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Abstract

Within the framework of the Standard Model of particle physics, p-p collisions produce
the final state of a photon and missing momentum from a Z boson solely through
quark exchange in the ¢ and u channels, since direct couplings between the neutral
electroweak bosons Z and ~ are not permitted at the tree level. However, the presence
of new physics can induce the couplings ZZ~ and Zv7, and enable the s channel,
resulting in an enhancement in the rate of production. This enhancement would be
particularly pronounced at the high-energy tail of the photon transverse momentum
distribution. In this thesis, I present a search for these anomalous neutral triple gauge
couplings (aNTGCs) under an effective vertex model and a measurement of the cross-
section of the process pp — Z(— vv) + . The analysis is based on data collected by
the CMS detector at the LHC between 2016 and 2018 at a center of mass energy of 13
TeV, corresponding to an integrated luminosity of 138 fh 1. Moreover, two machine-
learning techniques are introduced to enhance the sensitivity of the search. The first is
an identification method designed specifically for photons with transverse momentum
exceeding 200 GeV. The second is a tagger that suppresses background photons at high
pseudorapidities of the detector that originate from Bremsstrahlung radiation emitted
by muons within a diffuse halo produced by interactions of the proton beams with
the beampipe material. The photon identification method improves the signal selection
efficiency by 12% compared to a cut-based approach, while the beam halo tagger extends
the pseudorapidity coverage of the photons in the search, allowing for the inclusion of
photons in the CMS endcaps that were previously dominated by beam halo background.
From the analysis of the distribution of the photon transverse momentum, limits on the

strengths of the aNTGCs have been measured.
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Chapter 1

Introduction

Particle physics is a reductionist approach to explain all physical phenomena in terms of
fundamental interactions between fundamental particles. According to our current un-
derstanding, particles are excitations of quantum fields that span all of space, and their
interactions are mediated by gauge bosons. This approach has given us the Standard
Model (SM) of particle physics, which successfully explains the electromagnetic, weak,
and strong interactions. The SM has been tested to a high precision and, following the
discovery of the Higgs boson at the LHC in 2012, all of its predicted particles have been
experimentally observed. However, the SM is not a complete description of nature, as
it does not incorporate gravity, explain the nature of dark matter, address the origin of
matter-antimatter asymmetry, or account for neutrino oscillation.

The electroweak sector of the SM consists of four gauge bosons: W', W™, Z and
the photon (7). Probing the interactions between these bosons may provide insights
into how the SM can be extended to incorporate the phenomena it does not explain.
This thesis investigates the interactions between the Z boson and the photon, v. We
analyze proton-proton collisions at a center-of-mass energy of 13 TeV recorded by the
CMS detector at the LHC to understand how the pair of bosons Z + v is produced in
the final state of the collisions. The focus is specifically on collision events where the Z
boson decays into a pair of neutrinos. Since neutrinos do not interact with the detector,
the final state is identified in the detector only through the presence of a photon and

missing transverse momentum. This final state is known as a monophoton event.
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According to the SM, the Z ++ final state is produced through a specific mechanism
without direct interactions between the Z and . However, there are theories beyond
the SM that predict the interaction of three of these bosons. In particular, the existence
of the interactions ZZ~ and Z~v would affect the production rate of pp — Z + ~.
These interactions are known as anomalous neutral triple gauge couplings (aNTGCs).
It is predicted that aNTGCs would manifest as an excess in the cross-section of Z + ~
production compared to the SM prediction. This excess would concentrate at the high-
energy tail of the photon’s transverse momentum distribution. Our analysis aims to
examine this distribution and search for any compatible excess that could be attributed
to an aNTGC.

To enhance the sensitivity of the search, we developed an algorithm based on
machine-learning to increase the efficiency of identifying high-energy photons in the
CMS detector. In addition, we developed an algorithm, also based on machine-learning,
to reject a prominent background, known as beam halo, that is large in the vicinity of
the proton beams. This allowed us to increase the geometric coverage of the photons se-
lected for the study over previous previous searches conducted by the CMS collaboration
in this final state [1].

In addition to the search for aNTGCs, we measure the cross-section of pp — Z(—
vv)+y and the differential cross-section as a function of photon transverse momentum.
This allows a comparison of the accuracy of perturbative calculations for theoretical
cross-section predictions with observation.

This thesis is organized as follows:

e Chapter [2introduces the theoretical elements of the thesis. It starts with a review

of the SM and proceeds to show how effective field theories can be used to describe
aNTGCs

e Chapter [3] describes the LHC and the components of the CMS detector used for

the reconstruction of the final state particles.

e Chapter [ outlines the algorithms employed by the CMS experiment to reconstruct

the final-state particles using information from the subdetectors.

e Chapter || describes the machine-learning based algorithm we developed for this
analysis to efficiently identify high-energy photons.
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e Chapter|[6]presents the main analysis. It describes how events are selected from the
data, how the various background processes are measured, how the signal process

is modeled, and the systematic uncertainties that affect the measurements.

e Chapter [7| presents the results of the measurements of the cross-section, the dif-

ferential cross-section, and the search for aNTGCs.

e Chapter [§] summarizes the thesis and acknowledges contributions from the re-

searchers involved in the analysis.



Chapter 2

Theory

This chapter provides an overview of the theoretical framework underlying the thesis.
We begin by presenting an outline of the Standard Model (SM) of particle physics.
Subsequently, we summarize the phenomena that the SM is unable to explain. We
then show how new particles or interactions added in extensions of the SM can induce
interactions among SM particles, which can be described using effective field theories at
low energies in a model-independent way. Lastly, we discuss anomalous neutral triple
gauge couplings, which represent effective interactions between the neutral gauge bosons

of the SM. These effective interactions are the focus of this thesis.

2.1 The Standard Model of particle physics

The Standard Model (SM) [3] is the foundation of our current understanding of the
behavior of particles and their interactions in the universe. The model assumes that
particles are discrete excitations of quantum fields and that a general, renormalizable
Lagrangian with these fields can be constructed based on a set of underlying symmetries.

These symmetries are described by the local gauge transformation group
SUB)c®@ SU(2), @U(1)y

and govern three of the four fundamental forces: the strong, weak, and electromag-

netic interactions. By imposing these gauge symmetries, bosonic fields are introduced,
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which serve as mediators for the interactions. The strong interaction is described by
the gauge group SU(3), also known as quantum chromodynamics (QCD), while the
electroweak interaction is a unification of the electromagnetic and weak interactions and
is represented by the group SU(2);, ® U(1)y-.

The matter sector of the SM consists of 12 fermions with a spin of 1/2. Among them,
six are known as quarks, which possess two types of charge: color charge due to the
SU(3)¢ group and electroweak charge due to the SU(2);, ® U(1)y group. The quarks
are further divided into up-type (u, ¢, and t) and down-type (d, s, and b) based on their
weak quantum numbers. The other six fermions, called leptons, have electroweak charge
but no color charge. While three of the leptons (e, u, and 7) are electrically charged,
the other three (v,, vy, and v;) are neutral. The quarks and leptons are arranged into

three generations, with the following structure:

Generation
1 2 3

Leptons (1) : (ly_l) = (eyf :’i :i)
Quarks (q) : (ZZ) = (3 ; Z)

Here | and v, repesent leptons with and without electric charge, respectively, while g,
and g, are the up and down type quarks, respectively.

The mediators of the strong and electroweak interactions have spin 1. They are:

e 8 massless gluons (g) for the strong interaction
e 3 massive gauge bosons (W', W~ and Z) for the weak interaction

e 1 massless photon (A) for the electromagnetic interaction

While the color symmetry, SU(3), is conserved, the electroweak symmetry, SU(2);,®
U(1)y, is broken spontaneously by the Brout-Englert-Higgs-Kibble (BEHK) mechanism.
This generates mass terms for the massive vector bosons by the spin-0 Higgs field (®).

The quantum excitation of the Higgs field in turn gives rise to the Higgs boson (h).



Fermion Y T Q
@\ | +1/6 | +1/2 | +2/3
Quarks (qd>L +1/6 | -1/2 | -1/3
(3 colors) uR +2/3 0 +2/3
dg -1/3 0 -1/3
v -1/2 | +1/2 0
Leptons <Z>L -1/2 | -1/2 -1
In 1 0 1

Table 2.1: Electroweak charges of the fermions of the SM

while the leptons remain singlets under SU(3).

The weak interaction is chiral, i.e. the left-handed (L) and right-handed (R) chiral
fermionic fields transform differently under the SU(2);, group. Because of the chirality,
each of the three fermion generations come with five different representations: g, q,r,
dar, 1, and lp (charges are listed in Table [2.1]).
as doublet, while the right-handed fields transform as singlets under the SU(2);, group.

The left-handed fermions transform
The quarks have three color degrees of freedom and transform as triplets under SU(3)~

The particle content of the SM is summarized in Figure

Standard Model of Elementary Particles
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up

=4.7 MeV/c*
%

» d
down

=0.511 MeV/c?
-1

% (e
electron

<1.0 eVic*
o
% VC

electron
neutrino

(fermions)

=1.28 GeV/c?

=173.1 GeV/c?

% %
% (G v (&
charm top
=96 MeV/c?* =4.18 GeV/c?
% %
% |8 » b
strange bottom
7/
=105.66 MeV/c* =~1.7768 GeV/c*
=1 =1
% IJ, Y% ’t
muon tau
<0.17 MeV/ic* <18.2 MeV/ic?
0 0
% VI.L % Vi

muon
neutrino

tau
neutrino

W boson
| S

interactions / force carriers
(bosons)

0

W

photon

=91.19 GeV/c*

@
Z boson

=80.360 GeV/c?
1

- @

=124.97 GeV/c*

H

higgs

Figure 2.1: The particles of the Standard Model [4]



2.1.1 The Gauge Invariance Principle

The mediator fields of the interactions arise naturally as a result of the symmetries
imposed on the fermionic fields. The classic example for demonstrating the idea is
quantum electrodynamics (QED). Consider the Dirac lagrangian of a free fermionic
field ¥ (x):

Lo =iV (x)(d —m)¥(z)
Ly is invariant under the local U(1) transformation

U()

(z) 2% () = expliQo(x)] ¥ (x)

if a new spin-1 field A, (z) is introduced such that the spacetime derivative d,, is replaced

with the covariant derivative D,
0, =D, =0, —ieQA,(x)
and an offset term is added to U(1) transformation law for A,,(z) :
/ 1
Au(x) — Au(x) = AH(CU) + gaue(x)

The new spin-1 field A, (z) is realized as the photon. This demonstrates that the local
U(1) invariance of a fermionic Lagrangian requires a gauge field.
To allow Au(a:) to be a freely propagating field, a kinetic term is also added to the
Lagrangian :
1
Ekin = _ZFHVF,UJ/
where F,, = §,A4, — 0,4, is the electromagnetic field strength tensor. The full QED

Lagrangian is then

1

Lawp = i(@)(B = m)¥(z) - 1F*F,,

which gives the Maxwell equations:

0, F" = j” where j¥ = —eQU~"¥
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The electromagnetic (EM) current 5 couples to the photon field A” via the interaction

term in the QED Lagrangian:
Ling = Ayj" = eQA, () ()7 ¥(z)
To implement the full SU(3)s ® SU(2)p ® U(1)y symmetry group, three sets of
gauge fields are introduced:
e 1 field B, with generator Y (hypercharge) for the U(1)y group

e 3 fields W, with generators T = ¢“/2 for the SU(2), group, where a = 1,2,3

and ¢ are the Pauli matrices

e 8 fields G, with generators T = /\7(1 for the SU(3) group, where a = 1,...,8 and

A are the Gell-Mann matrices
e the generators Y, T and T” follow the Lie algebra:
[Ta7 Tb] _ ifabcTc
Z.EabcTc

[T% Y] =[T"Y]=0

7, 7"
1%, 7"

The gauge invariant fermionic matter Lagrangian is then given by
L = o . = ol
Liermions = 141, Pqr, + Zle( L)ZL + ZQuRw(QR)QuR + ZQdRZD(qR)QdR + ZlRﬁ( R)ZR

where

e g; and [;, are the left-handed quark and lepton doublets

GuRr, 9qr and lg are the right-handed (up/down) quark and lepton singlets

D, =0, —igYB, —ig3oc" W, —igs\"G),

(Ir) i . 1 _aygra
D, =0, —1gYB, —igsa W,

(qr) _ . .1
DuqR =09,—igYB, — zgsﬁ)\aGZ



e D" =9, —igYB,
e ¢, gand g, are the coupling constants associated with U(1)y, SU(2), and SU(3) ¢
respectively

As with the QED case, the Lagrangian for the kinematics of the gauge fields is:

1 1
=B"B,, — —W""W,

1
o 7Ga,,u1/Ga
4g " ag .

Leauge =
and the field strength tensor are:
o GYY =0,G5—9,G5 + fGhGS
o Wi, =9, W—d,Wi+ "W ws

e B, =9,B,-9,B,

2.1.2 The Higgs Field

We note that the gauge fields have no mass term in this formulation since such a
term would violate the required gauge symmetry. Fermion masses cannot be added
either as this would involve mixing of left and right chiral states that also break the
gauge symmetry. The Brout-Englert-Higgs-Kibble mechanism addresses the problem
by introducing a scalar doublet under SU(2):

The Lagrangian for the Higgs field preserving gauge invariance is given by:
Litiggs = (D' @) (D" @) — V(@)
where:
V(®) = —1i20'd + \(@TD)?
The Higgs potential V(®) is minimized when
2

(@fo) =L =

2
v
2\ 2
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where v = p/v/A is the vacuum expectation value (VEV). By performing a rotation,

the field can be written as an excitation h around the minimum of the field:

oo L0
_\/5 v+ h

The excitation h is a physical degree of freedom, which appears in the Lagrangian

as the Higgs boson with mass:

mpg = \/2)\1]

At the minimum, the SU(2); ® U(1)y symmetry is spontaneously broken and the
Lagrangian respects only U(1) gy symmetry with generator @ = T3 + Y. In addition,
the kinetic term (DILCID)T(DILCI)) of the Higgs field gives the mass terms of the physical
gauge bosons W* and Z:

1 1
Lo = 1921)21/Vi“1/VjF + §(92 +gl2)v2Z“ZM +0 x (A“AM)

where the gauge fields of the SU(2);, ® U(1)y symmetry have mixed to form physical
boson fields W, W™, Z and A:

1
V2
Z = W cos by — Bsin by,

W (W1 FiWy)

A = Wssin Oy, + Bcos Oy,

~

g
tan by, = =
g

The parameter 0y, called the weak mizing angle, is a rotation angle from the interaction
basis, where the fields have the transformation properties under the full gauge symmetry,

into the mass basis of the physically observable vector bosons. The masses acquired
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are:
1
myy = 5”9
my = %v\/ g +4"
my =0

The masses are related to the mixing angle by:

2
cos” Oy = —‘;V
mz

Lastly, the leptons and quarks are given masses by adding Yukawa terms to the

Lagrangian:

_ - d_ 7
Lyiawa = — Y Qridur;® — Yijdridarj® — Yijlrilr;® + h.c.

where ® = ioy®* and Y;; are 3 x 3 Yukawa matrices, which can be chosen in diagonal

basis:

Y = diag(yu’ Yes yt)
d .

Y© = dla‘g(yda Ys» yb)
l .

