-

vious ones, so MVA strategy is used to enhance the significance of Z(— [/)H signal.

In WH Leptonic Tag (1 reco-level lepton) category, the events with one lepton
like electron or muon reconstructed and identified by lepton ID/ISO criteria (LOOSE
electron ID and TIGHT muon ID) are considered in this category in order to extract
W (— Iv)H from leptonic irrelevant backgrounds like QCD, y + jets and other Higgs
production modes like VBF, ggH. However, the irreducible backgrounds for the cat-
egory including diphoton, W + y, Drell-Yan and Top associated production and ZH
leptonic decay, ttH process need to be considered. MVA classifier is used to enhance
the significance of W (— [v)H signal. The total magnitude varies between bins but
is at most 5% for the dominant WH and ZH leptonic production modes to reflect the

migration of events across p¥ bin boundaries at 75, 150 and 250 GeV.

In VH MET Tag (0 reco-level lepton) category, the events with large MET are
considered in this category in order to extract Z(— vv)H and W (— Iv)H with one mis-
reconstructed or mis-identified lepton from MET backgrounds like QCD, y + jets, yy
and other Higgs production modes like VBF, ggH, VH hadronic decay. Since final state
of VH MET Tag is basically two photons, these MET backgrounds are still dominant in
VHMetTag category. However, simulation samples for fake-photon backgrounds like
QCD, y + jets as the main backgrounds are having less statistics, so data-driven QCD/y
+ jets is necessary. A dedicated MVA based BDT is trained to enhance the significance
of Z(— vv)H and W (— Iv)H signal.

Categories targeting top quark associated production

The ttH categorisation procedure is already described in Ref. [119] and is used
as the basis for the ttH categories in this analysis. Two additional considerations are
made. The first is to split the categories to target the individual 1#H STXS stage 1.2
bins, which are divided with boundaries at 60, 120, 200, and 300 GeVin pf . Secondly,
an additional effort is made to distinguish 7 H from tH, since a dedicated category is

now included.

Due to the similarities between the final state topologies, there is a significant over-
lap in the signal regions for t7H and tHq events. A dedicated DNN (top DNN) is used

to reject possible tHq events from entering the ## H tags. This ensures the minimum
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possible contamination, and therefore reduces the anti-correlation between the two in
the final fit. The inputs to the DNN are similar to those used in the t#H background
discriminant described in HIG-19-013 [119].

After the application DNN cuts, events are classified according to their ( p;y) values.
The stage 1.2 binning for t7H and tH are shown in purple and yellow in Figure 6-102
respectively. The categories are constructed to target the two final bins together, using
a cut of pyTy > 200 GeVand without an extra boundary at pg = 300 GeV. For each
targeted region, two sets of categories are constructed using the leptonic and hadronic
tt H BDTs respectively. For the hadronic decays, it is found that four categories for each
target bin is optimal. For leptonic decays, four categories are constructed for the lowest
p? bin but only two are needed for the other bins. The tHq leptonic BDT-bkg utilize
same input variables to discriminate tHq events from non-Higgs boson SM backgrounds
and both are considered from simulation to perform the training. The final background
model is modelled from data directly. The final category is constructed by placing a cut
on both the score of top DNN and tHq leptonic BDT-bkg. Due to the low expected signal
yield of tHq, one analysis category is constructed. For t7H production, each nuisance
parameter shows migration from one of the boundaries at p}{ values of 60, 120, 200,

and 300 GeV. The uncertainties magnitude have values of up to 9%.
6.18.4 Data and MC samples

The study presented in this analysis is done by utilizing full Run 2 data which was
collected by the CMS detector in p-p collisions are 13 TeV. Diphoton trigger is used to
select the events photon pr values of 30 (35) and 22 (25) GeV for 2016 (2017/2018) data.
The variable called Ry is used to define the energy of 3 X 3 crystals having centred in the
most energetic crystal. The Rq variable is utilized for the photon identification whether
undergoes conversion in the upstream of ECAL. The unconverted photons usually ex-
hibit narrow profile of transverse showers, due to which they have higher Ry values as
compared to converted ones. The efficiency of the trigger is validated using Z — ee
events [120]. The estimated efficiency in data is in the bins of pr, Rg, and # is used for
the re-weighting of events in MC in order to make it same as that of the observed ones
in data.

The MC signal samples that corresponds to the various modes of Higgs boson pro-

duction are generated using MADGRAPHS_AMC@NLO [121]. The events belong to the
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ggH mode are re-weighted as a function of transverse momentum of Higgs boson and
the count of jets in order to be coherent with the anticipation from the NNLOPS pro-
gram [122]. The samples at parton level, are linked with PYTHIAS8 for parton showering
and hadronization simulation of 2016, 2017 and 2018 data [123]. PDF’s (Parton distri-
bution functions) are utilized from the NNPDF 3.0 [124]. Some of the signal samples
are also generated with POWHEG 2.0 in perturbative QCD [125].

The major proportion of background events in this study is coming from SM pro-
duction of diphoton events. A minor part is coming from y + jets or jet + jet events
where misidentified photons corresponds to jets. In the final statistical analysis, the es-
timation of the background has directly made from the distribution of diphoton mass in
data. The MC background events from various event generators are utilized only for the
training of MVA’s. The events for the diphoton background produced by using SHERPA
generator [126]. The simulated samples for y + jef and jet + jet backgrounds are made
by using PyTHIAS and after applying a generator level filter to ensure the jets production
with large electromagnetic activity. For the validation purpose, Drell-Yan events having

final states from leptons are generated with MADGRAPHS_AMC@NLO.
6.18.5 Signal and background modelling

The shape of the signal for the distribution of diphoton invariant mass in each
of the category and also for nominal mass of Higgs boson is accomplished by using
MC corresponds to each of the production process. As the m,, distribution based on
the associated vertex of diphoton candidate that whether the vertex was identified cor-
rectly within 1 cm, the scenarios for right and wrong vertex are separately treated for
the construction of signal model. For each of the corresponding mechanism and vertex
scenario, the diphoton invariant mass distributions are fitted with of five Gaussian func-
tions at most. The sum over the functions belongs to all of the production mechanisms
and related vertex scenarios is used to obtain the final fit function for each of the analy-
sis category. Figure 6-103 shows the signal models for each of the individual year and
for the three years together. The o, ; belongs to half of the smallest interval which in-
cludes the 68.3% of m,,, distribution. The weighted MC events are represented by open
squares and and the signal model is shown by the blue line. The dotted lines shows
the contribution of signal model from each year of data. The left plot of Figure 6-103

represent the category corresponding to ggH 0J high p;I production and the S/(S+B)
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Figure 6-103 Parametric signal shapes for each year of simulation as well as for the sum of all

years.

weighted sum for all of the categories is shown on the right of Figure 6-103. S and B
are the numbers of expected signal and background events respectively in a +o, ¢, m,,

window centered on my;.