Y' = diag(ye, Yyus ¥r)

After spontaneous breaking of the gauge symmetry, the Yukawa Lagrangian generates

the mass terms for the fermions:

Yq¥ _ yiv 5
£Yukawa = _%QLQR - %ZLZR

which gives the fermions their masses:
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Combining the Lagrangians for the fermions, gauge bosons and the Higgs field, the
full Lagrangian of the SM is:

[’SM = [’fermions + ‘Cgauge + ‘CHiggs + [’Yukawa (21)

2.2 Deficiencies of the Standard Model

The SM neatly incorporates the electroweak and the strong interactions under the
SU@3)c @ SU(2);, ® U(1)y gauge group. Its theoretical predictions for a wide range of
processes have been tested at collider experiments with very high accuracies. Some of
these predictions are the weak neutral current; the existence and masses of the W and
Z bosons; the existence of the fermions 7, ¢, b, and ¢; and the last milestone, the Higgs
boson, whose discovery was announced at the LHC in 2012. Despite the success of the
theory, the SM cannot be a complete description of nature as it is unable to explain

several observations, some of which are:

e Matter-antimatter asymmetry: The universe appears to be dominated by
matter and, to date, astronomical observations have found no large traces of an-
timatter. While the weak interaction violates CP symmetry, it is insufficient to

explain this large asymmetry.

e Neutrino mass The SM assumes that neutrinos are massless, but observations of
flavor oscillations indicate that neutrinos must have a small non-zero mass through
mixing of electroweak eigenstates. One solution, known as the seesaw mechanism,
introduces mass to neutrinos by incorporating heavy Majorana neutrinos, whose
masses are inversely related to the light neutrino masses. However, we have no

experimental evidence for the existence of Majorana neutrinos.

e Dark matter and dark energy: Astronomical evidence indicates that only 5%
of the universe is ordinary matter. Observations of galactic rotation profiles show
a significant amount of weakly interacting matter called dark matter, comprising
24% of the universe. The remaining 71%, responsible for the universe’s accelerat-
ing expansion, is known as dark energy. Neither of these phenomena is explained
by the SM.
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2.3 Effective Field Theories

Several models have been suggested to tackle the issues with the SM. These models add
new particles and interactions, commonly referred to as “new physics” or NP, to the
SM’s particle spectrum. However, experimental findings have not yet detected any new
resonances beyond the SM. One possible reason for the null result is that our current
experiments do not have the energy necessary to generate NP particles. Nevertheless,
there may still be indications of NP at present experiment energies. If NP particles did
exist, they would modify the strengths of interactions among SM particles and/or intro-
duce anomalous interactions not allowed by the SM. Measuring the interactions between
SM particles with high precision might reveal signs of new physics. A deviation from
the predictions of the SM can be interpreted under an effective field theory (EFT) that
generalizes the effects of NP at low energies in a model-independent way. EFTs describe
interactions at energies below a chosen scale while disregarding the dynamics of NP that
have a significant impact only at a higher energy scale. There are two approaches to
constructing an EFT: top-down and bottom-up. In the top-down approach, the op-
erators in the Lagrangian of a known theory are approximated to effective low-energy
operators by integrating out the heavy scale fields, whose dynamics have negligible ef-
fect. The operators of the effective interactions and the associated coupling constants
encode the effects of NP at low energies. In contrast, the bottom-up approach assumes
that the correct high energy theory is unknown. Therefore, known particle fields are
used to create higher-dimensional operators respecting a set of symmetries to model the
effects of new physics in a model-independent manner.
p U
udu

udd
n

Figure 2.2: Feynman diagram of beta decay
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Fermi’s theory of weak interactions provides an example where the SM theory of
the W boson’s interactions with quarks can be approximated by a 4-point contact
interaction. Fermi’s theory was formulated to describe beta decay, n(udd) — p(uud) +
e + v,, at a time when the existence of the weak gauge bosons was not known. We
can show that this theory is a low energy approximation of an interaction mediated
by an off-shell W~ boson (Figure . Consider the SM tree-level amplitude for the

interaction [5]:

Puby
.92 .y g,u,l/ - m%/V .
M= iV, (y Pa) | —5—5 | (&1 Pywe)
b —mwy
Here g is the weak coupling, V,,; is the ud CKM matrix element, Py, = (1 — WB) /2, and
p" is the 4-momentum mediated by the off-shell W~ boson. Since the process is at low
energy, i.e. p2 < MI%V, the propagator factor can be approximated as:

_ PuPy
m%v ~ gm/

Guv

2 2~ 2
p —mwy myy
The interaction amplitude is then

. 9
ig _ _
M=— 2 Vud(u’yMPLd)(er)/,uPLVe)
2mW
which has the same form as the Fermi 4-point contact interaction amplitude given by

4iG
V2

Hence, the electroweak theory is encoded as a low energy limit in the Fermi coupling

MFermi = - Vud(a’}/uPLd) (ér)/,uPLVe)

constant G, which is related to the weak coupling g by:

2
Gr_ 9

V2 8miy
This is an example of the top-down approach to building an effective field theory, i.e.
the Fermi 4-point interaction, from the full electroweak theory in the SM.
In the bottom-up approach [6], where the correct theory at high energies is unknown,

we first note that the operators in the SM Lagrangian all have mass dimensionality
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of four or less. These terms are required to respect the gauge symmetry SU(3)s ®
SU(2);, ®U(1)y. However, there are higher dimensional operators that still respect the
gauge symmetry. These higher dimensional effective operators are constructed with the
SM fields and are suppressed by an energy cut-off, so that the SM is recovered at low
energies. Here EFT acts as a bridge between heavy scale NP and low energy phenomena
(i.e. the SM) without considering the internal structure of the NP. In general, the EFT

Lagrangian is taken as:

(d)
c:
Lepr = Lom + E E 7[\(;_4) Oz(d)

d>4 i

(d)

where the operators O;

(

7

are built from the SM field and have mass dimensionality d.
The coefficients ¢ d), known as the Wilson coeffcients, are the coupling strengths that
encode the effects of heavy scale NP and A is the energy cut-off scale of the NP. As we
go higher in the dimensionality of the operators, their effect becomes smaller due to the

suppression factor 1/ AU,

2.4 Anomalous Neutral Triple Gauge Couplings (aNTGCs)

Z

Y
Figure 2.3: The anomalous vertices Zvy and ZZ~

In this thesis, we use EFT to study the possible interactions between the neutral gauge
bosons of the electroweak sector, focusing specifically on the vertices Zvvy and ZZ~ (Fig-

ure. These couplings are called anomalous neutral triple gauge couplings (aNTGCs).
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In the Lagrangian of the SM, there are no terms to allow such interactions at the tree
level. However, NP could induce such an effective vertex through a heavy fermionic

loop as shown in Figure

Z/v F

Z

Figure 2.4: Anomalous vertices induced by a heavy fermion F'

An EFT has been proposed in [7] to describe such anomalous couplings. In this
approach, the symmetry requirement SU(3)c ® SU(2);, ® U(1)y is relaxed to capture
more generalized NP effects. Requiring only U(1)gy symmetry, the EFT Lagrangian
with dim-6 and dim-8 operators describing Z~vy and ZZ~ couplings is given by:

.ZZVy:—62|l[ 07 F,,) + hi(9°Z, )]ZBF“B

mz

{ Z[(‘) 950°F, ] 2222[ w030 +my)Z }}ZaFMg (2.2)
_{ hlz [Daon“} %Z [ O+ m%) 30Zp°‘} }Zgﬁpaﬂ

where F and Z are the bosonic fields (y and Z), V = Z/v, and h) are the anomalous
couplings for the ZV~ vertex. The interactions associated with the couplings hY and
hg are CP-odd while those for h;,/ and hX are CP-even. By constructing a Lagrangian
for interactions between the Z and « bosons respecting only U(1)gy; Symmetry, we can
capture the effects induced by heavy NP as well as potential violation of the electroweak

symmetry, SU(2);, @ U(1)y
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2.5 Probing aNTGCs in pp collisions

q

Figure 2.5: Z(vv) + v production in p-p collisions in the t/u-channels

If the anomalous couplings ZZ~ and Z~~ existed, their presence may be seen in the
measurements of the cross-sections of certain processes in p-p collisions at the LHC. In
particular, the process pp — Z + v is sensitive to these couplings. Under the SM, Z + ~
is produced at leading order only by the ¢ and u channels (Figure . However, if

anomalous couplings are were present, the production of Z 4 « can also occur by the s

channel (Figure [2.6).

174
Figure 2.6: Z(vv) + 7 production in p-p collisions in the s-channel

As a result of the additional Feynman diagram, the amplitude M ntgc due to aNTGC
would add to the SM amplitude, Mg, giving a total amplitude of:

Miotal = Mgy + Manrae
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The aNTGC amplitude M y1qc is linear in the coupling parameters hl‘-/ and can be

written as:

Manrae = D D hi MY

V=Z~ 1

This would modify the cross-section of the process as:

Ototal = OSM + Oint T Oquad

Here oqy is the SM cross-section, o;,; represents the interference between SM and
aNTGC amplitudes, and 0g,,q is the square term due to aNTGC. Note that oy, is

linear in the coupling parameters while og,,q is quadratic in these parameters.

—— SM
— h2=4x10"

Excess

v v b b b b b b b s by
200 300 400 500 600 700 800 900 1000 1100 1200
Y

pT(GeV)

Figure 2.7: Excess in the number of Z + v events due to aNTGC for arbitrary integrated
luminosity

The additional contributions from aNTGCs would lead to a deviation in the pro-
duction cross-section with respect to the prediction of the SM. In particular, an excess
is expected at large values of the transverse momentum (pJ.) of the photon, as shown in
Figure A search for these couplings can thus be performed by studying the distribu-
tion of the photon transverse momentum in pp — Z + v events in collider experiments.

Searches for the anomalous couplings Zvyv and ZZ+ in the final state of Z(— vv)+~
in hadron collisions were first conducted by the Df) collaboration [8], and subsequently
by the CDF [9],10], CMS [11} 1] and ATLAS collaborations [12, 2]. In addition, searches
have also been peformed in the leptonic final state, Z(— 1) + ~ [8, 13, 9, 10 14} 1.
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Figure 2.8 shows the limits measured by the CMS collaboration using LHC Run I p-p
collision data at /s = 8 TeV. The tighest limits have been measured by the ATLAS
collobaration using LHC Run II p-p collision data at /s = 13 TeV (shown in Figure

2.9).
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Figure 2.8: Limits on the anomalous coupling parameters measured by the CMS collaboration

using the final state of Z(— vv) + v [I]
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Figure 2.9: Limits on the anomalous coupling parameters measured by the ATLAS collaboration
using the final state of Z(— vv) +~ [2]
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In this thesis, we use the invisible decay channel of the Z boson to search for these
anomalous couplings with the parameters (h;,/, hX) using LHC Run IT data at /s = 13
TeV collected by the CMS detector with a luminosity of 138 fb~!. The invisible decay
of the Z (branching fraction = 20%) is the optimal channel to detect these aNTGCs as
the leptonic channel has a lower branching fraction (10.1%) while the hadronic channel
(branching fraction =69.9%) has a poor sensitivity to aNTGC due to large background
events that arise from the pp — 7 + jets process. In addition, we consider only the
CP-even couplings (hy , by ) as it has been shown in [I5] that the sensitivities and cross-
sections are nearly identical for the same values of hé/A and h‘l/g. For this search, we
study p-p collision events producing a photon with a large transverse momentum (> 225

GeV) and a large missing transverse momentum (> 200 GeV).



Chapter 3
The experimental apparatus

The measurements presented in this thesis are based on data collected in proton-proton
collisions at a center-of-mass energy of 13 TeV. The experimental setup consists of the
Large Hadron Collider (LHC), which produces the proton beams for collision, and the
Compact Muon Solenoid (CMS) detector, which measures the outgoing products to
study the properties of the fundamental interactions within the collisions. This chapter
provides an overview of the LHC and the key aspects of the CMS detector’s subsystems

that enable the reconstructing of particles.

3.1 The Large Hadron Collider

The Large Hadron Collider (LHC) [16] is a 27 km two-ring superconducting proton-
proton collider located at CERN, spanning the border between France and Switzerland.
The LHC was built to study the nature of electroweak symmetry breaking and to search
for beyond-the-standard-model phenomena at the TeV scale, including supersymmetry,
extra dimensions, and dark matter. Figure shows the layout of the CERN accelerator

complex.

21
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Figure 3.1: An overview of the CERN accelerator complex. The protons are accelerated pro-
gressively in the order 50 MeV (LINAC 2) — 1.4 GeV (Booster) — 25 GeV (PS) — 450 GeV
(SPS) — 6.5 TeV (LHC).

The protons are accelerated to a center-of-mass energy of 13 TeV through a sequence
of stages. The sequence begins at LINAC 2, where hydrogen gas is ionized in an electric
field and the resulting protons are linearly accelerated to an energy of 50 MeV. Sub-
sequently, these protons are injected into the Proton Synchrotron Booster (PSB), a 25
m radius ring that uses radio frequency pulses to provide a kick to the protons during
each revolution, boosting their energy to 1.4 GeV. Once the protons have achieved their
maximum energy in the PSB, they are transferred to the Proton Synchrotron (PS), a
larger 100 m radius ring. In the PS, the protons are accelerated further to an energy of
25 GeV. After reaching maximum energy in the PS, the protons enter the Super Proton
Synchrotron (SPS), a 1 km radius ring that raises their energy to 450 GeV. Finally, the
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protons are injected into the main LHC ring, where they undergo additional accelera-
tion to reach their final energy of 6.5 TeV. The beams are kept in a circular trajectory
by 1232 superconductive dipole magnets and focused by 392 quadrupole magnets dis-
tributed along the collider. The radio frequency pulses applied to the protons are tuned
to arrange the protons in discrete bunches with a temporal spacing of 25 ns between
the bunches, providing a bunch crossing rate of 40 MHz. At full design performance,
there are about 2800 bunches, with approximately 1.5 x 10! protons per bunch. Colli-
sion of the beams take place at four interaction points along the ring, where four main
detectors, including the CMS, are installed. The number of events for a given process,
pp — X, is determined from the cross-section of the process, oy, and the instantaneous

luminosity, £(t), of the collisions as:
Npp— X)=o0x" /L’(t) dt

The instantaneous luminosity is measured by multiple luminometers placed within the
CMS detector [I7]. From 2016 to 2018, the CMS detector recorded a total integrated
luminosity of 138 fb~! (Figure [3.2) [I7, IR, [I9).

CMS 2016, 41.6 fb~!

= 2017, 49.8 fb~!
8o} — 2018, 67.9 fb !
60|

40t

20

Total integrated luminosity (fb~!)

0 d L L L L
\ \ X

RN N TS L N

Date (UTC)

ot o<
N0

Figure 3.2: Integrated luminosity of p-p collisions versus time recorded by the CMS between
2016 and 2018
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3.2 The Compact Muon Solenoid Experiment
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Figure 3.3: Overview of the CMS Detector

The Compact Muon Solenoid (CMS) [20] is one of the two multi-purpose detectors at
the LHC. It is located 100 m underground in Cessy, France. Its primary purpose is to
explore fundamental interactions at the TeV scale. The detector is designed to achieve
high spatial resolution, precise energy measurements, and efficient particle identification.
The detector has a cylindrical structure consisting of multiple layers of subdetectors
(Figure . It has a large superconducting solenoid magnet (12.5 m long and 6 m in
diameter) that generates a magnetic field of 3.8 T parallel to the beams. The innermost
layer comprises a silicon-based tracker for trajectory reconstruction of charged particles,
followed by a scintillating crystal electromagnetic calorimeter that measures the energy
of electrons and photons. Surrounding these components is a sampling calorimeter
dedicated to the measurement of hadronic energy. The tracker and the calorimeters are

located inside the solenoid magnet. Outside of the magnet and within the return yoke
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are the muon chambers. The full detector is 29 m in length, 15 m in diameter, and

weights 14,000 tonnes.

CMS <
Figure 3.4: Coordinate system of the CMS detector

3.2.1 Coordinate system

Particle directions are measured with a right-handed coordinate system, where the posi-
tive z-axis points towards the center of the LHC ring, the positive y-axis points vertically
upwards, and the positive z-axis aligns with the direction of the LHC beam (Figure .
The directions are specified in terms of the azimuthal angle, ¢, relative to the z-axis,
and pseudorapidity, . The pseudorapidity is related to the polar angle, 6, relative to
the z-axis by:

n = — In[tan(6/2)]

which is approximately equal to the rapidity for relativistic particles. Momentum is
measured in the z-y plane, referred to as transverse momentum and denoted by pr.

Correspondingly, particle energy is described by their transverse energy, which is related

ET:\/p?p+m2

For m < pp, Er and pp are approximately equal. Spatial separation between particles

to their pr and mass, m, by:

is measured in the (7, ¢) space and denoted by AR:
AR =\/(An)* + (A¢)”

3.2.2 The Tracker

Particles produced in the collisions first encounter the tracker [21, 22 23 24]. Its
primary function is to precisely measure the trajectory of charged particles, which allows

the determination of particle momentum, charge sign, and point of origin (referred to
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as verter). Vertex reconstruction is especially important for identifying multiple p-p
collisions (pileup interactions) that occur simultaneously within a single bunch-crossing.
During the 2016 data-taking period, the average number of pileup interactions was 23,
which increased to 32 in 2017 and 2018.
The tracker is immersed in a uniform magnetic field of 3.8 T parallel to the beam.
It cylindrically covers the interaction point and consists of multiple layers of silicon
sensors, with overall dimensions of approximately 1.2 m in radius, 5.6 m in length, and
pseudorapidity coverage of |n| < 2.5. The silicon material is particularly suitable for
withstanding the high-radiation environment in close proximity to the interaction point.
Each silicon sensor is a p-n semiconductor junction diode with a bias voltage applied.
When a charged particle traverses the tracker, electron-hole pairs are liberated through
the waver in the depletion regions of the sensors, generating electronic signals, or hits.
The track is reconstructed through a fit of the positions of these hits, thereby allowing

the momentum to be measured from the curvature of the track in the magnetic field.
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Figure 3.5: Schematic of the tracker shown as a vertical slice along the beam

The tracker is designed to provide high spatial granularity for precise momentum
reconstruction while minimizing material thickness to reduce scattering and energy loss.

Figure shows a schematic diagram of the tracker. It consists of two sections:
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e Pixel detector: For precise measurement of 3D space coordinates of points on
a charged particle’s trajectory, layers of high-granularity silicon pixels are placed
close to the beamline. In the barrel region, four layers are arranged cylindrically
around the beam, while in the endcap region, three layers are arranged as disks
transverse to the beam. The pixels have dimensions 100 x 150 ,qu. Due to the
strong magnetic field, charge carriers in the silicon drift into adjacent pixels, which
allows for an interpolation of the analog electronic signals between adjacent pixels

to achieve a spatial resolution in the range of 10-20 pm.

e Strip detector Outside of the pixel detector are several layers of elongated rect-
angular strips consisting of silicon microstrip sensors. The microstrips have a
coarser granularity than the pixels, with a typical cell size of 10 cm x 80 pm. In
the barrel region, there are ten concentric strip layers parallel to the beam that
provide measurements of the (r,¢) coordinates. In the endcap region, the strips
point radially towards the beam in twelve layers of disks to provide a measurement
in the (z,¢) coordinates. In some layers, each strip is supplemented by a second
strip mounted back-to-back to the first but rotated through a stereo angle of 100
mrad. This provides a measurement of the third coordinate (z in the barrel and

r on the disks).

3.2.3 The Electromagnetic Calorimeter (ECAL)

The electromagnetic calorimeter (ECAL) [25] provides precise measurements of the
energies of photons and electrons originating from the interaction point as well as the
electromagnetic energy depositions from hadrons. It is homogeneous, hermetic, and
composed of scintillating crystals made of lead tungstate (PbWQO,) crystals. Due to
its high density of 8.28 g/ cmg, short radiation length of 0.89 c¢m, and small Moliere
radius of 2.2 cm, the crystal material enables the ECAL to be highly segmented and to
effectively capture and localize electromagnetic showers. The crystals also have a fast
response, with about 80% of the scintillation emitted within the LHC bunch crossing
time of 25 ns.

The ECAL is divided into two main sections: the barrel (EB) and the endcaps (EE).
The EB consists of 61,200 crystals and covers the pseudorapidity range |n| < 1.479. The
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EE is made up of two disks, each with 7324 crystals, covering 1.479 < |n| < 3.0. The
crystals in the EB are arranged so that they are off-pointing by 3° with respect to
the direction towards the interaction point in order to minimize energy being lost in
the gaps between the crystals. The EE crystals are arranged in an z-y grid to form an
approximately circular shape. The crystals are 23 cm and 22 cm long in the EB and EE.
The length is approximately equivalent to one nuclear interaction length, which causes
about two thirds of the hadrons to begin showering in the ECAL. The crystal front face
dimensions are about 22 x 22 mm2, corresponding to approximately one Moliere radius
of the material, allowing the crystal to contain, on average, 90% of the lateral spread of
an electromagnetic shower when the impact is centered on the crystal.

In the endcap region, the angular separation between a photon pair from the decay
of a high-energy 7 meson tends to be small, which produces a collimated deposit in the
ECAL. In front of each EE, a preshower detector (ES) with a much finer granularity
than the ECAL is installed to help resolve diphoton pairs [26]. The ES covers the
pseudorapidity range of 1.65 < |n| < 2.6 and consists of two layers of lead plates
interleaved with two layers of strips of silicon sensors. Each strip is 1.9 mm x 63

mm, and provides position and energy measurements of the early developments of the

showers.
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Figure 3.6: Schematic of a quadrant of the Electromagnetic Calorimeter (ECAL) shown as a
vertical slice along the beam

The ECAL crystals emit blue-green scintillation light with the peak wavelength at
420-430 nm. The scintillation light is collected and amplified by two types of fast,

radiation-tolerant photodetectors attached to the outer faces of the crystals. In the
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barrel, the light is collected by avalanche photodiodes (APDs) [27]. The endcap crystals
are equipped with specialized photodetectors known as a vacuum phototriodes (VPTs)

[28] that can withstand the higher radiation flux and the strong magnetic field in this

region.
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Figure 3.7: Monitoring of crystal transparency with laser injection

During data collection, the crystals lose optical transmission due to the formation of
radiation-induced color centers, which absorb a fraction of the transmitted light. This
damage partially recovers during the interfill periods of the LHC, but can degrade the
performance of the calorimeter if not corrected for during data-taking. To measure the
evolution of the transparency loss, the ECAL is equipped with a laser monitoring system
that injects laser pulses into the crystals via optical fibers every 40 minutes during LHC
operation [29]. The intensity of the pulse is measured separately by silicon photodiodes
to provide a reference for normalizing the response of the crystals to the laser. Figure[3.7]
shows the evolution of the laser response of the crystals over the course of data-taking
between 2011 and 2018 [30]. Because of the differences in optical paths and in the
spectra of the injected laser pulses and the scintillation light, the laser response is not

linearly related to scintillation response. The relationship between the laser response,
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R(t), and the scintillation response, S(t), is approximated by a power law [31]:

S _

0)

R(t)

R(0)

The value of « is depends on the crystal manufacturing method and accumulated radi-
ation damage, and has been calibrated through a study of the evolution of the invariant
mass in Z — ee events. The correction derived for each crystal is applied to the response

signals in the reconstruction process.

3.2.4 The Hadron Calorimeter (HCAL)
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Figure 3.8: Schematic of the Hadron Calorimeter

The HCAL [32, [33] is a sampling calorimeter that measures the hadronic energy of
jets with a pseudorapidity coverage of |n| < 5.2. It also plays a crucial role in the
measurement of missing transverse momentum. It consists of several interleaved layers
of brass and steel absorber plates instrumented with plastic scintillator tiles. Hadrons
from the collision point undergo strong nuclear interactions with the dense material of
the absorber plates and produce hadronic showers. Charged hadrons from these showers
create scintillation light in the plastic scintillators, which is collected with wavelength
shifting fibers and transported to photomultipliers (hybrid photodiodes [34] or silicon

photomultipliers) to provide a measurement of the deposited energy.
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The HCAL is divided into four sections (Figure [3.8):

e The hadron barrel (HB) calorimeter covers pseudorapidities up to |n| < 1.39.
It has 14 layers of brass plates enclosed by two steel layers and 17 layers of plastic
scintillators. The depth of the HB varies between 5.8\; at n ~ 0 to 10.6); at
n ~ 1.3, where J; is the nuclear interaction length (mean distance travelled by a

hadron before undergoing an inelastic nuclear interaction).

e The hadron endcap (HE) calorimeter extends the pseudorapidity coverage to

In| < 3.0. It has 16 absorber and 17 scintillator layers.

e The hadron outer (HO) calorimeter covers |n| < 1.26 and consists of one or two
layers of scintillator outside the magnet coil. It improves the energy resolution by
measuring the energy deposited in the tail of a hadronic shower, which typically

contains low-energy secondary particles.

e The hadron forward (HF) calorimeter provides coverage of the forward region
2.85 < |n| < 5.19, where particle flux is the highest. It is located 11m away
from the interaction point but very close to the beam. The absorbers are made of
steel while the scintillation material consists of radiation-hard quartz fibers, where

charged particles emit Cherenkov light.

3.2.5 The Muon System

The outermost part of the detector is the muon spectrometer [35, [36], made up of
gas-ionization chambers. It is of central importance to the detector since muons are
the only visible particles able to penetrate into the muon system, which provides low
background rates to studies of processes with muons in the final state (e.g., Higgs studies
with H — ZZ — 4u signature). The muon chambers are interleaved between the steel
flux-return yoke, which returns the magnetic field of the solenoid. The trajectory of a
muon is reconstructed through a fit of the positions of the signals generated in the cells
of the muon system, which allows the momentum of the muon to be measured from the

curvature of the track.
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Figure 3.9: Components of the muon system in a vertical slice of a quadrant of the detector

Three different types of muon chambers are used in the detector:

e Drift tubes (DTs) : The DT chambers are located in the barrel region (|n| <
1.2), where the muon and background rates are both low, and the magnetic field
is uniform. A DT chamber measures about 42 mm wide, 13 mm high, and 2 to 4
m long. The chambers are filled with an 85/15 mixture of Ar and CO4 gas, and
contain a uniform electric field. Muons traversing the tubes ionize the gas and
liberate electrons, which drift through the tube towards a 3.6 kV anode wire and

produce an electron avalanche near the wire, creating a current pulse.
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Figure 3.10: Layout of a DT cell, showing the electric field lines in the gas volume

e Cathode strip chambers (CSCs) : The CSCs measure muons in the endcaps
(0.9 < |n| < 2.4), where the muon rates are higher, and the magnetic field is both

large and uneven. They are radiation hard, have a fast response time, and are
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finely segmented for precise track reconstruction. The chambers are filled with a
mixture of Ar, CO, , and CF, gases, and are segmented into six layers. Each layer
consists of cathode strips aligned radially and anode wires perpendicular to the
strips. A passing muon ionizes the gas, and charges are registered on the anodes
and cathodes. The grid structure of the anode wires and cathode strips provides

a location in (r, ¢, z) space.
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Figure 3.11: Structure of the CSC chamber showing the anode and cathode grid

Resistive plate chambers (RPCs) : RPCs are gaseous parallel-plate muon
detectors that provide fast response for trigger purposes. They have two layered
gas chambers held at a high potential difference by the positively charged anode
plates on the top and bottom, and a pair of negatively charged cathode strips
sandwiched between the chambers. The chambers are 2 mm thick and filled with
a gas mixture of CoH,, Fy , C4H;y, and SFg. A muon passing through the RPC
ionizes the gas, produces an electron avalanche due to the electric field, and induces

a charge on the cathode readout strips.
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Figure 3.12: Schematic of an RPC
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3.2.6 The Triggering System

The collision rate of 40 MHz at the LHC, combined with the large number of readout
channels in the CMS detector, results in a large volume of data that cannot be collected
and stored by the detector’s computational resources. The detector therefore relies on a
trigger system to significantly reduce the event recording rate and to select events with
signatures that are important for performing fundamental physics measurements.

The trigger system consists of two stages:

e Level 1 (L1) trigger: The first triggering stage operates at the hardware level
with custom-designed, highly programmable electronics, including FPGAs, ASICs,
and programmable memory lookup tables, to quickly identify interesting events at
a rate of up to 100 kHz. The decision time between a bunch crossing and delivering
an accept signal, the latency, is about 4 us. The trigger receives signals from the
front-end electronics of the ECAL, HCAL, and the muon system to perform a
coarse reconstruction of the event, and makes trigger decisions based on simple
criteria on the presence of energy clusters in the calorimeters, or ionization signals

in the muon system [37, [38].

e High-level trigger (HLT): Events passing the L1 trigger are sent to the HLT,
which operates at the software level on a large computing farm with thousands
of processors to perform a detailed reconstruction of the particles using the full
readout of the detector and apply more complex criteria for specific event signa-
tures, reducing the event rate from 100 kHz to about 1 kHz [39] with an average
time latency of 260 ms. Events accepted by the HLT is transferred to the CMS
computing grid for storage and further refinement through a full reconstruction

process described in the next chapter.



Chapter 4

Event reconstruction

As particles produced by the p-p collisions traverse the detector, they generate signals
in different sub-detectors based on their characteristics (Figure . They first pass
through the tracker, where signals from the sensitive layers are used to reconstruct the
trajectories (tracks) and origins (vertices) of charged particles. The tracker operates
within a magnetic field that causes the paths of charged particles to bend, enabling
the measurement of their electric charges and momenta. Subsequently, electrons and
photons are absorbed by the electromagnetic calorimeter (ECAL). The ECAL detects
the resulting electromagnetic showers as energy clusters in neighboring cells, allow-
ing for the determination of the particles’ energy and direction. Charged and neutral
hadrons can also initiate hadronic showers in the ECAL, which are then fully absorbed
by the hadron calorimeter (HCAL). The clusters observed in the HCAL are used to
estimate the energies and directions of these particles. On the other hand, muons and
neutrinos traverse the calorimeters with minimal or no interactions. Neutrinos pass
through undetected, while muons leave a trace in the outermost layer known as the
muon system. Specialized algorithms are implemented to use the readout signals from
the sub-detectors to reconstruct the energies and momenta of the particles emitted in
the collisions. The reconstructed particles form the basis of the measurement of the
cross-section section and the search for aNTGCs in this thesis. The specific criteria for
selecting the events will be discussed in Chapter [} This chapter outlines the principles
of the algorithms used in reconstructing photons, electrons, muons, jets, and missing

transverse momentum.
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Figure 4.1: Transverse slice of the CMS detector showing interactions of different particles with
the sub-detectors

4.1 The particle flow algorithm

The CMS detector employs a comprehensive strategy called the particle flow algorithm
for particle reconstruction [40]. This approach aims to achieve a holistic understand-
ing of collision events by integrating information from all subdetectors and establishing
correlations between measurements to enhance particle reconstruction. It takes advan-
tage of the fine angular granularity of the calorimeters, and the high resolution of the
tracker and muon chambers to include low-momentum particles that would otherwise be
ignored. This method particularly improves the accuracy of jet energy measurement,
since charged hadrons contribute around 65% of the jet energy, photons account for
approximately 25%, and neutral hadrons for about 10%. The inputs to the particle flow
algorithm are the tracks and the clusters in an event. The tracks are reconstructed from
either the inner tracker system or the muon detector, while clusters in the ECAL and
HCAL are reconstructed by dedicated clustering algorithms. Based on the reconstructed
tracks, vertices associated with these tracks are constructed to identify the interaction

points of proton-proton collisions. These tracks and clusters are then gathered to form
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the inputs to the particle flow algorithm. Subsequently, the algorithm proceeds with a

dedicated linking algorithm specific to the target stable particles. This linking algorithm

connects vertices, tracks, and showers spatially to associate them with five categories of
particles: muons, electrons, photons, charged hadrons, and neutral hadrons.

We briefly describe below the algorithms used in the reconstruction of the tracks

and calorimeter clusters.

4.1.1 Tracks and vertices

Track reconstruction is a computationally challenging task due to the high multiplicity
of charged tracks produced in the collisions. A dedicated software package, known as
the Combinatorial Track Finder (CTF), is used to produce a collection of reconstructed
tracks by multiple iterations of the reconstruction sequence. The initial iterations search
for tracks that are easiest to find (e.g., those with large transverse momenta and near the
beam interaction region). After each iteration, hits associated with the reconstructed
tracks are removed to reduce the combinatorial complexity for subsequent iterations
that reconstruct more difficult classes of tracks (e.g., low transverse momentum or sig-
nificantly displaced from the interaction region). A detailed description of the track
and vertex reconstruction process can be found in [23]. We summarize the four steps in

each tracking iteration:

e Seed generation: During this step, track seeds are generated using hits in the
innermost layers of the tracker. These hits are combined to form track seed can-
didates, which act as initial approximations for potential tracks. In the initial
iterations, three hits in the pixel layers are required to form a track seed. As the
iterations progress, the criteria for track seed formation become less stringent. The
final iterations specifically target increased muon tracking efficiency by including

information from the muon chambers.

e Track finding: The track finding step spatially extends the track seeds using
an algorithm known as Kalman filter [41], which searches for additional hits in
neighboring tracker layers that are consistent with the seed trajectory. The hits

are assigned to the corresponding tracks based on their proximity to the predicted
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track position. This process is performed iteratively, gradually extending the track

segments and refining the track parameters.

e Track fitting: Once the track segments have been extended, a track fitting algo-
rithm is employed to determine the best-fit track parameters. The fitting process
minimizes the difference between the predicted positions of the track and the mea-
sured hits, taking into account the uncertainties associated with the hits and the

material effects (e.g., multiple Coulomb scattering and energy loss) in the tracker.

e Track Selection: After the track fitting, a set of criteria is applied to filter
out spurious or poorly reconstructed tracks. Various quality criteria, such as the
number of hits, track fit quality (X2 /d.o.f.), and compatibility with the interaction

vertex, are used to assess the track quality.

After reconstruction of the tracks, a vertex reconstruction algorithm clusters the
tracks that appear to originate from the same interaction vertex, and determines the
position of each vertex using its associated tracks. The vertices are ordered by the
quadratic sum of the transverse momenta of the tracks associated with each vertex,
ie. Zp?p The primary verter is defined as the one with the largest sum. The other
vertices are considered to be pileup interactions, which result from multiple p-p collisions

occurring within the same bunch crossing.