The background model is constructed from data by utilizing the discrete profiling
method [127]. This method evaluate the systematic uncertainty corresponding to the
chosen analytic function to fit the background diphoton mass distribution. The back-
ground function choice is then treated as a discrete parameter in the fit to data. Many
candidate function families are considered such as Bernstein polynomials, exponential
functions, power law functions, and Laurent series . An f-test [128] is performed to each
family of the functions in order is to discover the maximum order, while the minimum
order is checked by putting a requirement on goodness-of-fit to data. During the fitting
procedure of these functions to the distribution of diphoton, the minimization is done
to the value of —2A N L L (twice the negative logarithm of likelihood). When perform-
ing an estimation of a given parameter, discrete profiling method reduces the overall
—2AN L L by taking in account all of the allowed functions which corresponds to every

analysis category.
6.18.6 Systematic uncertainties

The systematic uncertainty linked with the estimation of background is managed
by using the discrete profiling method. These uncertainties includes the experimental

uncertainties as well as the theoretical sources. The uncertainties which modify the m,,,,
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shape distribution are considered into the signal model as nuisance parameters where
each Gaussian function’s mean and width can be affected. These are typical experi-
mental uncertainties that corresponds to the energy of individual photons. On the other
hand, if m,, distribution shape is unaffected, the uncertainty is handled as log-normal
variation. For each STXS bin for every analysis category, the uncertainty’s impact is

individually determined.

The theoretical uncertainties considered in the studies are, the renormalization and
factorization scale uncertainties, uncertainties in the ggH, qqH, (#H and VH leptonic
STXS fractions, uncertainty in the ggH contamination of the top quark associated cat-
egories, parton distribution function uncertainties, uncertainty in the strong coupling
constant, uncertainty in the H — yy branching fraction, underlying-event and parton

shower uncertainties.

The experimental uncertainties which effect the signal m,, distribution shape are,
photon energy scale and resolution, non-linearity of the photon energy scale, shower
shape corrections, longitudinal non-uniformity of light collection, modelling of material
in front of the ECAL and the vertex assignment. The overall effect of these shape un-
certainties of signal model in the observations of Higgs boson inclusive signal strength

modifier is about 2%.

The systematic uncertainties which only alter event yield and have about 4% ef-
fect on the strength modifier measurement of inclusive Higgs boson signal. A set of re-
sources are, integrated luminosity, photon identification BDT score, jet energy scale and
smearing corrections, per-photon energy resolution estimate, trigger efficiency, photon
preselection, missing transverse momentum, pileup jet identification, lepton isolation

and identification and b-jet tagging.

6.18.7 Results and conclusion

The composition of expected signal reflecting each of the analysis category in terms
of merged STXS bins can be seen in Figure 6-104. It shows the categories of analysis
where the common STXS sections are combined together in a way that the composi-
tions of signal for each category are weighted w.r.t. the ratio of S/S+B events. The
contribution of final signal yield for every category group originating per process is dis-

played. The fractional yield corresponds to each of the category (rows) in colour scale
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for each STXS process (columns). 100% sum is therefore shown for each row but the
values lower than 0.5% are not displayed. In the period of 2016 to 2018 data, MC events
for each corresponding years are combined together having appropriate weights w.r.t.
the integrated luminosity. The qqH rest labelled in the column indicates contributions
related to qqH 0J, qqH 1J, qgH m;; < 60 GeV and qqH 120 < m,,, < 350 GeV STXS
bins. In Figure 6-105, the sum of categories is shown for the best fit signal and back-
ground model. Each of the corresponding category is weighted by S/S+B in order to

keep constant absolute signal yield.
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Figure 6-104 Each analysis category composition in terms of a reduced set of STXS bins.

The signal strength modifier y, is known as the ratio of observed product of cross

section of Higgs boson and the branching fraction of diphoton relative to the SM expec-
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Figure 6-105 Data points in black and fit on the signal plus background model for all categories
summed are shown. Each category is weighted by S/(S + B).

tation. It is observed as:

p= 1127000 = 1.12400%(theo) 703 (syst) T e (stat).

The uncertainty is divided into theoretical, experimental and statistical fragments. The
compatibility of the fit relative to SM prediction is approximately 74% which is ex-
pressed as a p-value. For each of the Higgs production mechanism, signal strength
modifiers are also measured. Contrary to the subsequent STXS fits, the VH hadronic
and VH leptonic modes are combined to scale according to uyy and the VBF produc-
tion mechanism scales with pygg. The p,, parameter is scaled to t7H, tHq and tHW
modes of production equally and .y has been scaled to both ggH and bbH production

mechanism.

Figure 6-106 shows the values of signal strength modifiers and the corresponding
uncertainties per production mode. Comparatively to the previous results, the preci-
sion of these measurements has improved significantly in the H — yy decay mode.
Particularly, the result of uyyy signal strength modifier has been substantially enhanced
compared to what shown in reference [105]. Relative to the SM prediction, the p-value

of signal strength modifier fit per production mode is approximately 50%.