4.1.2 Calorimeter clusters

Energy deposits in the ECAL and HCAL are grouped using dedicated clustering al-
gorithms. These algorithms start with seed finding, where local energy maxima are
identified as starting points. These seeds are typically chosen as the cells with largest
energy deposits or cells exceeding a certain threshold. Starting from each seed, neighbor-
ing cells that meet certain criteria, such as energy thresholds and geometric constraints,
are added to form clusters. The process of adding neighboring cells continues iteratively
until no more cells can be included. This forms clusters representing electromagnetic
showers by electrons and photons, or hadronic showers produced by charged and neutral
hadrons. Further details on ECAL and HCAL clustering can be found in [40].
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4.1.3 The link algorithm

Since a single particle can produce multiple PF' elements (i.e. tracks or clusters), a
link algorithm is used to connect the PF elements from different subdetectors. The
link algorithm systematically examines pairs of elements and assesses if they satisfy
specific linking criteria based on the particle type. Subsequently, the link algorithm
forms PF blocks consisting of elements that are directly or indirectly linked through

shared elements. The main types of links formed are:

e Track-to-cluster: The last measured hit of a track is extrapolated to the calorime-
ters to search for clusters that align with the track. The cluster is linked to the
track if the extrapolated position is within a cluster. When different clusters are
linked to the same track, or when several tracks are linked to the same cluster, the
quality of the links are evaluated by considering the separations in the (7, ¢)-plane,

and only the link with the smallest separation is kept.

e ECAL cluster-to-track: Electrons bend in the magnetic field and radiate pho-
tons, which result in multiple clusters in the ECAL that are separated azimuthally.
In order to link the clusters to the track, tangent lines are extrapolated to the
ECAL from the intersection points between the track and each of the tracker lay-
ers. In addition, photons can also convert to a pair of eTe” in the tracker material,
producing spatially separated tracks. Two tracks compatible with a single photon

origin are linked by a dedicated conversion finder [42].

e Cluster-to-cluster: Hadronic showers from jets can produce deposits in both
the ECAL and the HCAL. Links between these calorimeter clusters are formed
when the cluster position in the more granular calorimeter (preshower or ECAL)
is within the cluster envelope in the less granular calorimeter (ECAL or HCAL).
When multiple HCAL clusters are linked to the same ECAL cluster, or when
multiple ECAL clusters are linked to the same preshower clusters, only the link

with the smallest separation is kept.

Once the elements are linked, association criteria are applied to further refine the
formation of physics objects. These criteria consider factors such as track-cluster match-

ing, energy sharing between different elements, and consistency with specific particle
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signatures. The final step involves grouping the linked and associated elements into PF'
objects. These PF objects are classified as electrons, photons, muons, charged hadrons,

and neutral hadrons.

4.2 Muons

Muons are reconstructed with high purity and efficiency since they penetrate the whole
detector, while other particles are absorbed by the calorimeters and the steel layers of
magnet. Their ionization signals in the gas chambers are used to reconstruct tracks
independently of the hits in the inner tracker. The muons used in this analysis are
reconstructed by extrapolating the tracks in the muon system to the inner tracker and
searching for a track with matching parameters. A second reconstruction of the full
muon track is performed by combining the hits of the muon system and the inner
tracker to improve the momentum measurement. Muons originating from hadrons are
rejected using two sets of identification criteria, known as loose and tight criteria [36].
These criteria are defined by requirements on the quality of the two tracks, including
number of hits in the inner tracker, number of segments in the muon system, and
impact parameter of the track relative to the primary vertex, as well as requirements
on hadronic activity in the regions of the calorimeter near the muon. Further details on

muon reconstruction can be found in [36].

4.3 Photons and electrons

Electrons and photons deposit their energy primarily in the ECAL. As they pass through
the detector material before reaching the ECAL, interactions can occur, leading to the
emission of Bremsstrahlung photons by electrons and the conversion of photons into
electron-positron pairs. Consequently, the electron or photon arriving at the ECAL may
manifest as a shower of multiple electrons and photons rather than a single particle. To
recover the energy of the original electron or photon, a dedicated algorithm combines the
clusters from these individual particles into a supercluster. Additionally, the trajectory
of an electron emitting Bremsstrahlung photons undergoes changes in curvature in the

tracker. For electrons, a dedicated tracking algorithm, based on a technique known as
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Gaussian sum filter (GSF) that incorporates a sum of Gaussian functions to model the
energy loss, is employed to estimate the track parameters [43].

The energy measured in the ECAL supercluster can be affected by electromagnetic
shower losses, such as lateral and longitudinal leakage, intermodule gaps, dead crystals,
and energy lost in the tracker. These losses introduce systematic variations and degrade
the energy resolution. A multivariate technique based on a regression derived from sim-
ulation, where the true values of the energies are known, is used to correct the energy
estimation. For electrons, where energy and momentum are measured independently in
the ECAL and tracker, respectively, the two measurements are combined to improve the
energy estimate. This is particularly beneficial at low transverse momentum, where the
momentum measurement from the tracker has a better resolution than the correspond-
ing ECAL measurement. After these corrections are applied, small differences remain
between real data and simulation in both the electron and photon energy scales and
resolutions. In particular, the resolution in simulation is better than that in data. A set
of corrections, known as energy scale and spreading corrections [44], is derived from the
di-electron invariant mass distribution in Z — ee events in real data and in simulation
to minimize these residual differences. A scale offset is applied to the energy in real
data to align the energy response with simulation. In simulation, on the other hand, a
Gaussian spreading is applied to the energy response to match the resolution observed
in real data. As electromagnetic showering in the ECAL is similar for electrons and
photons, they are corrected by the same set of scale and spreading corrections. The
uncertainty in energy scale after the corrections is estimated to be below 0.8% in the
barrel and below 1.1% in the endcaps.

For this analysis, only electrons with a transverse momentum above 10 GeV and
within the tracker acceptance (|n| < 2.5) are considered. To distinguish electrons from
hadronic deposits in the ECAL, two sets of identification criteria, referred to as loose
and tight criteria [44], are used. The criteria are based on the shower shape patterns in
the ECAL, the quality of associated tracks, matching of the tracks to the ECAL clusters,
and requirements on the surrounding activity in the HCAL. The loose criteria are tuned
using simulation samples to have a signal efficiency of 90% and under 0.5% background
acceptance. The tight criteria are tuned for electrons with transverse momentum above

30 GeV, with a signal efficiency of 70% and under 0.1% background acceptance.
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For the identification of photons, a dedicated identification algorithm for photons

with transverse momentum above 200 GeV has been developed for this analysis. This
is discussed in Chapter

4.4 Jets

Quarks and gluons produced in p-p collisions create a collimated spray of hadrons due
to color confinement and appear as a cluster of energy deposited in a localised area of
the detector, which is referred to as a jet. On average, 65% of the jet energy is carried
by charged hadrons, 25% by photons, and 10% by neutral hadrons. In the particle flow
algorithm, charged and neutral hadrons are formed from HCAL clusters and any linked
tracks or ECAL clusters. If an HCAL cluster within the tracker acceptance is linked
with a track, it is classified as a charged hadron; otherwise, it is considered a neutral
hadron. Outside the tracker acceptance, an HCAL cluster along with any linked ECAL
cluster becomes a hadron with no charge distinction. After the formation of the objects
in the particle flow algorithm, jets are reconstructed in two main steps: mitigating of
pileup effects and clustering.

Before the clustering step, an algorithm known as charged hadron subtraction (CHS)
[45, [46] is applied to remove the contributions from extra p-p interactions that occur
simultaneously in a single bunch crossing, which are known as in-time pileup. The
algorithm orders the reconstructed vertices by the quadratic sum of the square of the
transverse momenta () p2T) of their associated tracks. The vertex with highest P
is taken as the primary vertex and the rest are treated as pileup vertices. The charged
hadrons with tracks originating from pileup vertices are then discarded. Next, the
clustering step is performed using the anti-kT algorithm [47]. The algorithm assigns a
distance metric between pairs of particles based on their transverse momentum values
and spatial separation, and iteratively identifies pairs of particles with the smallest

distance. The distance between two particles ¢ and j is defined as:

AR?,
dzj:mm{ 21‘7 21} 21]
kr(i) kr(j)) R




43
where kp(i) and kp(j) are the transverse momenta, AR,; is the separation between the

two particles in the 7-¢ space, defined as:
2 . N12 .2
ARj; = [An(i,7)]" + [Ad(i, j)]

and R is a characteristic scale known as the jet radius. The characteristic scale is chosen

to be R = 0.4 in this analysis. If the distance, d;;, is smaller than the characteristic

)
scale, R, the particles are combined into a single jet. This process continues until
all particles have been assigned to jets. The algorithm clusters particles with high
transverse momenta first, creating seed jets, and then gradually adds softer particles,
forming a conical jet structure. The 4-momentum of the jet is determined as the vectorial
sum of the 4-momenta of the particles in its cluster.

The energy of a jet reconstructed by clustering is subject to instrumental effects
of the calorimeters, including electronic noise, non-uniform and non-linear response, as
well as pileup contributions from photons, neutral hadrons and particles reconstructed
outside the tracker acceptance. Additionally, the response observed in simulation differs
from real data. A set of corrections, known as jet energy scale corrections, are applied
so that the energy of the jet as measured by the detector aligns, on average, with
the energy of true jets formed by applying the same clustering algorithm to the truth-
level particles generated before any interaction with the detector in simulation. These
correction are applied sequentially as multiplicative factors to each component of the
jet’s 4-momentum vector. A detailed description of these corrections can be found in

[48]. Below is a summary outlining the key aspects of these corrections:

e Pileup offset corrections: While the CHS algorithm removes charged hadron
contributions from pileup interactions within the same bunch crossing, particles
within the jet cluster can still originate from previous bunch crossings. Additional
contributions also arise from neutral particles and from charged particles that lie
outside of the tracker acceptance. To remove these contributions, pileup offset
corrections are derived from simulated samples of events with two jets. The cor-
rections are designed to account for variation of the pileup contribution with the
jet transverse momentum and pseudorapidity, as well as the overall amount of

pileup activity in the event.
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e Response corrections from simulation: To align the reconstructed jet en-
ergy with true jet energies, corrections are derived from a simulation sample of
events with multiple jets. The simulation uses a detailed model of the detector’s
geometry, alignment, and calibration, as well as a high-precision model of parti-
cle interactions, and therefore reliably reproduces jet reconstruction in real data.
These corrections are derived as a function of the jet transverse momentum and

pseudorapidity in order to make the response uniform in these two variables.

e Residual corrections for real data: The response of jets is measured in real
data using a number of samples containing a jet recoiling against a reference object.
These samples are enriched with the processes Z(— pu)+jet, Z(— ee)+jet, y+jet,
and di-jet events containing one jet with a transverse momentum exceeding 250
GeV within the central region of the detector (|n| < 1.3). The momentum of the
reference object in these samples is measured with high precision. The corrections
are derived using the principle that the transverse momentum of the reconstructed

jet must balance out the transverse momentum of the reference object.

After these corrections are applied, the resolution of jet energy in simulation is
found to be better than in real data. By comparing the spread of jet energy in reference
samples from real data and simulation, corrections are derived to align the resolution
in simulation with real data. These corrections are applied to the jets in simulation by
smearing their energies with a Gaussian distribution. The energy of the jets after all

corrections is found to lie within 5% to 20% of the true particle energies in simulation.

4.5 Missing transverse momentum

Neutrinos and hypothetical neutral weakly interacting particles produced the p-p col-
lisions do not interact with the detector. However, their presence can be indirectly
inferred from the momentum imbalance in the plane perpendicular to the beam direc-
tion. Since the protons in the beam travel longitudinally, the total vectorial transverse
momentum of the products of the collision must be zero. Assuming perfect momentum
measurement, if the vectorial sum of the transverse momenta of the reconstructed par-

ticles is non-zero, the unbalanced transverse momentum must be carried by neutrinos
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or other invisible particles. The transverse momentum carried by invisible particles is
referred to as missing transverse momentum (p) or missing transverse energy (Ep). Tt

is defined as the negative vectorial sum of the transverse momenta of the reconstructed

ET:_ Z DiT

i€visible

particles:

where the index i runs over all reconstructed particles in the event. The corrections to
the transverse momenta of the reconstructed particles, including the corrections to the
jet energy scale and resolution, are propagated in this sum.

Spurious signals in the detector can also lead to the reconstruction of an artificial
missing transverse momentum. These include beam halo deposits, where interaction of
the beam with materials in the beampipe produce secondary particles that traverse the
detector, and anomalous signals in the ECAL barrel produced by direct interaction of
hadrons with the active layer of the photodetectors in the crystals. These are discussed
in Chapter [ Further details on the reconstruction of missing transverse momentum

can be found in [49].



Chapter 5

Photon identification

In our analysis of pp — Z(— vv) + 7 production, we select events that have a specific
signature: a high-energy photon with a transverse momentum greater than 225 GeV
and a large missing transverse momentum above 200 GeV. The full selection criteria are
discussed in Chapter[6] Here we describe a machine-learning based identification method
for selecting the photons. The method has been developed specifically for this study in
order to enhance the selection efficiency of the high-energy photons while minimizing
the rate of a certain background source.

The events collected by the CMS detector are dominated by processes that produce
several jets in the final state. When a high-energy jet deposits energy in the ECAL,
it can be misidentified as a photon. This happens particularly when the jet contains a
high-energy 7 or 1 meson that decays into a pair of photons. The photon pair has low
angular separation due to the large boost and appears as a collimated deposit in the

ECAL. As a result, the deposit is reconstructed as a single photon.

lll

~y
Jet

Tracker ECAL HCAL

Figure 5.1: Deposits produced in the subdetectors by a jet and a genuine photon
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To minimize background arising from jets misidentified as photons, identification
criteria are applied on two kinds of discriminating variables. The first kind, termed
isolation variables, are sums of the energy deposits produced in the subdetectors within a
cone surrounding the photon. Photons arising from jets are expected to have significant
activity in the subdetectors surrounding the photon cluster, which is referred to as

having a large isolation. On the other hand, true photons deposit most of their energy
only in the ECAL (Figure and have low isolation.

(a) Genuine photon (b) Jet

Figure 5.2: Typical deposits in the ECAL produced by a genuine photon and a jet

The second kind of variables, known as shower shape variables, describe the geo-
metric shape of the electromagnetic shower produced in the ECAL. Deposits from the
decays of hadrons typically have a broader shower due to additional deposits generated
by multiple hadrons produced during the fragmentation of the jet. A photon, on the
other hand, leaves a localized deposit that is much narrower than a jet’s shower.

In previous CMS analyses of our signature, identification criteria were defined by
thresholds on isolation variables and just one shower-shape variable. While this method
significantly suppresses the rate of background, the criterion applied to the shower shape
variable also reduces the efficiency of selecting true photons. We improve on this method
by exploiting further shower shapes variables that also contain discrimination power.
To achieve this, we use a machine learning algorithm, XGBoost 1.2.0 [50], to train a
boosted decision tree (BDT). The BDT allows us to collect the discrimination power
contained in several shower shape variables and calculate a single variable called the
BDT score. The BDT score lies in the range from 0 to 1, where 0 indicates jet-like
and 1 indicates photon-like. This score has higher discrimination power than any single

shower shape variable alone.
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The development scheme of the identification criteria is shown in Figure [5.3] Using
simulation samples containing true photons and jets, a training sample is first collected.
The BDT is then trained with the shower shape variables. The identification criteria
defined by thresholds on the BDT score and three isolation variables are then optimized

to minimize the background rate.

HCAL deposit/ECAL deposit
ECAL Isolation
Tracker isolation

Train BDT model
With XGBoost
4D Cut Optimizer
BDT Score —
Grid Search

v

Optimized Cuts
On 4 variables

Shower Shape Variables

Figure 5.3: Photon ID scheme

5.1 Shower Shape BDT

Showers from jet-induced photons are typically broader than those from real photons.
The geometric shape of a shower can be more specifically characterized by a number
of variables constructed from the energy deposits in the crystals of the photon cluster
(known as a supercluster). To build the BDT model, we identified 14 discriminating
shower shape variables for the barrel ECAL and 15 for endcap ECAL. These are:

e E, .x/Esc: Ratio of the energy of the most energetic crystal to the super-cluster

energy.

e FE,/FEgc: Ratio of the energy of the second most energetic crystal to the super-

cluster energy.

e F,.3/FEgc: Ratio of the energies in the 1 x 3 strip around the central crystal to

the super-cluster energy.
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o Fyyo/FE3y3: Ratio of the energies in the 2 x 2 matrix around the central crystal

to the 3 x 3 matrix.

e F,.o/FEgc: Ratio of the energies in the 2 x 2 matrix around the central crystal

to the super-cluster energy.

e FE,.5/Egc: Ratio of the energy of the second most energetic crystal to the super-

cluster energy.

o E3,3/Egc: Ratio of the energies in the 3 x 3 matrix around the central crystal

to the super-cluster energy.
e 0, Standard deviation of the 1 coordinates of the crystals in the supercluster.
e 04 Standard deviation of the ¢ coordinates of the crystals in the supercluster.
e 0,/04: Ratio of o, to oy.

® Opin: Standard deviation of the 7 coordinates (rescaled to units of crystal size)

of the crystals in the supercluster.

® 0;4ip: Standard deviation of the ¢ coordinates (rescaled to units of crystal size)

of the crystals in the supercluster.

® 0;pip: Covariance between the 7 and ¢ coordinates (rescaled to units of crystal

size) of the crystals in the supercluster.
® Uinin/ai¢i¢: Ratio of O'inin toal¢l¢

e opp: This variable is calculated for the endcap only using the hits in the preshower
detector. orp = /044 + 0y, wWhere o, and o,, measure the lateral spread in

the two orthogonal directions of the sensor planes of the preshower detector.