The Simplified template cross-sections are measured by performing the fits within

the STXS framework and the corresponding intervals of 68% confidence level. There
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Figure 6-106 Observed results of the fit to four production mode signal strength modifiers.

are two dissimilar parameterizations taken in account based on the varying granular
levels of the merging of STXS bins. It was needed to merge bins in order to avoid
large uncertainties in some of the parameters as well as parameters correlations. The
measurements with less model dependence might have large uncertainties in the cross

section results.

The results with two different fits to the cross sections measurement are presented
with partially merged STXS bins. The first one is assigned as the “maximal” merging
scenario, where the bins are merged as long as their expected uncertainty becomes less
than 150% to that of predicted by SM. The “minimal” merging is the second scenario
where the fit merges as less bins as possible while ensuring that the parameters should

not be much anti-correlated i.e. smaller than approximately 90%.

In the “maximal merging” scenario, there are 17 parameters of interest. The VBF-
like sector (=2-jets, m;; > 350 GeV) in the qqH and ggH schemes are merged together
in order to define the qqH VBF-like and ggH VBF-like parameters. The four bins having
Higgs boson pr > 200 GeV in the gluon-fusion scheme are combined into a single bin
referred as ggH BSM bin. The leptonic (WH, ZH) and ##H bins are merged fully. The
ZH (leptonic) parameter include both ggZH and ZH production.

The second scheme to perform the fit, is the “minimal merging” scenario where

even more granular measurement is done with 27 interest parameters. The qqH VBF-
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like region has been divided fully in four stage 1.2 STXS bins with boundaries at m;; =
700 GeV and p;] = 25 GeV. In order to avoid large correlations between fitted param-
eters, four of the ggH VBF like bins combined with the related bins of the qqH scheme.
It also aid to reduce model dependence which is required to fit separate ggH and VBF
parameters in an identical phase space. In addition, the splittings are also included in
the ggH scheme at p? =300 and 450 GeV and WH leptonic scheme at p¥ =75 and 150
GeV. The tth region has splitted into five region based upon the boundaries at p;’ =60,
120, 200 and 300 GeV.

The measured cross sections with 68% confidence level intervals are displayed for
the both of the merging schemes in Figure 6-107 and 6-108. In the fits of both, maximal
and minimal merging scenarios, the statistical uncertainty component is dominant for
all of the observed cross sections. The results corresponding both merging schemes
fits are in agreement with what predicted by SM predictions. The p-values w.r.t. the
predictions of SM are 31% for the maximal merging scenario and 70% for minimal
merging scenario.

In maximal merging scheme (Figure 6-107), the production of ggH having p? >
200 GeV, that is sensitive to beyond SM physics particularly, might enters the ggH loop,
is observed to a precision which is less than 50% w.r.t. SM prediction. The measured
cross section with a value of O.9J_r8:‘3t is consistent with the SM prediction. The product of
tH cross section times H — yy branching fraction is observed to be 1.31’8:3
to an excess of 6.3’:3'4

7
the SM prediction is observed (expected) can be excluded at the 95% CL.

fb belongs

times the expectation of SM. A tH production rate of 14 (8) times

The STXS fit for the minimal merging scenario (Figure 6-108) shows the most
granular cross section observations done in a single decay channel of Higgs boson. It is
sensitive to various regions of phase space belong to the Higgs boson production. The
measurement shows the first results of t7 H production in bins of Higgs boson transverse
momentum. In each of the four 7 H bins, the uncertainty size for p? < 300 GeV is less
than 100% of what expected in SM. The ggH production cross sections with p;{ > 200
GeV are observed in three different regions and all of the related measurements are in

agreement with the respective expectations of SM.

The fitted parameters correlations are shown Figure 6-109 (maximal merging sce-

nario) and Figure 6-110 (minimal merging scenario). The ggH parameters correlations
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Figure 6-107 Observed results of the maximal merging scheme STXS fit.
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are observed smaller between adjacent p;I bins and between adjacent jet bins, correla-
tions are larger. The correlations of the parameter are minimized by applying the ggH
MVA in the categorization of events. In the maximal merging scheme, the largest cor-
relations does exist between the "ggH VBF like” and "qqH VBF like” cross sections as
well as in the 17 H and tH cross sections having values of -0.76 and -0.59 respectively.

These come from the contamination (sizeable) of “ggH VBF like” events in to the qqH
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Figure 6-109 Observed correlations in the ”maximal” merging fit between the 17 parameters.

categories, also the contamination of 17 H events in to tHq leptonic category. In the min-
imal merging scenario, larger correlations in the observations are established because
of the splitting of 1 H production into five individual parameters. The coupling modi-
fiers are defined by x-framework [72] to parameterize directly the deviations from the

expectation of SM in the Higgs boson couplings to other particles. In this context, two
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Figure 6-110 Observed correlations in the ”’minimal’’ merging fit between the 27 parameters.
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2D likelihood scans have been performed.

The resolved k model is utilized in the first fit. The scaling factors (ggH production
and H — yy decay) of loops are resolved to their corresponding SM components as
a function of other x parameters. The observation of a 2D scan in ky and k,, with
scaling of Higgs boson’s coupling to fermions and vector bosons respectively, is shown
in Figure 6-111. Other x parameters are treated as unity in the fit. An interference
term is included in tHq and tHW production mechanism proportional to x,k ;, making
them sensitive to the relative sign of the t-H and V-H couplings. The study presented in

this framework (STXS) exclusively target production of tHq through the tHq leptonic
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category. The negative values of k, are excluded with significance of 0.5¢ (observed)

and 2.4¢ (expected).
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Figure 6-111 Two dimensional likelihood scan (observed) in the x-framework K,=VS-K ; in the

resolved « model.
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Figure 6-112 Two dimensional likelihood scan (observed) in the x-framework «,-vs-,in the

unresolved x model.

The second fit is performed by using unresolved x model. In this model, the H —

vy and ggH loops are assigned their own scaling factors which are denoted by «, and «,

respectively. The observed two dimensional results can be seen in Figure 6-112. The
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other k parameters in this model are unity. Higgs boson coupling measurements are in

agreement with the expectations of SM.