The shapes of the distributions of these shower shape variables for true (prompt)
and jet induced (fake) photons in simulated data for photons with pr > 200 GeV are
shown in Figures and It can been seen that the showers produced by the two

sources have distinct shapes in the distributions of these variables.
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Figure 5.4: Distributions of shower shape variables for genuine (prompt) and jet-induced (jet
fake) photons
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Figure 5.5: Distributions of shower shape variables for genuine (prompt) and jet-induced (jet
fake) photons

The XGBoost algorithm takes a training sample containing prompt and fake photons
from simulation, and builds a large number of decision trees. Each decision tree is a
function that takes the input features of a photon and calculates a score. The score
from each tree is summed and scaled to determine the BDT score. For true photons,
the BDT score tends to be near 1 whereas for jet-induced photons, it is near 0.

Four BDTs were trained: 2x for EB and EE, and 2x for 2016 and 2017/2018. The
sizes of the samples used for the training are listed in Table The signal and back-
ground sizes have approximately a 1:1 ratio. In addition, the complexity of the BDTs
has been tuned to ensure that the predictive power of the BDT model is reproducible
in independent samples. For this purpose, validation samples were set aside for both
prompt and fake photons. The package Hyperopt [51] has been used to tune the model

complexity parameters (hyperparameters) by minimizing the difference in performance
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(measured by the accuracy of the predictions) between training and validation samples.
An additional independent sample (testing sample) is used to test the performance of
the trained model and ensure that the tuning of the hyperparameters does not introduce

a bias towards the validation sample.

Barrel endcaps
2016  2017/2018 || 2016 2017/2018
Prompt v || 19.7M 20M 4.6M 4.4M
Jet Fakes || 19.7M 20M 4.6M 4.4M

Table 5.1: Number of events in the training samples used for photon BDT training

The performance of the BDT models is shown in Figure where the signal effi-
ciency is plotted against the background efficiency as the threshold on the BDT score
is varied between 0 and 1. The performance is measured in three sets of samples:
the training sample, the validation sample used for tuning the complexity of the BDT
model, and an independent testing sample. The area under the curve (AUC) is rep-
resentative of the predective power of the model (area of 1 for perfect model, 0.5 for
no predictive power). The AUCs are over 0.99 in all three samples, indicating that the
model has excellent predictive power. In addition, the close overlap between the three
curves corresponding to independent samples shows that the model’s predictive power
is reproducible. The shapes of the distributions of the BDT score for simulated true and
fake photons in the barrel and endcap ECAL are shown in Figure For the sample
of true photons, a sharp peak is seen at 1 whereas the fake photon sample peaks at 0.
The BDT distributions for the signal and background samples are well-separated, thus

providing a strong discrimination power.
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5.2 Isolation variables

The isolation variables are constructed by summing the deposits in the subdetectors
around the photon. The region within which these sums are taken is defined by an
upper limit on AR = (An)2 + (A¢)2, where 7 is the pseudorapidity and ¢ is the

azimuthal angle. Three isolation variables are employed:

e [pcoar: Sum of transverse energies of ECAL hits not associated with the photon

cluster within a cone of AR < 0.3 around the photon

e [p,: Sum of transverse energies of tracks within a cone of AR < 0.3 around the

photon

e H/E: The ratio between the energy deposited in the HCAL in a cone of radius
AR < 0.15 around the photon and the energy of the photon

In their raw form, Igca1, and Iy, contain significant contributions from the products
of pileup interactions that are not associated with the hard collision. In addition,
due to the imperfect efficiency of the ECAL clustering algorithm, some hits are mis-
assigned to Iggar,. These effects in simulated true photons are shown in Figure [5.8
for the pseudorapidity range 0.5 < |n| < 1, where 2D distributions of the isolation
variables are plotted against p and the photon pr. Here p, called the pileup energy
density, is proportional to the median jet energy in the event and is representative of
the pileup activity in the event [52]. The black points on the graphs represent the 92nd
percentile along the y-direction. These points show an approximately linear relationship
between the isolation variables, and p and py. We derive a correction for each of
these dependencies by fitting a linear function to the points. This linear dependence is
subtracted from the isolation variables. Deriving the corrections at the 92nd percentile
ensures approximately that the signal efficiency remains flat at 92% against both p and

pr. The corrections are derived in 6 bins of pseudorapidity (|nsc|) separately for each

year of data-taking (see Tables and .
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p corrections to Igcar

Insc| 2016 2017 2018
0-0.5 0.125259p || 0.107304p || 0.108502p
05-1 0.126289p || 0.110602p || 0.108592p

1-1.4442 || 0.116536p || 0.103056p || 0.096517p
1.566 - 1.7 || 0.08152p 0.072804p || 0.065384p
1.7-2 0.087155p || 0.080676p || 0.076876p
2-25 0.114965p || 0.101608p || 0.084448p

Table 5.2: Pileup corrections to ECAL isolation

p corrections to Iy,

Insc 2016 2017 2018
0-0.5 || 0.1230p+ 1.66 || 0.0242p + 1.43 || 0.0276p + 1.35
05-1 || 0.1223p+ 1.67 || 0.0263p + 1.41 || 0.0347p + 1.25

1-1.4442 || 0.1234p + 1.54 || 0.0265p + 1.38 || 0.0270p + 1.39
1.566 - 1.7 || 0.1120p + 1.53 || 0.0159p + 1.55 || 0.0257p + 1.42
1.7-2 || 0.1080p + 1.56 || 0.0320p + 1.30 || 0.0298p + 1.35
2-25 | 0.1022p+1.31 || 0.0263p+1.29 || 0.0337p + 1.15

Table 5.3: Pileup corrections to tracker isolation

pr corrections to Igcar,

|7750\

2016

2017

2018

0-0.5
0.5-1
1-1.4442
1.566-1.7
1.7-2
2-2.5

0.000723ps 4 0.247
0.001068ps + 0.196
0.001690p7 + 0.0451
0.000291p7 + 0.155
0.000784p7 + 0.024
0.001644py — 0.217

0.000912p + 0.309
0.001300py + 0.193
0.002382py — 0.073
0.000364py + 0.164
0.001235py — 0.071
0.001637py — 0.246

0.000634p + 0.318
0.001108p7 + 0.181
0.001327py + 0.136
0.000808p + 0.124
0.000482p + 0.143
0.001213p; — 0.157

Table 5.4: pp corrections to ECAL isolation

56
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5.3 Cut Optimization

The three isolation variables (Igcar,, Itk and H/E) and the BDT score serve as dis-
criminating variables for photon identification. In order to maximize the rejection of
jet fakes while maintaining high signal selection efficiency, we impose thresholds (cuts)
on each of these variables. To tune the cuts, we developed a 4D optimizer, which takes
as inputs simulated signal and background samples, the target signal efficiency, and
an initial search grid. Starting with the initial search grid, the optimizer recursively
narrows the search grid and descends towards cuts that minimize fake background effi-
ciency while maintaining signal efficiency above the target. It takes 10-15 iterations (~
10 minutes) for the cut boundaries to stabilize within ~ 0.1%, when we terminate opti-
mization. We perform this optimzation separately for the barrel ECAL and the endcap
ECAL for each of the three years of data taking. Table lists the cuts obtained.

2016 || 2017 || 2018

BDT Score > || 0.849 || 0.836 || 0.847
H/E < 0.022 || 0.040 || 0.040

Barrel
Incarn/GeV < || 2.16 1.84 1.84
Ity /GeV < 2.19 1.63 1.58
BDT Score > 0.571 || 0.604 || 0.695
H/E < 0.032 || 0.017 || 0.018
Endcaps

Ipoar/GeV < || 2.69 || 254 | 2.94
Ine/GeV < |3.10 || 1.82 || 1.90

Table 5.5: Cuts on the discriminating variables for photon identification

In Figure we show the efficiency of selecting true and fake photons in simulated
data (under 2017 data-taking conditions) as a function of photon py. In addition, we
show for comparison the performance of three standard identification methods based
on cuts applied to isolation variables and one shower-shape variable (Uinin)' These are
indicated in the figure by EGM Tight, EGM Medium and EGM Loose. The efficiency
plots show that the use of BDT's trained with several shower shape variables leads to sig-

nificant improvement in discrimination. Our selection criteria (indicated by BDT+Iso)
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achieves higher signal efficiency than EGM Loose while maintaining similar or better

background rejection than EGM Medium.
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Figure 5.9: True and fake photon selection efficiency in simulated data as a function of photon
pr under our identification criteria (BDT+Iso). For comparison with purely cut-based methods,
three other identification criteria are also shown (EGM Tight, EGM Medium and EGM Loose).



59
5.4 Efficiency Scale Factors

The simulation of photon showering and reconstruction is imperfect since radiation
damage over the course of data taking impacts the response of the subdetectors. The
detector is periodically re-calibrated using standard candle physics events (e.g. Z — ee
peak) and the simulation conditions are updated; however, granular in situ calibration
of the detector is not possible and imperfections remain in the simulation. These lead to
differences in the photon identification efficiency betwen real data and simulated data.

Typically, the efficiency is higher in simulation than in real data.
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Figure 5.10: Fits of the invariant mass distributions of Z — ee pairs where the probe electron
passes and fails the photon selection criteria. The probe electron is required have 0 < n < 0.6
and 250 GeV < pp < 300 GeV.

We correct for the discrepancies by estimating scale factors, which are applied as
weights to the simulated events in the analysis. These weights are determined using
the well-understood physics process pp — Z — ee. In this procedure, called the tag
and probe method, a sample of Z — ee events is selected in real data by applying high-
purity identification criteria on the sub-leading (the tag) electron and loose criteria
on the leading electron (the probe). The photon identification criteria for the analysis
are applied to the ECAL component of the probe electron (which acts as proxy for
photons) in order to split the sample into two parts: N,,s events with a probe electron
that passes the photon identification criteria and Ng,; events whose probe electron fails

the criteria. In the determination of the event counts, Np,i and Np,;, the invariant
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mass distribution is fitted with an analytic function for the Breit-Wigner lineshape of
the Z boson, determined from simulation along with a Gaussian convolution to account
for the finite resolution of the ECAL, and the background is modeled as the product of
an exponential and the Gaussian error function. The efficiency in real data is calculated

as:

N,

pass

€data —
Npass + Nfail

The efficiency, €yic, in simulated data is measured separately and the scale factor is

calculated as the ratio:

€data
€

Scale factor =
simulation

The scale factors are calculated with granularity in both pseudorapidity n and photon
pr in order account for variations in these variables. An example is shown in Figure
[6.10, where the probe electron is required have pseudorapidity range 0 < 7 < 0.6 and
pr in the range 250 GeV < ppr < 300 GeV.

Systematic uncertainties are assigned to the scale factors due to three sources:

e Choice of Z peak model: The scale factors are re-computed with the Double Crys-
tal Ball as alternative signal fitting function and the difference in scale factors is

taken as a systematic uncertainty.

e Choice of background model: The background model is changed to an exponential

function and the difference in scale factors is taken as a systematic uncertainty.
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Figure 5.11: Extrapolation uncertainties assigned to scale factors for photons simulated in 0 <
1 < 0.6 and 250 GeV < pp < 300 GeV.

o FExtrapolation uncertainty: The sample size of Z — ee event in real data is very
limited at high photon py. We assume that the scale factors remain flat with
pr beyond the range of available statistics. An uncertainty is assigned for this
assumption by fitting the scale factors with a linear function of py and taking
as a systematic the uncertainty band given by varying the slope by one standard
deviation (as obtained from the fit) in positive and negative directions. Figure
shows the uncertainty estimation for simulated photons with 0 < 7 < 0.6 and
250 GeV < pp < 300 GeV for the 2017 data-taking period.

The measured scale factors and their uncertainties for the three years of data-taking

are shown in Figure [5.12
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Figure 5.12: Scale factors to correct for mismodeling of photon selection efficiency in simulated
data. The corrections are derived separately for different ranges of pseudorapidity (ngc) and
photon transverse momentum (p)



Chapter 6
Analysis of monophoton events

In this chapter, we present the methodologies employed to carry out the two main
measurements of this thesis. The first measurement pertains to the cross-section of
pp — Z(vv) + v in p-p collisions at a center-of-mass energy of /s = 13 TeV. The
second measurement involves determining the limits on the strength parameters of the
anomalous neutral triple gauge couplings (aNTGCs), specifically (hg, hf) and (h3,h)).
To conduct this study, we analyzed data from pp collisions, with an integrated luminosity
of 138 fb_l, which were recorded by the CMS detector during Run II spanning the years
2016 to 2018.

The events of interest in these measurements are characterized by the presence
of a high-transverse-momentum photon and significant missing transverse momentum.
However, this particular signature is not exclusive to Zv production and can be imitated
by various other background processes. Therefore, we elaborate on the selection criteria
implemented to isolate events that enhance the signal while minimizing the presence of
background events. The primary backgrounds are assessed using data-driven techniques,
whereas the secondary backgrounds are estimated through simulation. By subtracting
these background estimations from the observed data, we are able to determine the
number of signal events originating from the production of Z(vv) + 7.

The transverse momentum of the photon in these events serves as a critical observ-
able for the measurement of aNTGCs. If aNTGCs exist, it is predicted that an excess
will manifest in the high-energy tail of this distribution, deviating from the predictions

of the Standard Model (SM). Additionally, the same distribution is used to differentially
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measure the cross-section based on the transverse momentum of the photon. The tech-
niques employed to perform these measurements are based on the mazimum likelihood

formalism, and we discuss their implementation in detail.

6.1 Analysis Strategy

The final state of the process pp — Z(vv)+ consists of a photon and missing transverse
momentum. At low photon transverse momentum (p7), the rate of events is dominated
by background processes arising from QCD multijet production and the production of
~v + jets. Therefore, a high threshold is applied on the photon p; to select the events
of interest. In addition, a large missing transverse momentum (denoted by Ey) is
also required. In this region of phase space, known as the signal region, a number of
background processes mimic the signature of our signal. Additional criteria are applied
to suppress these contributions. To estimate the sizes of the remaining backgrounds, we
select specific control samples, or control regions, and extrapolate their contributions
in the signal region. An overview of the background processes is shown in Figure [6.1

These processes are:

e e — v (electrons misidentified as photons)
The largest background arises from the production of W bosons that decay into an
electron and a neutrino, where the electron is misidentified as a photon. During
the reconstruction process, this can happen if no track is reconstructed due to
the finite efficiency of the tracker or if the algorithm for associating tracks with
the ECAL hits fails. Particularly, when the electron from the decay of a single
W boson decay is misidentified as a photon, the event has the signature of a
photon accompanied by missing transverse momentum. To estimate the rate of
misidentified electrons, we employ a fake ratio technique on an electron-enriched
control sample. This involves scaling the event yield of the control sample by the
fake ratio, which represents the rate of fake photons in the region of interest for

each bona fide electron in the control sample.

e W + ~ background
The production of a W boson and a photon is the second largest source of back-

ground to our signal. In these events, the W boson decays into a charged lepton



65
and a neutrino. Occasionally, the lepton escapes the detector’s geometric accep-
tance, particularly when it has a low momentum, resulting in a tightly curved
trajectory within the magnetic field. As a result, the lepton remains undetected,
mimicking the signature of our signal. To estimate this background, we select two
control regions enriched with W(— ev) + v and W(— uv) + v events. We use
a simulation of W 4 v to determine the efficiency and acceptance in the signal
region as well as the control regions. By constructing a joint likelihood function,
we perform a simultaneous fit of all three regions, incorporating free parameters
that scale the simulated efficiency and acceptance. These parameters, determined
in the fit, constrain the background size by extrapolating the measurements from

the control regions.

Jet— ~ (jets misidentified as photons)

Proton-proton collisions predominantly produce hadrons in the form jets. When
a jet contains a highly energetic 7 or 1 meson, the vy pair from the decay can
appear as an isolated and collimated deposit in the ECAL like a single isolated
photon. This contributes as a background when missing transverse momentum
is simultaneously produced in the event, particularly from the production of an
invisibly decaying Z in association with jets. We estimate the size of this back-
ground by the fake ratio method, which uses a control sample enriched with events
with a non-isolated jet and missing transverse momentum to extrapolate to the

signal region via the fake ratio.

Minor SM background

Smaller contributions to the background arise from a number of processes. Events
with a photon and jets in the final state can be identified as signal when the
jet energy is significantly mismeasured, resulting in a large missing transverse
momentum being reconstructed. These events arise primarily from the production
of v 4+ jets, with smaller contributions from top quark processes like ¢ + v and
tt + . Another background arises from processes producing a W boson or the
di-bosons WZ, ZZ or WW. In these events, a boson decays leptonically and the
lepton emits Bremsstrahlung radiation in the ECAL, resulting in a photon being

reconstructed. Missing transverse momentum is also present in these events as the
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decays also produce neutrinos. The size of these background sources is estimated

using simulation samples of the processes.

Beam halo background

When proton beams interact with residual gas or beampipe material in the accel-
erator, charged pions (ﬂ'i) are produced. These pions generate highly energetic
muons that travel almost parallel to the beamline. As these muons pass through
the detector, they can emit photons via Bremsstrahlung radiation, which are de-
tected in the ECAL. In the barrel ECAL, the photon deposits form a straight line
parallel to the beamline, enabling the rejection of this background in the barrel
region. However, this distinctive feature is not observed in the endcap ECAL.
To address this, a BDT-based algorithm has been developed to reject beam halo
background in the endcap region, extending the pseudorapidity coverage of pho-
tons in this study. The remaining background in the endcaps is estimated by
statistically fitting the distribution of the photon’s azimuthal angle to the charac-
teristic shapes of real photons (which have a uniform azimuthal distribution) and

beam halo photons (which forms concentrated peaks at 0 and ).

Barrel ECAL spikes

Hadrons produced in proton collisions sometimes interact directly with the photo-
sensors (avalanche photodiodes, or APDs) attached to the scintillation crystals of
the barrel ECAL. They produce large anomalous signals through direct ionization
of the silicon and are known as a spikes. Spikes have a characteristically narrow
shower shape and are misidentified as highly energetic photons. Because of this
mis-reconstructed energy, a large missing transverse momentum is also falsely re-
constructed, which gives the event the same signature as Z(— vv) + v events. To
estimate the size of this background, a statistical fit is performed by comparing the
timing distribution of observed photons to shape templates (probability density
functions) representing real photons and spikes. This method takes advantage of
the fact that spike pulses have a shorter rise time and faster decay compared to

the response of scintillation light from genuine photons in the ECAL.
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Figure 6.1: Overview of background sources

The events selected in the signal region are divided into distinct intervals, or bins, of
photon transverse momentum, pp. This allows us to test for the presence of aNTGCs,
which is predicted to manifest as an excess, with respect to the predictions of the SM, in
the number of Z(vv) + v events observed at the high-energy tail of the py distribution.
An optimization algorithm, known as Bayesian Blocks binning [53], is used to choose the
bin boundaries. The background processes are individually estimated for each bin. To
determine the number of events originating from the signal process, we perform a binned
mazximum likelihood fit of the data to a PDF (probability distribution function) that
models the signal and background processes as well the systematic uncertainties. The fit
subtracts the background from the data observed in the signal region and provides the

best estimate for the number of events originating from Z(vv) + 7. These signal events
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are interpreted separately for the measurement of the cross-section and the measurement

of aNTGCs through the use of free parameters.

6.2 Datasets

The dataset employed in this analysis corresponds to the data collected by the CMS
detector during LHC Run 2 spanning the period from 2016 to 2018, amounting to a
total integrated luminosity of approximately 138 fb~!. The CMS data is organized into
distinct primary datasets [54] based on the outcomes of the High-Level Trigger selection
process. Specifically, we use the primary datasets SinglePhoton for the years 2016 and
2017, and the dataset EGamma for 2018. These datasets contain comprehensive records
of the events that satisfy the trigger requirements specified for this analysis. Each year’s
dataset is analyzed individually, including the assessment of background contributions.
The results obtained from each year are combined to obtain the measurements of the

cross-section and aNTGCs.

6.3 Simulations

A number of simulation samples are employed in this study to build the models of the
signals and background contributions. These simulations are performed in two steps:
simulation of the collisions and simulation of the detector response. The collision simu-
lation is performed using generator packages based on the Monte Carlo technique, which
employ theoretical models and known physics processes to generate a range of possible
particle interactions with a probability proportional to the phase space and the matrix
element for the interactions. In addition, the generators model the parton showering, a
process through which high energy partons (quarks and gluons) split into lower-energy
partons, and the hadronization process, which transforms the partons into colorless
hadrons. The detector simulation step propagates the outgoing particles from the colli-
sion step, and simulates the energy deposition and the response of the subdetectors. It
uses a detailed model of the magnetic field, the geometry of the detector, the materi-
als within the subdetectors, and the readout electronics. In addition, energy deposition

from multiple proton interactions occurring within the same bunch crossing (i.e. pileup)



69
JL Sample L QCD order L Generator packages

Madgraph5_aMCQNLO
Signal Z(vv) + vy LO Universal FeynRules Output
Pythia8
%j&et)s LO Madgraph5_aMC@NLO
Background 7 +l'/y t Pythia8
bty NLO
7Y
Z(l) +
ww
wZz
zZZ LO Pythia8
W(— pv)
W(— 1v)

Table 6.1: List of simulation samples used in this analysis

is simulated by overlaying the generated events with randomly selected events from a
sample of inelastic proton collisions representative of the pileup interactions [55].

The samples for the SM and aNTGC signal (pp — Z(vv)+y) are generated using the
generator package Madgraph5_ aMC@NLO [56, 57]. The process is generated at QCD
and electroweak leading order (LO) with up to two jets in the final state. The aNTGC
model is incorporated in the simulation with a Universal FeynRules Output (UFO)
model [58], which produces event weights for 440 different sets of non-zero coupling
parameter values for each coupling (h3,h]) and (hf, hf). The generator is interfaced
with Pythia 8.2 [59] for simulating both parton showering and hadronization, and the
detector response simulation is performed with Geant 4 [60]. For the estimation of W+~
background and minor background sources, a number of simulation samples are used.
These have been produced within the CMS collaboration for common use in physics

analyses. The samples used are summarized in Table

6.4 FEvent Selection Criteria

In order to be sensitive to the signal process, we apply a number of criteria to select the
events from the collected data. These criteria, summarized in Table are designed to
mitigate the presence of background events that mimic the signal signature, while still
ensuring a substantial number of signal events for robust statistical analysis.

The first criterion is that the event must pass the trigger path for a single photon.

This trigger path is configured in the triggering system to store the full detector readout
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2016: HLT _Photonl175

Trigger 2017, 2018: HLT _Photon200
Exactly 1 v in the event passing:
e pl > 225 GeV
o [nlo| < 1.4442 (barrel) or 1.566 < [nl-| < 2.5 (endcaps)
e 1 or fewer matching hits in the pixel detector
Photon

e BDT-based identification criteria

e Barrel photons satisfy E™° < 4.9 GeV, o;
Tigip > 0.001, and ny, > 0.01

e Endcap photons pass BDT-based beam halo tagging algorithm

> 0.001,

nin

Missing transverse momentum

Er > 200 GeV
P%/ET <14
A¢(ET7’Y) > 2

Jets

No jet in the event passing:

. A_(b(jet,ET) <05
. ft > 30 GeV
o 17| <5.

Muons

No p in the event passing:

e plr. > 10 GeV

o ] <24

e Loose identification criteria

Electrons

No e in the event passing:

o p7 > 10 GeV

e |ngc| < 1.4442 or 1.566 < |nsc| < 2.5
e Loose identification criteria

Table 6.2: List of criteria applied to select the events in the signal region
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whenever there is a deposit in the ECAL resembling an isolated photon with a suffi-
ciently large transverse momentum. During the 2016 data-taking period, the minimum
transverse momentum threshold for the trigger path was set at 175 GeV, whereas for
the subsequent years of 2017 and 2018, this threshold was raised to 200 GeV. In addi-
tion, the trigger path includes an upper limit on the amount of deposit in the region of
the HCAL that lies within an isolation cone relative to the ECAL deposit. The pseu-
dorapidity and azimuthal coordinates, (7, ¢g), of the cone are defined with respect
to the photon’s coordinates, (7, ®,), by \/(777 - 77H)2 + (¢ — oy)? < 0.14. The total
deposit in this region of the HCAL is required to be below 15% (10% for the endcaps)
of the size of the ECAL deposit when the photon is in the barrel region of the ECAL.

This condition enhances the selection of isolated photons over electromagnetic deposits
originating from jets.

Events that pass the trigger path are then required have exactly one isolated photon
that passes the BDT-based identification criteria defined in Chapter The photon
must have a transverse momentum of at least 225 GeV. In order to avoid selecting
electrons, the pixel detector must have fewer than than two matching hits that point
towards the ECAL deposit. Additionally, two sets of criteria are employed to reject

non-collision background events, namely beam halo and spikes:

e A specialized algorithm is used during photon reconstruction to detect deposits
in the ECAL barrel that align to form a line intersecting the photon’s cluster,
consistent with the trajectory of a beam halo muon radiating via Bremsstrahlung.
These deposits are summed to calculate the variable Fj,;,. To filter out such
events in the barrel region, a maximum threshold of F ., < 4.9 GeV is applied. To
reject this background in the endcaps of the ECAL, a separate algorithm has been
developed for this analysis that searches for deposits in the other subdetectors

adjacent to the photon’s cluster, including the HCAL and pre-shower detector

(described in [6.8).

e Spikes in the ECAL barrel exhibit narrow clusters, distinct from the broader
showers produced by real photons. In addition, the timing of spikes tend tends
to be 10 to 15 ns earlier than that of electromagnetic deposits. To reject spikes,

three variables describing the shower shape of the selected photon are subjected
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to thresholds. The first two variables, 0;,;, and 0,44, represent the widths of the

nin
cluster in the n and ¢ directions, respectively. The third variable, W, , quantifies
the energy sharing between adjacent crystals in the longitudinal direction, calcu-
lated as the ratio E/E,, where E is the energy of the crystal with the highest
deposit and F; is the higher energy of the two neighboring crystals. Based on
the localized nature of spike deposits within a single crystal and their minimal
energy spread to neighboring crystals, we apply the following criteria to suppress
spikes: o

inin > 0.001, 0;4;4 > 0.001, and W, > 0.01. Furthermore, we require the

photon’s timing to lie within +3 ns of the bunch crossing.

After selecting events containing a single photon, the next set of criteria focuses on
the missing transverse momentum (E]T) and the jets present in the event. Events with a
single isolated high-energy photon are produced primarily by the process pp — v + jets,
which has very little intrinsic missing transverse momentum. We remove the majority
of these events by applying a lower limit of 200 GeV on the missing transverse momen-
tum. However, the reconstruction of jet energy is limited by the finite resolution of the
HCAL, which can result in an imbalance in the total transverse momentum in the event.
Specifically, in cases where jet energy is significantly underestimated, a large E‘T exceed-
ing the 200 GeV minimum is reconstructed. To address this, we compare the direction
of the leading jets with the direction of the missing transverse momentum and require
that jets with a transverse momentum greater than 30 GeV be oriented away from the
E’T by an azimuthal separation of A¢(jet, E]T) > 0.5. The remaining background events
exhibit a significantly smaller JJ; compared to the photon’s p, so we impose the con-
dition py /B < 1.4. However, these criteria alone do not suppress another prominent
background originating from the production of W bosons in association with jets, where
the boson decays into a neutrino and an electron that is misidentified as a photon. In
these events, the W boson recoils against the jets with a large boost, resulting in a
smaller azimuthal separation between the electron and the neutrino compared to the
separation between the v and the Z(— vv) system in our signal events. To mitigate this
background, we select events with an azimuthal separation of Ag(~, ET) > 2 between
the photon and the missing transverse momentum..

The last set of criteria are designed to suppress W(— lv) + v background. A

significant portion of these events can be identified in the detector through the presence
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of an electron or a muon originating from the decay of the W boson. Hence, we discard
any event that includes a reconstructed electron or muon with a transverse momentum

exceeding 10 GeV and meeting loose identification requirements.

6.5 Estimation of e — v background

Electrons and photons leave similar shower deposits in the ECAL. In order for an
ECAL cluster to be reconstructed as an electron, there must be at least 2 hits in the
pixel detector of the tracker that match directionally with the ECAL cluster. When
an electron fails to register hits in the pixel layer, the electron is misidentified as a
photon. If missing transverse momentum is simultaneously present, the event mimics
the monophoton signature and passes the signal selection criteria. These events arise
primarily from the production of W bosons that decay into e and v. The electron in these
events are misidentified as photons while the neutrino escapes the detector, producing
missing transverse momentum. Smaller contributions to this background also arises
from the production of diboson production events, such as W(— ev) + Z(— vv).

Tag and probe method

. . e_tag: pr p ;ér. '01"","'}
Tracker Enriched with 7 < g: pr > 20 GeV, tight criteria

: 7 — ee events | -
hits near e~ probe: pr >200 GeV

phOtOIl Signal pass BDT criteria
Régmn
No hits A Extrapolate
in pixel e probe has C W — ev background
layer no pixel hit
Has hits B Enriched with
in pixel e probe W — ev events
layer has pixel hits
_ - . Phase space
Z — ee Signal region
selection criteria selection criteria

Figure 6.2: Fake ratio method for estimating e — -y background

In order to estimate the size of this background, we use a data-driven method called
the fake ratio method, alternatively known as the ABCD method. The method is
illustrated in Figure [6.2] where four distinct phase spaces, labeled A, B, C' and D, are
defined. Our objective is to calculate the number of electrons misidentified as photons

in the signal region, C.
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These background events consist of an electron that satisfies the BDT-based identi-
fication criteria but is mis-identified as a photon because it lacks any hits in the pixel
detector corresponding to its ECAL cluster. The selection criteria for region D are
identical to C' in all respects except for the condition for the pixel detector: the photons
in D must have matching hits in the pixel detector. This requirement ensures that
region D is enriched with electrons. We can then assume that the magnitude of the
background from e — ~+ misidentification in region C' is directly proportional to the
number of events in region D. This proportionality constant is referred to as the fake
ratio.

To derive the fake ratio, we introduce two additional regions, A and B. The criteria
applied to select the events in regions A and B are specifically designed to isolate events
corresponding to the decay of Z bosons into electron-positron pairs. The sole distinction
between regions A and B is that the leading electron (the electron with the larger pr)
in region A lacks any matching hits in the pixel detector, resulting in its reconstruction
as a photon; whereas the leading electron in region B possesses corresponding hits in
the pixel detector. To select events for regions A and B, a tag and probe method is used

to isolate a sample of Z — ee events. The criteria applied are:

e The tag electron (sub-leading) passes tight identification criteria and has a pp
larger than 20 GeV

e The probe photon (leading) passes the BDT-based identification criteria and has
a pp larger than 200 GeV

e The invariant mass of the electron and photon system lies between 60 GeV and

120 GeV to match the Z mass window

These events are divided among the regions A and B based on whether the probe photon
has matching pixel detector hits. Probes that pass the matching criteria are assigned
to B while the failing probes are assigned to A.

In order to remove contributions to regions A and B that do not arise from Z — ee
events, a fit of the invariant mass distribution is performed. The distribution is assumed
to be composed of a Z-lineshape and an exponentially falling background. The Z-

lineshape is obtained from simulation while the parameters of the background function
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is determined from the fit. The normalizations of the Z lineshapes of the regions A and
B determine the pizel efficiency, which is defined as:

Ny

€ =
Ntot

where Np is the number of events corresponding to the Z-lineshape in region B while
Nt is the total Z decay yield of regions A and B. Thus, € represents the efficiency of
fully reconstructing an electron while (1 —¢) is the fraction of electrons that do not have
pixel hits in the tracker. € is determined from a simultaneous fit of the invariant mass
distributions of regions A and B. The invariant mass distributions for these regions are

taken as:

A Ntot (1 =€) -Z(m) +by - Ba(m)
B: Nyy-é-Z(m)+1b,- Bg(m)

where Z(m) is the Z-lineshape PDF (probability density function), B4(m) and Bg(m)
are the background PDFs (exponential decay), and by and bp are the background
normalizations. The value of € is determined from a simultaneous fit of the invariant

mass distributions of the two regions. The fake ratio is thus obtained as:

. Number of Z eventsin A 1 —¢€
Fake ratio = =

Number of Z events in B ¢

An example of the fit is shown in Figure [6.3

The uncertainty in the fake ratios arises mainly from the limited sample sizes of
regions A and B. The cross-section of Z — ee events is extremely low in the phase
space of probe py > 200 GeV. An additional systematic uncertainty is assigned for the
choice of the background model in the fits of the invariant mass distribution. The fits
are performed with a cubic function as an alternative background model. The difference
between the alternative fits and the nominal fits is taken as a systematic uncertainty in

the fake ratios.



76

Passed Failed
= = 30 efficiency = 0.958
8 400 2 r muf = 0.29 +0.44
2 F 2 25 mup = 0.364 0
350 B T
E L sigmaf = 1.37 2 0
300 20 sigmap = 0.285 +
250 .
B 151
200 C
150 10
100 r
C 5
50
E . M [|g | LW e [ Talee
Pl o e B '
%o 70 80 90 100 110 120 90 100 110 20
selPairMass selPairMass

Figure 6.3: Fit of the invariant mass distributions of regions A and B for the pseudorapidity
range |n| < 0.55 corresponding data collected in 2018

The pixel efficiency, €, depends significantly on the pseudorapidity of the electron
since, at higher pseudorapidities, an electron shares charge with more pixels and hence
has a higher probability of being detected in the pixel layers than at lower pseudorapidi-
ties. Therefore, the estimation of the fake ratio is performed in bins of pseudorapidity to
account for this variation. Figure shows the variation of the fake ratio as a function
of pseudorapidity for the data collected in 2017 for the ECAL barrel region. The fake

ratios have been fitted to a qudratic function of pseudorapidity.
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Figure 6.4: Fake ratio for the 2017 data-taking period in bins of pseudorapidity. Systematic

uncertainties are shown in blue rectangles. The error bars represent the full uncertainties.