6.19 Inclusive and differential fiducial cross-sections with full Run 2 dataset at
13 TeV

6.19.1 Introduction

The production cross section of Higgs boson has been explored in different ap-
proaches. The STXS approach as described in the previous section 6.18 where Higgs
boson production mechanisms separated in to bins in order to mimic the dependence
on theory. The study focused in this section of the chapter, is the inclusive and differ-
ential observation of fiducial cross sections in order to achieve results with minimum
model dependence. The method used for the signal and background modelling is same

as discussed in Section 6.17.

The reconstruction of diphoton invariant mass with high precision using H — yy
decay mode provides the accurate observations of differential production cross sections.
In this study, the cross sections are measured w.r.t. many new observables compared
to what done in the previous studies. The strategy exploited in this analysis follows the
same as that of the two previous measurements at CMS. The methodology is designed as
to reduce the dependence on assumption made by the theory for the extraction of results.
The fiducial region defined as to lessen the detector acceptance and the categorization
of event is done by utilizing the per event mass resolution estimation at reconstruction

level.

The diphoton system observables are used for the extraction of fiducial differential
cross sections such as the jets transverse momentum produced along with the dipho-
ton, the system of dijet with two leading pr jets and various event level observables.
In the current studies as also described in ref. [26], the measurements of differential
cross section are made a function of angular observable qb; (in Eq. (6-2)) which aid the
measurement of diphoton py at low points of its spectrum and Té (in Eq. (6-3)), the jet
pr which is rapidity weighted. In addition to this, double differential observations are
also performed in diphoton p; and number of jets bins as well as in the bins of diphoton

transverse momentum and TJC.
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6.19.2 Data and MC samples

The studies for the fiducial and differential fiducial cross sections has been accom-
plished with full Run 2 data and the diphoton trigger is used to select the events from
p-p collision. The asymmetric py values of 30 (35) for leading and 22 (25) GeV for sub-
leading photon in 2016 (2017/2018) are used respectively with 99% of the efficiency.
The diphoton invariant mass should be greater than 90 GeV whereas each of the photon
has to pass the calorimetric isolation. The efficiency of the trigger is checked by using
tag and probe method from Z — ee events. The single electron trigger is used to collect
these events. The efficiency in data is measured in py and Rg bins [94] and variable 7,
is exploit to weight the MC events in order to replicate the observed efficiency of trigger

in data.

The MC signal samples for all of the major production mechanism (ggH, VBF,
ttH and VH) are produced using MADGRAPHS5_AMC®@NLO [121]. The ggH events are
weighted w.r.t. the Higgs boson pr and total number of jets in the corresponding event
in order to match the NNLOPS (parton showering) prediction [122]. The samples at
parton level, are linked with PYTHIAS for parton showering and hadronization in 2016,
2017 and 2018 data [123]. The recommended cross sections by the LHCXSWG are

used as well as the branching fractions.

The dominant background source is diphoton events from QCD. The remaining
part is coming from y + jets or jet+ jet events where misidentified photons corresponds
to jets. The data events are used for estimation of diphoton invariant mass shape and
normalization of background. The background events from various event generators are
utilized. The training of photon ID MVA is done by using y + jets samples and in order
to optimize the categorization of events, y + jets and yy are used. SHERPA version
2.2.4 is considered for the generation of diphoton background events [126]. PYTHIAS
has been utilized to produce y + jets and jet + jet MC backgrounds. The MC events of
Z — ee, Z —» uuand Z — uuy are produced with MADGRAPHS_AMC@NLO, used

in order to derive the photon energy scales, resolution and correction factors.

6.19.3 Event reconstruction and categorization

The reconstruction of physics objects is done by using the PF algorithm. The pur-

pose of these algorithms is to identify each particle in an event with the information
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from different parts of CMS detector.

The construction of a correct primary vertex in diphoton final state is complicated
in a way that, photons do not leave any track in the tracker part of CMS detector. For the
measurement of kinematic variables of diphoton system, the right vertex assignment is
of high importance in order to keep good diphoton mass resolution. A dedicated BDT is
used for constructing the correct vertex position of a diphoton event. Simulated samples,
using track information are exploited to train the BDT which were produced via ggH
mechanism. The performace of this dedicated MVA is validated with data by using

Z — uu events where the vertex refitting is done by ignoring muon tracks.

The discrimination of prompt photons w.r.t. those coming from decay of neutral

particles such as, from 7V

or # mesons is done by using an MVA classifier known as
photon ID MVA, trained with y + jets MC samples. The input variables of this BDT
are based on associated SC shapes of candidate photon and isolation sums which are

built from EM components of charged and neutral hadrons. [94].

The photon ID BDT is a major mean to reduce y + jets and jet + jet backgrounds.
In the MC events, its imperfect modelling is considered as one of the crucial sources of
systematic uncertainty. The mis-modelling of MVA input variables is causing the inac-
curate modelling and the reason for this, is the changing conditions of ECAL because
of radiation damaging. In order to cope up with this, corrections are applied to the MC
which are developed with diphoton final states [97, 119]. A dedicated method has been
devised to compute a per-photon correction that morphs the input variable distributions
in simulation, and their correlations, to match data. Chained quantile regression (CQR)
method, is used to estimate corrections at per photon level and applied on MC to repli-
cate data, SC shape and isolation variables. A general layout of CQR method is shown

in Figure 6-113 and details can be find here [26].

In the isolation sum of photon, the first part is equalizing of events in the first isola-
tion bin distribution between MC and data by exploiting a stochastic procedure. This is
done in order to move the events from peak (zero isolation) to the tail of distribution and
vice versa. The random events are picked which has to be moved having a probability
estimated from the related events count between peak and the tail. A BDT is trained in
order to have zero isolation sum using XGBOOST (Extreme Gradient Boosting). For all

of the isolation variables, a new value is assigned for an event to be moved to the tail
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Figure 6-113 A general layout of chained approach for some input variables for quantile BDT’s.

The variables to be corrected are also given.