Over the three years of data-taking, some sensors in the pixel layers of the tracker

malfunctioned and had a lower efficiency. Regions covered by these sensors had a higher

rate of misidentifying electrons as photons.

dedicated fake ratios were estimated for these regions (see Table [6.3]).

Year || Region Fake ratio
24< <20

2016 0.085+ 0.014
and n <0
e p>2bandn >0

2017 0.123 £ 0.018
elb<¢p<2andn>-—1
0.3 < ¢ <08

2018 0.29 + 0.038
and |n| < 1.4442

Table 6.3: Dedicated fake ratios for dead regions of the pixel detector

To estimate the background accurately,

The fake ratios for photons in the ECAL endcaps are estimated without any binning

in pseudorapidity since the number of Z — ee events is too low permit a granular

estimation. The fake ratios obtained are:
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e 2016: 0.0165 £ 0.0046

e 2017: 0.0103 £ 0.0041

e 2018: 0.0058 £ 0.0026

6.6 Estimation of W + ~ background

The process pp — W+~ appears as a background in our signal region when the W boson
decays leptonically, i.e. W — [ + v, and the charged lepton [ fails to be reconstructed
in the detector. This primarily occurs when the lepton momentum is low and, due to
the strong magnetic field in the detector, the lepton is bent tightly and falls out of the
detector acceptance. As a result, these events have the signature of a single photon and
missing transverse momentum.

To model the efficiency and acceptance of this background in the detector, we rely on
simulation. However, the cross-section of this process has a large theoretical uncertainty
due to the absence of higher-order QCD and electroweak effects in present current
software. To mitigate the impact of these uncertainties, we introduce two control regions
that are enriched with W + ~ events. Specifically, we select events with a reconstructed
electron in the first control region (C'R,) and a reconstructed muon in the second control
region (CR,,).

Initially, the contributions of W + + events to both the signal region and control
regions are estimated using simulation. During the likelihood fit stage, the yields of
W + ~ events in all three regions are scaled by a parameter that is allowed to vary
freely. In essence, we treat the W + + background yield as an unknown, but the ratios
of the yields in the signal region to those in the control regions are constrained by
the simulation. Therefore, the simulation provides information about the detector’s
efficiency and acceptance rates for all three regions, while the fit to the observed data
determines the normalization of the W + v background yield through the use of the

floating parameter.
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Figure 6.5: Construction of the joint likelihood function for the estimation of W +~ background
in a single bin of photon p;. Uncertainty terms are not shown for simplicity.

Figure[6.5 shows a simplified representation of the construction of the joint likelihood
function for a given photon pr bin. The joint likelihood consists of three components:
Lgr, Lcor, and ﬁCRu’ corresponding to the signal and control regions, respectively. It
quantifies the probability of observing events in these regions and involves unknown
parameters that are obtained through a fit to the observed data. The signal yield of
Z + 7, denoted as 3, is an unknown free parameter determined by the fit to the data in
the signal region. The initial estimates of the W + v background in the three regions
are denoted as b‘s’l£{+v, bg{ 7 and bg/}a 7 and are obtained from simulation. The normal-
ization of this background in all three regions is scaled by a single floating parameter,
n, which is also an unknown. The remaining background estimates in the three regions
are represented as ban®", b‘(’ff;j“, and b%tl}{irs (as determined by the methods described in
other sections of this chapter). The normalization parameter 7 is determined through
a simultaneous fit to the data in all three regions. This approach effectively mitigates
theoretical uncertainties associated with the cross-section of the W 4 process by using

the measurements from the control regions.
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Photon

Exactly 1 v passing BDT-based identification criteria

Lepton

Exactly 1 u passing tight || Exactly 1 e passing tigh

identification criteria identification criteria

Recoil

Fr > 50 GeV

mp(l, Br) < 160 GeV

Ry > 200 GeV

pr/Rp < 1.4

A¢(Rp,7) > 2

where Ry = E‘T + Py (recoil) and [ = p/e

Jet veto

No jet passing:

o Ag(jet, Ry) < 0.5

o P > 30 GeV

° |njet| < 9.

e R(vy,jet) > 0.5 and R(l,jet) > 0.5

Muon veto

No p (except selected p in CR,,) with

pl7. > 10 GeV and passing loose identification criteria

Electron veto

No e (except selected e in CR,) with

p7 > 10 GeV and passing loose identification criteria
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Table 6.4: List of criteria applied to select the events in the W (— uv) 4+ control region (CR,,)
and W(— ev) + v control region (CR,)

The two control regions enriched with W4+ events are defined in a similar manner as

the signal region with the exception of the requirement of the presence of a reconstructed

electron or muon. Both of these regions must satisfy:

e The same high-level trigger requirements as the signal region

e Pass event cleaning filters

e Have exactly one photon in the pseudorapidity range |n| < 1.442 or 1.566 < |n| <

2.5 with pp > 225 GeV and pass the photon ID requirements

In the control region C'R,, we require the presence of an electron passing tight

identification requirements [44] defined by criteria on the electron’s isolation, ECAL
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shower shape, and track matching. The electron must have a pr of at least 30 GeV
and lie in the pseudorapidity range |n| < 1.4442 or 1.566 < |n| < 2.5. In addition,
the electron’s direction must be separated from the photon by AR > 0.5 in order to
avoid selecting converted photons that produce electron-positron pairs in the detector
material.

The control region CR,, is defined in a similar manner. The events must contain
a muon passing tight identification requirements [36] defined by criteria on the muon’s
track quality and isolation. The muon is also required to have pp of at least 30 GeV
and pseudorapidity within |n| < 2.4.

We apply further selection requirements common to both CR,, and C'R,. The miss-
ing transverse momentum [, must be at least 50 GeV. While the f;> threshold in the
signal region is 200 GeV, we choose the v+ (where [ = e/u) system as a proxy for the
signal region’s vv system. We define the transverse recoil, ET, as the vectorial sum of

the charged lepton’s transverse momentum ﬁlT and the missing transverse momentum

ET:
ET = ﬁlT + Er

The recoil, Ry, must be at least 200 GeV. In addition, we require the ratio of photon
pr to Ry to satisfy pJ./Ry < 1.4 in order to maintain similarity with the signal region’s
selection criteria. For the same reason, the jets in these events with a pp exceeding 30
GeV are required to be separated from the azimuthal direction of Ry by A¢(jet, Rp) >
0.5. Furthermore, the photon must be separated from recoil in the azimuthal plane by
A¢(y, Rr) > 2. In order to reduce background in the control regions, we apply an upper
limit of 160 GeV on the transverse mass of the [ + v system. Lastly, the control regions
must not have any extra electron or muon passing loose selection criteria [44], [36].

Table [6.4] summarizes the selection criteria for the two control regions.

6.7 Estimation of Jet — ~ background

Collimated ~ pairs from the decays of boosted isolated 7 or 7 mesons in jets producing
low deposits in the HCAL can be misidentified as photons. These jet fakes contribute

as a background when large [, is simultaneously reconstructed in the events. The
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major sources are Z(— vv) + jets production, and processes producing several jets in
the final state. In these events, the missing transverse momentum is overestimated due
to mismeasurement of the jet energies. We estimate this background by extrapolating
the number of events observed in a control region defined by the same selection criteria
as for the signal region, but with the photon identification criteria modified to ensure

that the photon originates from the electromagnetic deposit of a jet.

Estimate fake ratio

Photon using these regions
selection 9 9
criteria Signal
Region
Isolated g’hotons g’hotons C
ets ets Extrapolate
with fake ratio
Non-isolated - Jets D
| Range of Frp

Fr <40 GeV ' Fr > 200 GeV

Figure 6.6: Regions used to estimate the background from jets misidentified as photons

In a similar way to the ABCD method for estimating the background from misiden-
tified electrons (Section , we estimate the number of jets misidentified as photons
in the signal region, C, by applying an extrapolation factor, i.e. the fake ratio, to the
number of events observed in a control region, D (Figure . The selection criteria
for events in region D are nearly identical to those for region C, with the exception of
the photon identification criteria. These criteria are adjusted to ensure that the photon
originates from the electromagnetic deposits of a jet. The photon must be surrounded
by deposits from other particles, causing it to fail a set of isolation criteria. Specifically,
these deposits must be either reconstructed tracks within the photon’s isolation cone or
electromagnetic deposits around the cluster of the photon. These requirements ensure
that the photon is more likely a constituent of a jet, rather than a genuine photon
originating from a hard-scattering process in the p-p collision.

The fake ratios used for the extrapolation are estimated using two additional con-
trol regions, A and B. Both of these regions are required to have a missing transverse
momentum less than 40 GeV in order to be disjointed from regions C and D. Region A
consists of two contributions: events producing a genuine photon and jets, and events

producing multiple jets. The photon in this region is selected by applying identical
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identification criteria as in the signal region. For region B, the photon is selected with

the same criteria as D. This ensures that the events contain only jets.

CMS  Preliminary 2017 41.48 fb™ (13 Te
104 n0,1.4442) [p, [[380,430) GeV/
—— A: Data N=28567
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10 [ Fake template 15.42:0.38 %
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Figure 6.7: Example of a fit of the BDT score distribution of the photons observed in Region
A. These photons are in the barrel of the ECAL in the 2017 data-taking period and have a pp
between 380 GeV and 430 GeV.

We estimate the number of events in region A originating from jets by analyzing the
BDT score distribution of the photons. We take advantage of the characteristic shapes
of the BDT score distributions for genuine photons and photons originating by jets.
In Figure [6.7} the observed distribution in region A is shown with black points. The
criteria on the BDT score has been dropped to study the full shape of the distribution.
We fit it to a combination of two shape templates that represent genuine photons and

fake photons:

H(.%') = N, genuine ° hprompt (.CC ) + N fake * hfake (x )
—_—— N —
Observed spectrum Normalized template Normalized template
in A for genuine photons for fake photons

The template for genuine photons, hy,qm, (), is obtained from a simulation sample
of the process pp — y+jets. It has a characteristic peak at the value of 1. On the
other hand, the template for fake photons, hg,.(z), peaks at 0. This template has been
taken directly from a data sideband chosen by requiring the photon to have a significant
deposit in the tracker within the photon’s isolation cone. In the specific case shown in
the figure, the sideband photons are required to have a tracker isolation (defined as the

scalar sum of transverse momenta of tracks within the photon’s isolation cone) between
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4 GeV and 8 GeV. On the other hand, the criteria applied for selecting genuine photons
requires the tracker isolation be less than 1.63 GeV. This requirement on the tracker
deposit enriches the template with jet deposits in the ECAL. The sideband otherwise
has the same photon identification criteria as region A. To remove contamination from
genuine photons in the sideband, we estimate the contribution from a simulation sample

of y+jets and subtract it from the template. This is shown in Figure

CMS Preliminary 2017 41.48 fb' (13 TeV)

Fake template correction [nle[0,1.4442) - p, <[380,430) GeV

Sideband data

- Photon contamination

Corrected fake template

10°

102

Events

1

1I | | | | ‘ L i

02 04 06
BDT Score

Figure 6.8: Subtraction of contamination from genuine photons in the fake photon template.

By performing this fit, we decompose into the contributions from genuine and from
fake photons in region A . Since the BDT criteria was dropped to perform the fit, we
integrate the fake template from the minimum threshold on the BDT score to a value of
1. This gives an estimate of the number of fake photons that pass the full identification

criteria in the region A. The fake ratio is then obtained as:

Number of fake photons in A

Fake ratio =
ake Tato Number of photons in B

The size of the background in the signal region, C, is then extrapolated from region D

by multiplying its size by this ratio.
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Figure 6.9: Variation of the fake ratios with photon transverse momentum for the barrel region
of the 2017 data-taking period

The fake ratios are estimated in bins of photon transverse momentum to account for
variation with energy. The sample size drops significantly at high transverse momentum
in both simulation and data, and introduces large statistical uncertainties of up to 72%
in the fake ratios. In addition, we consider a number of systematic uncertainties in the

template fits of region A for the fake ratio estimation:

e Fake template sideband choice A correlation is observed between the BDT
score of fake photons and their tracker isolation. Since the sideband for the fake
photon template is chosen by applying a specific range of allowed values for the
tracker isolation, an uncertainty is assigned to account for the bias due to the
correlation by varying the upper and lower limits on the tracker isolation by 1
GeV, and re-evaluating the fake ratios. The estimated uncertainty varies between

2.4% and 36% across photon py.

e Photon shower mismodeling: Since the shape template for the genuine pho-

tons is obtained from simulation, we study the mismodeling of the photon shower
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in the simulation using a sample of Z — ee events, where ECAL deposits by elec-
trons serve as a proxy for photons. The mismatch in the simulated and observed
BDT distribution is used to derive a correction, known as quantile morphing tech-
nique [61]. The fake ratios are evaluated with and without these corrections, and
the difference is taken as an uncertainty. The estimated uncertainty varies between

8% and 50% across photon py.

e Choice of BDT bin width The template template fit is performed using binned
shapes with 100 bins for the BDT distribution. To account for any biases in this
choice, we repeat the fits using 50 bins and 200 bins, and take the variations in
the fake ratios as the uncertainty. The estimated uncertainty ranges between 1%

and 40% across photon pr.

e Choice of the control regions The control regions A and B used for estimating
the fake ratios are chosen to have a missing transverse momentum below 40 GeV.
To account for a potential due to this choice, the minimum threshold is varied by
5 GeV in both directions and the fits are repeated. The estimated uncertainty is

between 1% and 48% across photon pr.

e Finite simulation sample size The simulation sample of v+jets has limited size
in the sideband used to build the fake photon template. Since this contribution
is subtracted from the sideband data, an uncertainty is assigned for the limited
sample size. The subtracted contribution is scaled up and down by one standard
deviation of this statistical uncertainty, and the fits are repeated. The result
uncertainty in the fake ratios is estimated to be between 2% and 32% across

photon pp.

The fake ratios and their systematic uncertainties are derived in bins of photon
transverse momentum. The fake ratios are then fitted to a parametric function. Figure
shows the fake ratios obtained for the data collected in the barrel region of 2017.

6.8 Beam halo background

The phenomenon of beam halo [62] occurs at the LHC when protons in the accelerator’s

beams deviate from the main trajectory and form a diffuse halo around it. This halo
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contains secondary particles produced when the protons interact with the accelerator’s
collimators, residual gas or other materials present in the beam pipe. The halo parti-
cles, which predominantly travel parallel to the beam, can penetrate the CMS detector
and traverse multiple detector cells longitudinally. Among these particles, muons orig-
inating from the decay of charged pions within the beam halo radiate in the ECAL
and contribute as a background to our analysis. The muons have energies of the order
of TeV and their radiation deposits in the ECAL are reconstructed as photons, whose
transverse momenta can exceed the 225 GeV threshold applied to select the events in
the signal region. As these photons do not originate from the primary collision point, a
large missing transverse momentum is also reconstructed, giving the event the same sig-
nature as our signal. Dedicated algorithms are implemented in the CMS trigger system
and at the offline reconstruction level to filter out events containing beam halo particles
[63]. These algorithms look for hit patterns in the cathode strip chambers (CSC) of
the muon system consistent with a trajectory parallel to the beam line. In addition,
an algorithm at the offline reconstruction level identifies photons induced by beam halo
by looking for a trail of deposits in the ECAL barrel (see Figure that form a line
parallel to the beamline. By imposing an upper limit of 4.9 GeV on the total energy of

these deposits, this background is effectively eliminated from the barrel region.

Crystals in the ECAL barrel

; £y
LT

>

Figure 6.10: Bremsstrahlung radiation by beam halo muons in the ECAL barrel

However, these filtering algorithms are not effective in the endcap region of the
ECAL. The coverage of the Cathode Strip Chambers (CSCs) is limited in this region,
so they cannot detect muons that travel parallel to the beam axis in this area (see Figure
. Additionally, the muon only passes through one or two crystals of the ECAL due
to their projective geometry, so no trail of deposits are formed. To address this issue, we
have developed a new tagger based on a BDT that uses information on deposits in the
preshower detector and the hadronic calorimeter situated on either side of the ECAL

endcaps.
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Figure 6.11: Lack of coverage of the cathode strip chambers (CSCs) limiting the identification
of beam halo muons

Figure [6.12] shows the concept of the new tagger. Muons from beam halo and
photons from the primary collision point have different trajectories with respect to the
beam axis. Particles in the beam halo (e.g. hadrons) that accompany the muon leave
deposits in the preshower detector and the HCAL. A line connecting the center of any
of these energy deposits to the ECAL cluster of the photon tends to be parallel to the
beam axis. On the other hand, photons from the primary collision point deposit most
of their energy in ECAL, and a line connecting an associated cluster in the preshower

or the HCAL forms a non-zero angle with the beam axis.