., CMs 59.4fb~! (13 TeV) 2018
S _
o Z — e'e MADGRAPH5_aMC@NLO
1.21 fa?infizbze MADGRAPH5_aMC@NLO shift
1.0 7 ' MADGRAPH5_aMC@NLO corr
; + Data
0.8' \‘O(O
Q.
F.
0.6 1 S
%S,
2
0.4 1
0.2 1
0.0 // Z
1.2
8 -
[
(\B 1.0 e _='=__::+ﬂ_:.:+?:_.__;__._,_._q_§_*___,_..-n¢.=;s=$=e.¢_._
§ I~ ****-.-*—.*-.-—._.-—.-
0.8 + T T T T T T T
0.00 0.25 0.50 0.75 1.00 1.25 1.50 1.75 2.00
Iph (GGV)

Figure 6-114 The distribution of isolation sum of photon in data (black dots). The histogram in
green shows uncorrected distribution and after equalizing number of events having zero
isolation in MC with data is in orange colour. The distribution in purple is the one after

the application of equalizing step and CQR method to tail part.

part. An example distributions related to the isolation sum of photon for all of the cases
as well as equalizing illustration of step is shown in Fig. 6-114.

Charged isolation estimated w.r.t. the vertex with largest value is known as worst
charged isolation and is constructed larger as compared to the charged isolation calcu-

lated w.r.t. the chosen vertex i.e. the real charged isolation. It may lead to the possibility
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of three categories such as, both of the charged isolation sums are zero exactly, the worst
charged isolation greater than zero and real charged isolation is zero and the case where
both of the isolation larger than zero. An MVA classifier with inputs (py, 1, ¢, p (av-
erage spatial event energy density [105])), is trained to separate them. The mobility of
events among three categories is chosen randomly with a probability estimated from the

MVA output.

The inputs variables of photon ID MVA are corrected in MC in order to better
replicate the distributions to the ones in data with 1% in EB and approimately 5%in EE.
It is shown in Fig. 6-115.

~ CMs 59.4fb~' (13TeV) 2018 ~ CMS 59.4fb~' (13 TeV) 2018
Si2| Zoete MADGRAPH5_aMC@NLO corrected S 12]Zete MADGRAPH5 aMC@NLO corrected
Ith i"'lj prove MADGRAPH5 aMC@NLO uncorrected f:f ‘;”‘11 prove MADGRAPH5 aMC@NLO uncorrected

1.0 Systematic uncertainity 1.0 Systematic uncertainity

0.8
0.6 0.6

0.4

—
)

X}

AC X D
§ a0 P esetues 0% oo s,

Data/MC
b+
B
|
Data/MC
—
3

3

0.8 >
-0.8 —0.6 -0.4 —0.2 0.0 0.2 0.4 0.6 0.8 1.0 -08 —0.6 -0.4 -0.2 0.0 0.2 0.4 0.6 0.8 1.0
photon identification MVA score photon identification MVA score

Figure 6-115 Photon ID MVA distribution for probe candidate in tag and probe (Z — ee) sam-
ple for data and the Madgraph5_aMC@NLO simulation with barrel (left) and endcaps
(right).

The categorization of diphoton events used in the studies is base upon the decorre-
lated mass resolution estimator which is explained below as well as the photon ID MVA
classifier. This criteria for categorization has been constructed to mimic the model de-

pendence whilst keeping maximum possible sensitivity.

6.19.4 Mass resolution estimator

The photon pairs that enter this analysis are categorized according to the decorre-
lated mass resolution estimator and the photon identification MVA. These categoriza-
tion criteria are designed to ensure maximal model independence while yielding the

best possible analysis sensitivity.

Mass resolution estimator (c,,/m) for diphoton pair is quadratic sum of the cor-
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responding per photon energy resolution. The energy resolution of ECAL become less
with large energies of photons which ultimately reduces the noise as well as the stochas-
tic effects. This causes to a correlation between diphoton invariant mass and (c,,/m).
This correlation together with selection on ¢,,/m can distort the background shape and
may ruin the supposition of a smoothly falling background which is required to model
it using discrete profiling.

In order to avoid this influence, the decorrelated estimator of mass resolution is
considered w.r.t. the invariant mass of diphoton system. This is done by exploiting the
quantile morphing technique where o,,/m distribution is divided in to mass dependent

bins. The 2 is known as decorrelated mass resolution estimator and is defined as:

Ot/ M| joorr = Cd f;;mf (cd frr (op/M)) (6-1)

with cd f), is the cumulative distribution function for mass bin M and M,/ is the
reference mass for which the corresponding o,,/M distribution is target distribution.

The explanations on this method can be accessed in Ref. [129].

6.19.5 Decorrelated mass resolution categorization

The a,’,f category boundaries are streamlined at the same time with photon ID MVA
classifier selection by utilizing expected significance of signal. MC signal samples at
my = 125 GeV are used for the optimization along with diphoton and y + jets events for
background modelling. It is then realized that, for all of the years, the finest number of
categories corresponds to 0,1,? is three. The diphoton pair above the 6,13 highest bound-
ary are not considered. The boundaries of ¢ assemble the photon pairs using ECAL
regions, where each photon out of the diphoton pair were detected. It results in 75%
to 80% efficiency belongs to photon ID criterion for all of the three years data taking.
An explanatory breakdown, along with O',I,? categorization efficiencies are presented in

Table 6-46. The events are considered only which satisfies the fiducial selection.

The signal shape in certain categories is shown in Figure 6-116 which includes the
signal MC with all of the four main Higgs production modes correspond to a mass of

my = 125 GeV.
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Table 6-46 The efficiencies of the photon ID MVA and ¢ boundaries using signal sample for
2016, 2017 and 2018 data taking.

2016

Resolution category Best Medium Worst Overall
Photon ID MVA efficiency 84.70% 81.71% 7031% 77.31%
Resolution category efficiency 31.43% 25.39% 41.27%

2017

Resolution category Best Medium Worst Overall
Photon ID MVA efficiency 90.36% 83.92% 73.01% 80.29%
Resolution category efficiency 24.45% 34.04% 38.77%

2018

Resolution category Best Medium Worst  Overall
Photon ID MVA efficiency 86.81% 78.76% 63.48% 75.34%
Resolution category efficiency 27.80% 3591% 35.46%
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Figure 6-116 Signal models for fiducial cross section measurement for the best and worst res-

olution categories in 2018.

6.19.6 Observables and fiducial phase space

In order to mimic the model dependence, the production cross sections (inclusive

and differential) measurements carried out in fiducial phase spaces. The identification
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and kinematic set of selections are placed at generator level to the diphoton pair as well as
single photons are outlined in Table 6-47. The QCD and EWK information are included
at the particle level information. Igye,, is estimated as the hadronic energy sum in a cone
of AR = 0.3. This requirement is needed to reduce the photon ID MVA classifier

selection criteria at level of reconstruction. Along with the main fiducial phase space,

Table 6-47 Fiducial phase space definition where labels 1, 2 refer to the leading and subleading
photon.

Observable Selection

pyim,, > 1/3

prim,, > 1/4
Lien <10 GeV
| <25

in order to target the specific variables of interests, some other fiducial phase spaces
are also defined. The additional jets are considered in the studies and are required to
satisfy pJT > 30 GeV. If an additional jet evaluation is required for the measurement
of an observable then, 1 jet phase space is utilized which exploit at least one jet should
be in the event having leading jet py to be |#/| < 2.5. The observable which need the
involvement of two extra jets, the 2 jet phase space is used with relaxed || selection
(I7'] < 4.7) for all of the jets. The 2 jet phase space is constructed to accommodate
events coming from the VBF Higgs boson production mode and is referred as VBF
enriched phase space. Some more requirements on the events to be in the VBF enriched

phase space are: njy, > 2, m > 200 GeV, and A > 3.5,

For the system of diphoton, two extra observables are defined. One of them is the
cosine of polar angle in the Collins-Soper frame of reference cos 8* [130]. It is sensitive
to CP properties and spin of the diphoton resonance. The other one is ¢j;, which is
defined to probe the low pr region while reducing the experimental uncertainties. It is

expressed as [131]:

* ¢acop ok
qbn:tan( 7 >s1n(0,1) (6-2)

where acoplanarity angle is, the angle between photons in the transverse plane as

$acop = * — Ag, and 6, is the scattering angle of photons w.r.t. the proton beam
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in a frame of reference where the particles are back to back in (r, 8) plane. The system
of diphoton pair and the leading jet, the difference in rapidity and ¢ between jet and
the diphoton pair are considered as observables. In order to specifically probe the VBF

production mode properties, the ‘L’JC observable is taken in to consideration, which is

defined as [132]:
(2 2
Tj _ Ek - pz,k

= max
c mmzmm@ywﬂ

(6-3)

It is calculated up to six largest py jets from which the one with maximum is considered.
Transverse momentum of the jet is weighted by a function which depends on the jet’s
rapidity and mimic the forward jet’s contributions. In equation 6-3, the denominator
represents the difference y, (rapidity of the jet) and yp (rapidity of the Higgs boson)is
considered. It does mean that the r’é is constructed in a frame of reference where rapidity
of the Higgs boson is zero. The detailed description of the binning as per observable of

interest can be seen in the table 3 of Ref. [26].

The categorization of events has been done in bins of observable of interest. In
order to unfold the bins at level of reconstruction to the bins at particle level, the sig-
nal sample further split into the bins of particle level observable of interest. The signal
model is sensitive to events fraction from every particle level bin as being reconstructed
in a reconstruction level bin and category, thus maximum likelihood unfolding of the
detector response has been performed. The imperfect alignment of the fiducial phase
space at the particle level and the reconstruction selection means that there are certain
events which enter the fiducial phase space but being generated outside and vice versa.
This effect has been considered and is done by deriving a probability density function
(pdf) for the signal events coming outside the fiducial phase space at particle level and
considering them in maximum likelihood fit as an extra production mechanism. In par-
ticular, for the observables measured in restricted phase space regions, the cross section
of events which enters the fiducial phase space but not restricted region has been left
floating in the fit and treated as additional bin. The product of efficiency with accep-
tance per particle level bin, the reconstruction level bin and category combination is

presented in Figure 6-117 for the year 2018 for p and n;., observables.

jets
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Figure 6-117 The event yields summed across all resolution categories divided by the total H

cross section multiplied by the integrated luminosity for the bins in particle level and

reconstruction level observables for the year 2018.

193



Chapter 6: Higgs properties measurement in the diphoton decay channel

6.19.7 Systematic uncertainties

This section shows the systematic uncertainties considered in the studies. The
theoretical uncertainties taken in account are, the PDF uncertainty, a, uncertainty and
renormalization and factorization scale uncertainties.

The experimental uncertainties are, photon energy scale and resolution, photon en-
ergy scale non-linearity, cluster shape uncertainties, non-uniformity of light collection,
modelling of material upstream of ECAL and the vertex assignment.

The systematic uncertainties which effect the event yield only includes, integrated
luminosity, per photon energy correction, jet energy scale and smearing corrections,
per-photon energy resolution estimate, trigger efficiency, photon preselection, photon
ID MVA score, missing transverse momentum, pileup jet identification, lepton identi-
fication and b tagging efficiency. Table 6-48 shows some of the dominant systematic

uncertainties and their impacts.

Table 6-48 Dominant systematic uncertainties and impacts.

Systematic uncertainty Impact
Per-photon energy resolution 2%
Integrated luminosity 1.5%

Photon identification MVA score 1.5%

Photon energy scale and resolution 1.0%

Photon preselection 0.6%
Theoretical uncertainties 0.5%
Vertex assignment 0.1%

6.19.8 Results and Conclusion

The results of the studies carried out are presented in this section. The measured

cross section is as follows for the defined fiducial region:
og = 7340724 (stat) T35 (syst)fb = 734078 fb. (6-4)

For the fiducial cross section, likelihood scan and the nominal theoretical predictions
are shown in Figure 6-118. 75.4 + 4.1 fb is the nominal prediction of theory for the

fiducial cross section.
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Figure 6-118 Likelihood scan for H — yy cross section in the fiducial region.

Figure 6-119 shows the invariant mass of diphoton from the hypotheses for both
signal and background. The events are added together from all of the categories and
are S/(S + B) ratio weighted for the corresponding category. The best fit result is in
agreement with the SM expectation. The statistical uncertainty is about 7% and is the

dominated source. The systematic uncertainty component is about 3%.

1sCMS 137 b (13 TeV)
> S L B B B L B B LB
8 F Hoyy ]
— 60| =
*2 F ¢ Data e
g 0 — S+B it E
w N e B component ]
T aof P —
= = I:lilG B
% 30} l:liZG {
= r ]
o *F E
T F E
@ 10 -
)] r -

el binlinh

¢ ¢
SO0 ) e b b b b Ly i
100 110 120 130 140 150 160 170 180

m,, (GeV)

!

Figure 6-119 Invariant mass distribution of diphoton with all of the categories combined and

used for the measurement of inclusive fiducial cross section.

The expected uncertainty in the measurement of inclusive fiducial H — yy cross sec-
tion as visible in form of hatched area in Figure 6-118 and the cross section shown in

Figure 6-120 as hatched part for the dedicated regions of phase space are coming from
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the combination of various components. The dominating uncertainty is from the cross
section of Higgs boson production and second substantial component of the uncertainty
is coming from the branching fraction of H — yy. Both of these uncertainty compo-
nents are taken from [59]. The expected and the observed cross sections in the dedicated

regions of fiducial phase space are displayed in Figure 6-120.
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Figure 6-120 Cross sections of H — yy in the selected regions of fiducial phase space.

The correlation matrix for the fiducial cross sections per particle level bin of p?’

are shown in Figure 6-121 and n;,, can be seen in Figure 6-122.
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Figure 6-121 Correlation matrix for the cross sections per particle level bin for p?, extracted

by performing simultaneous maximum likelihood fit for cross sections.
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Figure 6-122 Correlation matrix for the cross sections per particle level bin for n,,,, extracted

by performing simultaneous maximum likelihood fit for cross sections.

The measurement results for differential fiducial cross section w.r.t. some of the
observables (results for all of the observables can be accessed in Ref. [26]) i.e. p;y

(GeV) and n;,,, are shown in Figure 6-123.
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Figure 6-123 Differential fiducial cross sections for p/’ and n,,,,. The black dots represents the

jets®
observed values of differential fiducial cross sections and full uncertainty is shown with

vertical bars.

Figure 6-124 shows the differential fiducial cross section results for the some of the
other observables such as [y|, |cos6™|, |, | and ré.

The results for the measurement of double-differential cross section w.r.t. py and n;,
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Figure 6-124 Differential fiducial cross sections for |y""|, |cos8™|, |¢; | and Té observables. The

black dots represents the observed values of differential fiducial cross sections and full

uncertainty is shown with vertical bars.

as well as pr and ré are presented in Figure 6-125 and Figure 6-126 respectively. The

comparison of the measurement with the prediction along with various additional pre-

dictions are also shown.
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Figure 6-126 Measured double-differential fiducial cross section in bins p;y and 'ré.

The measured fiducial cross section is o4 = 73.40*23(stat)?3 3 (syst) fb = 73.407%{ fb.
The observed fiducial cross section in the previous measurement done with 2016 (35.9 f b_l)
data was o5y = 84+ 11(stat)+7(syst) fb = 84+ 13 fb [133]. Overall, the studies carried
out for the measurements of differential fiducial cross section in p-p collisions, for the

production of Higgs boson, are observed to be in accordance with the expectation of

SM within the uncertainties.
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7.20 Summary

The long awaited Higgs boson was finally discovered in 2012 by ATLAS and CMS
collaborations at CERN which is the eventual verification of the EWSB (electroweak
symmetry breaking) in standard model. After this discovery, many studies were trig-
gered in order to precisely measure the newly discovered particle to check its nature
as well to probe for new physics in case of some deviations. So far the measurements
made with the available LHC data, the observed Higgs boson is compatible with the

predictions of SM.

The Standard Model is a theory which describes all known elementary particles
and the forces responsible for their interactions but not fully able to address some fun-
damental subjects such dark matter, asymmetry of matter and anti-matter and gravity
etc. The predictions made by SM are extensively tested to high precision. The Higgs
boson is a vital piece of the SM as its presence is needed to describe the origin of masses
for bosons and fermions. Therefore, studies related to the precision measurements of
the Higgs boson and its properties, is among one of the priorities in modern day particle

physics research.

The CMS is a detector with solenoidal magnet producing 3.8T magnetic field. It
has greatly efficient tracking system, calorimeter (ECAL and HCAL) along with a pow-
erful muon system which make it capable to precisely reconstruct a variety of final state
objects. The CMS trigger system reduce the rate of collisions with efficient processing

to a controllable level.

The sub-detectors information has been utilized by the CMS detector in order to
reconstruct various kinds of particles with the help of a method known as particle flow.
The photon candidates created by particle flow algorithm have to undergo a set of re-
quirements before they enter into the analysis. These certain requirements are estab-
lished on the shapes of deposited ECAL showers and how they are isolated relative to
other particles. The corrected energies are used for the photons which eventually en-
hance the mass resolution of diphoton events in the studies. A multivariate classifier is

trained known as the photon ID BDT to discriminate photons from jets. The jets are
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employed to distinguish various Higgs boson production mechanisms.

The BSM physics is also providing a Higgs state that is in agreement with the
125 GeV boson along with the extended space of some BSM models like, Next-to-
Minimal Supersymmetric Model (NMSSM), the generalized two-Higgs-doublet models
(2HDM) and the Georgi-Machacek (GM) model. These models may lead to the possi-
bility of Higgs bosons and predict some of them may have masses below 125 GeV. In
this context, the results were presented for the search of an additional Higgs boson in the
mass range 70 to 110 GeV in the diphoton final state with 2016, 2017, 2018 datasets and
their combinations. The observed upper limit for the combined data set ranges from 73
fb to 15 fb. One excess with approximately 2.9¢ local (1.3¢ global) significance is ob-
served for a mass hypothesis of 95.4 GeV. Till date, there are no hints of any new Higgs
boson. For this analysis, compared to the previous published results [14], we have up-
dated the strategy to deal with relic DY background and also employed a new method
to deal with significant bias around 90 GeV. We have optimized various elements rela-
tive to the previous results which includes the photon ID MVA training, diphoton BDT
training and the combined M VA training dedicated with low-mass samples. I have con-
tributed significantly in the search of additional standard model-like Higgs boson. I have
been doing the diphoton BDT training and related validations (Z — ee and diphoton
data/MC) followed by the boundary optimization with 2016 legacy data set. As we have
used the 2017 combine MVA training in 2018, so I did the corresponding validations
(Z — ee and diphoton data/MC) and checked the significance. I have also performed
the preselection studies, signal and background modelling, systematic studies with 2018
data and performed many iterations of the analysis. Moreover, I have produced all of
the statistical results for 2016 (legacy), 2017, 2018, the full Run 2 combination leading
to upper-limits and p-values (local and global) and updated corresponding documenta-
tion [134]. The expected limit from ATLAS’s result is ~ 185 fb at 70 GeV and ~ 73
fb at 110 GeV with 80 fb~! data [74]. We get 98/102/82 fb from 2016/2017/2018 sep-
arately at 70 GeV and 40/47/33 fb from 2016/2017/2018 separately at 110 GeV. With
the 2016 (legacy) and 2017 combination corresponding to 78.1 fb~! which is close to
ATLAS’s 80 fb~! data, we get the expected upper limit of about 70 fb at 70 GeV and
about 31 fb at 110 GeV. From the full Run2 combination with 132.2 fb~!, we get the
expected upper limit of 53 fb at 70 GeV and 22 fb at 110 GeV. CMS has much better
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sensitivity than ATLAS.

Many of the properties measured for the SM Higgs boson in the diphoton final state

are presented in this thesis such as, signal strength, couplings and inclusive and differ-

+0.09

ential fiducial cross section. The observed signal strength (137 fb™1) is u = L1275 05

We have reduced uncertainty as compare to previous CMS results with 2016 (35.6 fb™!)

dataie. u = 1.187017 [105]. CMS has comparable results with the ones from AT-

-0.14
LAS (139 fb_l) ie. u = 1.041’8:(1)8 [135]. The measured fiducial cross section is
Cpg = 73.40J_’§:g(stat)f§:g(syst) fb = 73.401“2; fb. The observed fiducial cross sec-

tion in the previous measurement done with 2016 (35.9 fb~!) data was oy = 84 +
11(stat) + 7(syst) fb = 84 + 13 fb [133]. All of these observations are compatible with
the expectations of the SM. In the signal strength and coupling studies, an updated and
improved strategy for measurements of ggH and VBF production mechanism is em-
ployed along with additional categories targeting associated production (VH). It also
includes the dedicated analysis category for production in association with a single top
quark (tH) for the first time as well as a wide range of measurements and interpretations.
In the analysis regarding inclusive and differential fiducial cross section, the strategy is
mostly unchanged w.r.t. the previous rounds, however several enhancements have been
made. The most important ones are the corrections of the input variables of the photon
ID MVA, which reduced the systematic uncertainty coming from the mis-modelling of
the photon ID MVA output in simulation by more than 50%. The set of observables with
respect to which the H — yy cross-section has been extended by two one-dimensional
observables, i.e. ¢, and ré and one double differential set of bins, pr vs. JC The num-
ber of bins in each observables has also been increased. These studies were carried out
by keeping in mind to minimize the theory dependence. The precision measurements
are crucial in a fact that, any deviations may lead to the new physics. In the studies
related to Higgs boson properties measurements, I have contributed to common tools
for the analyses of Higgs boson in the diphoton decay channel. I performed the studies

of electron veto efficiencies and scale factors.

7.21 Outlook

The H — yy decay mode has a small (=~ 0.23%) branching ratio but it provides

a clean final state topology where a mass peak can be reconstructed precisely. The

205



Chapter 7: Summary and Outlook

measurement of m g in this channel can be combined with other decay modes to achieve
higher precision. There are certain studies that can carried out and are not presented here
for the measurement of Higgs boson properties and with the availability of more data,

they can be done and eventually lead to reduction in the systematic uncertainties. In this

9CMS Phase-2 Projection Preliminary 3000 fb*
[ Hoyy - -- Stat. Only
g~ My =125.38 + 0.07 (+ 0.02 stat.) GeV — Stat. + Syst.

-2 ANLL
T

Figure 7-127 (Unweighted) The likelihood scan of the expected Higgs boson mass in diphoton
decay mode for an integrated luminosity of 3000 fb='. The solid lines are for the full
likelihood scan including all systematic uncertainties, while the dashed lines shows the

same with the statistical uncertainty only [34].

context a study has been done with a projection of the measurement of my in diphoton
decay mode at the HL-LHC for an integrated luminosity of 3000 fb~!. In order to extract
the my precisely, a binned maximum likelihood fit is performed to the m,,, distributions
in all analysis categories simultaneously within the range 100 < m,,, < 180 GeV. In the
likelihood scan shown in Figure 7-127, systematic uncertainties are included. To extract
myy, in the fit, two independent signal strengths p,, .y gy and py gy g are free to vary.
The best-fit mass of the Higgs boson is expected to be my = 125.38 +£0.02 (stat) +0.07
(syst) GeV at an integrated luminosity projected to 3000 fb~!with the improved CMS
detector at the HL-LHC. The projected precision of 0.07 GeV on the mass measurement
in diphoton decay mode is better by a factor of 3 relative to current measurement with

the 2016 dataset.
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In future, with more data, the precision measurements may lead to some new en-
deavours if the deviations from SM expectations would be seen. In the meantime, the
searches are ongoing based on the BSM physics based models could also lead us to new
observations. In the context of low-mass H — yy search, more data (such as Run 3, for
which the data taking is on going) might be able to conclude the excess, possible mass
extension with boosted events and ZH production model (Z — puu with dimuon HLT),

and possible constraints on the BSM models [8, 31, 32].
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