Pre-shower ECAL  HCAL

v
Beam halo

Beam axis

Collision
Point

Figure 6.12: Deposits produced by beam halo muons and photons from proton collisions

To form the input variables to the BDT, we construct two sets of preshower/HCAL
cluster energies and angles. For a given photon, we form a cluster in the preshower and
another in the HCAL that are horizontally adjacent to the ECAL cluster of the photon.

The hits in these clusters are required to be within an azimuthal separation of A¢ < 0.15
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of the photon. The centers of these clusters are connected to the ECAL cluster with a
line and the angle of this line with the beam axis is evaluated. This angle corresponds
to the beam halo hypothesis. Separately, corresponding clusters and an angle are also
formed for the real photon hypothesis by collecting deposits near the line connecting the
collision point to the ECAL cluster. The energies and angles under the two hypothesis
are evaluated from a simulation sample of beam halo and a simulation of our signal
process to train a BDT. In addition, variables describing the ECAL shower shape of the

photon are included in the training. The full set of variables used in the BDT are:

e Four angles formed by clusters under the two hypotheses: two angles correspond-

ing to the preshower and the other two for the HCAL
e Four variables for energy deposited in the clusters

e Five variables describing the shape of the ECAL shower : Es,3/FEsc, Oinins Tigios
0y, and o4. These are defined in Section

e Scalar sum of the transverse momenta of the tracks reconstructed in the event.
As beam halo deposits do not arise from the primary collision point, we expect

fewer tracks originating from the collision point in these events.

CMS Preliminary 2017 (13 TeV)
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Figure 6.13: Distribution of the BDT score of simulated real photons (red) and photons from
beam halo (blue). The BDT score of beam halo photons in real data in a control sample is also
shown.

Figure [6.13] shows the distributions of the BDT scores in simulated photons from

the signal process and simulated photons in beam halo. In addition, the BDT score
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distribution in a control sample enriched with beam halo is also shown. The photons
from beam halo peak sharply at 0 while real photons peak at 1. To filter out the beam
halo events in our signal region, we apply a threshold of 0.99 on the BDT score. This
rejects the majority of the beam halo events while reducing the efficiency of the signal
events by about 4%.

To estimate the size of the beam halo background that remains after applying the
BDT-based filter, we analyze the distribution of the azimuthal angle of the photons
observed in the signal region. The LHC’s magnets are designed to steer protons along
a circular trajectory in the horizontal plane. When charged particles deviate from the
beam as part of the beam halo, the LHC magnets direct them towards ¢ =0 and ¢ =7
in the CMS coordinate system. Photons originating from the beam halo exhibit distinct
peaks at these angles, while genuine photons originating from the primary collision point
have a uniform distribution of the azimuthal angle. From a control sample enriched
with beam halo photons, we derive the probability density function (PDF), denoted
as ppp(¢), which characterizes the beam halo photons. The PDF representing real
photons is directly obtained from a simulation sample of the signal process. We fit
the observed angular distribution using a combination of these PDFs, incorporating

fractional contributions fgg and f.., respectively.:

fBH ’ pBH(Qb) + freal ! prea1(¢)
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Figure 6.14: Beam halo background in the endcap signal region of data collected in 2017

An example of this estimation is shown in Figure [6.14] corresponding to the data
collected in 2018. It can be seen that the size of the background overwhelms the signal
when the tagger is not applied. After these events are filtered with the tagger, the
background disappears. Table shows the results of the background estimation for
the three years of data-taking.

Beam halo background events
2016 2017 2018
Without tagger 5862.12+106 | 2079.41+62.4 | 3256.19£79.9
With BDT-based tagger 9.6+6.2 0+£1.9 0+1.6

Table 6.5: Size of the beam halo background with and without the use of the BDT-based tagger

6.9 Estimation of spike background in the ECAL barrel

The photodetectors (avalanche photodiodes, or APDs) located at the back of the crystals
in the ECAL barrel can generate large anomalous signals when hadrons produced in

proton collisions interact directly with them without creating an electromagnetic shower
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in the crystals. These hadrons lose energy in the adhesive layer between the APD and
the crystal surface, causing the ejection of protons directly into the active region of the
photodetector. As a consequence, electrons are released into the APD, leading to the
production of a spurious signal, known as a spike, that can be mistakenly reconstructed
as a high-energy photon [64]. As spikes tend to occur in a single crystal, the majority
of them are filtered out at the trigger level by identifying clusters in the ECAL barrel
with extremely narrow widths. The shower energy distribution in these clusters tends
to sharply peak around a single crystal. In addition, the APD does not receive a signal
of light from crystal scintillation in spike events, which results in the pulse shape to be
constructed, in effect, from only one input signal as opposed to multiple signal samples
generated by a real photon shower [65]. These pulses have a shorter rise time and faster
decay compared to the response to scintillation light. The shorter rise time of the pulse
is reconstructed as an earlier signal. This tends to shift the reconstructed time of a spike
signal by 10 to 15 ns before the time of bunch crossing, whereas the timing distribution
of real photons peaks at 0 ns. Therefore, we require the timing of the photon to lie

within a window —3 ns < ¢t < 3 ns to further reduce the spike background.
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Figure 6.15: Fit of the timing distribution of signal photons in the ECAL barrel

To estimate the remaining spike background, we analyze the timing distribution of
the photons selected in the signal region. Figure [6.15] shows the timing distributions of
signal photons, spikes and electromagnetic showers. The requirement on the timing of
the photons (i.e. -3 ns< t < 3 ns) has been dropped from the selection criteria applied to
these events. The contribution of spikes peaks near -15 ns, whereas the electromagnetic

shower contribution peaks at 0 ns as expected. We extract the fractional contributions,
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Jem and fikes, of spikes and electromagnetic showers, respectively, from this distri-

bution by performing a fit to the sum of a PDF describing the timing electromagnetic

deposits, pg\i(t), and a PDF describing spikes, pgpikes(t):
fEM " PEM (t) + fspikes * Pspikes (t)

The PDF pgy(t) is obtained from a control sample enriched with Z — ee events where
the leading electron passes the photon selection criteria (except for the requirements on

the tracker pixel layers).
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Figure 6.16: Energy sharing between crystals in the ECAL described by eta wing

In order to select a spike-enriched sample for the construction of pypikes(t), We use
a shower-shape variable called eta wing, symbolized W, . It is defined as the ratio of
the energy of the highest-energy crystal (referred to as the seed crystal) to the greater

energy of the two crystals adjacent to the seed crystal in the z-direction:

max{E_;, E .}
W, =
n EO

where Ey corresponds to the energy of the seed crystal, and £_; and F,; are the two ad-
jacent crystals (see Figure|6.16al). This variable describes the sharing of energy between

crystals in a cluster. A comparison of the distribution of W, in spikes, electromagnetic
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showers (from Z — ee), and from the signal photons is shown in Figure Spikes
share very little energy between crystals and therefore the distribution of their W, peaks
at 0. Electromagnetic deposits, on the other hand, typically have W, > 0.03. By se-
lecting photons with W, < 0.01 (which also pass the signal selection criteria defined in
Section , we obtain a pure sample of spikes to construct the timing PDF, pgpiyes(t)-
After fitting the two PDFs to the observed timing distribution of the signal photons,
the spike background is obtained from the area of pgpies(t) within -3 ns< ¢ < 3 ns and
the total spike fraction. The results are shown in Table

2016 2017 2018

Spike events
944+1.6 | 10.3+1.5 | 20.8 +2.2

within -3 ns <t < 3 ns

Table 6.6: Estimates of spike background from timing fit for the three years of data-taking

6.10 Statistical Analysis

In order to statistically infer the cross-section and the presence of aNTGCS from the
observed data, the first step is to build a likelihood function that subtracts the back-
ground contributions from the events selected in the signal region, accounts for the
systematic uncertainties, and incorporates a model for the desired interpretation of the
signal events. Generally, the likelihood function, £(d|f) represents the probability of
obtaining a set of observed data {d} under the assumption of a model with unknown
parameters 6, where d and 6 may be multidimensional. We have a set of observations
of event counts, {diSR, diCRe, dl-CR“}, for the photon ps bins, {i}, in the signal region, SR,
and the two W+~ control regions, CR, and CR,,, respectively. An event in the SR can
arise either from the signal process, the W 4 « process, or one of the other background
processes while the events in CR, or CR,, arise from non-signal processes. We define
the expected observations in the three regions in the #’th bin of photon p; as sums of
these processes:

SR :s; +n bR 4 PR

CR R (6.1)

cn Wi

)

e

T P A
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by are

where s; is an unknown free parameter representing the signal process, {
the estimates for W + « from simulation, and {bj} are the estimates of the remaining
background processes. The free parameter n; extrapolates adjustments to the W + ~
background with the observations from the control regions and is common to all three
regions. The background estimates are subject to systematic uncertainties that are
modeled with a set of nuisance parameters, {0}, following Gaussian distributions. Note
that the signal terms, s;, will be re-written a function of the cross-sections and aNTGC
coupling parameters in the later sections. To be general, we assume that s, is a function
of a set of parameters of interest, {{1}, as well as nuisance parameters, {6}. With
these definitions, we build a likelihood function to quantify the probability of obtaining
the observed event counts in the three regions for a given set of parameter values,
{p,n,0}. It is written as a product of four components, three of which correspond to
the probabilities of obtaining the event counts in the three regions, while the fourth term
represents the assumed Gaussian distributions of the nuisance parameters representing

the uncertainties in the model:

£(d™, dM d¥ p,n, 0) =£3(d* i n, 0) x L7 (dMn, 0)
x LR (dRu|n, 0) x £°(6)

The probability of obtaining an event count of x in a given bin is obtained from the

Poissonian distribution with mean A:

AT e

The mean A corresponds to sum of signal and background processes on the right
hand side in Equation The likelihood terms, £5%(d®|u,n,0), £°%(d“R<|n, 0)

and ECR“(dCR“|n, 0), are written as the product of these Poissonian probabilities over
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the bins of py. Thus, the full form of the total likelihood function is:

cwmﬁﬁaf%mmﬁhilI¢(ﬁ%ﬂmm+mw¥ﬁﬁw+£ﬁm>

1Ebins
xPQﬁmmwa“%m+§&wQ

(6.2)
% P <de“ I - by () by (9))]
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X H N(Hj\gjﬂej)

J€E€nuisances

where £7 has been re-written as a product of Gaussian distributions, N(z|Z,o,), over
the nuisance parameters. The likelihood function allows us to determine the most likely
values of the parameters based on the assumption that, for these parameter values,
the probability of obtaining the observed event counts is at its maximum. Another
important use of the likelihood functions is in the determination of uncertainties of
the parameters of interest, {u}. Using all of the parameters, (u,n,0), to find the
uncertainties in the parameters of interest u is equivalent to using the profile likelihood,

which depends only on pu. It is defined as:

Lp() = L A1), 0(11)) (6.3)

where the double-hat notation indicates the profiled values of the parameters n and 6
that maximize £ for the specified values of u. We construct the following test statistic

with Lp for obtaining confidence intervals of pu:

Ap) = Z EZ% (6.4)

where i corresponds to the values that maximizes the likelihood. The distribution of
—2In A(u) approaches a X2 distribution independently of the values of the nuisance
parameters, 6, in the limit where the data sample is large. Here the number of degrees
of freedom, is equal to the number of components of u. By performing a scan of
—2In A(p) over p with the observed data, we can obtain the confidence intervals of

that correspond to a chosen confidence level for the x2 distribution. Specifically, the
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maximum value sznax of X2 for a given confidence level can be obtained from the inverse
cumulative distribution function of the Xz—distribution. The set of values of u that

correspond to —21In A(u) < anax represent the confidence interval.

6.10.1 Choice of bin boundaries

The boundaries for the photon transverse momentum bins are chosen using the Bayesian-
Blocks algorithm [53]. This technique was originally designed to show the most sta-
tistically significant shape variations in time series data. To identify the optimum
binning, we start with uniformly binned histograms with width 5 GeV for the total
predicted background and SM signal in the barrel and endcap regions. The algorithm
identifies, recursively, the binning choice that maximizes the total Cash statistic [66],
> & Nk -log(Ny/Ty), where Ny, is the number of events in bin k of width T},. The chosen

bin boundaries, in GeV, are:
e Barrel region: 225, 235, 245, 265, 285, 315, 355, 425, 515, 615, 765, 1500 (11 bins)

e Endcap region: 225, 230, 235, 270, 310, 360, 440, 1500 (7 bins)

6.10.2 Signal modeling for cross-section measurement

The first set of measurements involves extracting the cross-section and differential cross-
section of the production of Z(— vv)+~. The cross-section corresponds to the total rate
of this process while the differential cross-section as a function of photon pr provides a
detailed description of the variation of the cross-section. In a given phase space, if the
total number of signal events produced is IV, the number of signal events in a specific bin
i of photon pp with width (Apr); is N;, and the integrated luminosity of the collisions

is L, the cross-section and differential cross-section are defined as:

NS
oc==—2
L
(da> N (6.5)
dpr/; L-(App);

respectively. Many efforts have been made to calculate the cross-section and differential

cross-sections of pp — Z(— vv) + « production with different degrees of precision and
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calculation schemes, at different orders of perturbation theory, with some incorporating
QCD and electroweak corrections [67) [68]. Performing these measurements, therefore,
allows direct comparison between theoretical predictions of the SM and observation
from experimental data.

While the number of events remaining after subtracting the background through a
maximum likelihood fit provides the best estimate of the observed signal, it does not
represent the full size, N or N;, of its production in the proton collisions. Several effects

reduce the number of signal events collected:

¢ Geometric acceptance Photons within only the pseudorapidity range of |n| <
1.4442 or 1.566 < |n| < 2.5 are selected. Signal events with photons outside of

this range are not considered.

o Efficiency of selection The event selection criteria, as outlined in Section
impose various thresholds on the photon, missing transverse momentum, and jets
to suppress background contributions. These thresholds also decrease the signal

size. Additionally, the photon identification efficiency is limited to around 92%.

e Detector resolution The resolution of jet energy directly affects the direction
and magnitude of the missing transverse momentum. Consequently, the minimum
threshold of 200 GeV on E, and the criteria applied to A¢(7, IET), Ag(jet, ET),
and pr./ P introduce significant systematic uncertainties in the number of col-
lected signal events. The resolution of the photon energy measurement also has a

minor impact due to the 225 GeV transverse momentum threshold.

Object Criteria at truth-level
< 1.4442 or 1.566 < |n| < 2.5

Photon ] or u

pr > 225 GeV

Er > 200 GeV

Missing transverse momentum %—T <14
T
A(b(ETa ’Y) > 2

Table 6.7: Truth-level criteria defining the fiducial region for the cross-section measurement
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We follow a technique called unfolding to account for the impact of detector acceptance,
efficiency, and resolution using a simulated sample of the signal process. The first step
in this procedure is to define a fiducial region in the truth level, which represents the
idealized kinematic properties of the particles before any interaction with the detector.
The cross-section is measured specifically for this phase space. The criteria defining the
fiducial region closely match those applied to the observed data, ensuring alignment of
the measured cross-section with the detector-level phase space and minimal extrapo-
lation to truth-level phase spaces not contributing to the observed data. The region’s
definition, outlined in Table relies on thresholds for photon transverse momentum
(pr), pseudorapidity (n), and event missing transverse momentum (E?T) at the truth
level of the simulation, before detector interaction. We show in Table [6.8 the number of
events produced in the fiducial region in simulations, and the events actually selected
in the barrel and endcap regions. The table also shows the detected events that are

produced outside of the fiducial region.

Events from

outside the

Events from

the fiducial region ] )
fiducial region

Year || Detector-level | Truth-level || Detector-level
] 2016 405.8 626.7 28.3
Barrel region
2017 420.4 712.6 31.7
In| < 1.4442
2018 538.2 1031.5 40.1
) 2016 98.3 211.8 10.7
Endcap region
2017 82.0 241.4 9.0
1.566 < |n| < 2.5
2018 100.6 347.6 10.1

Table 6.8: Simulated fiducial and non-fiducial events in the barrel and endcap regions

Next, we contruct a response matriz, R;;, which models the detector’s response to

K
the events produced in the fiducial region. It quantifies the probability with which an
event produced with a truth-level photon p in bin j will be observed with detector-level
photon p7 in bin j, and accounts for bin migration as well as efficiency and acceptance.

From the simulation sample of the signal, we calculate the number of events,

detector
N’Lj )
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in the detector-level bin ¢ that are actually produced in the truth-level bin j. The

sample also provides the total number of truth-level fiducial events, NV ;rmh, produced in
the truth-level bin j. The response matrix is then defined as:
detector
N;;
Rij = Ntruth (66)
J

This response is used to model the signal, s;, within the likelihood function in Equation
The number of observed signal events in detector bin ¢ is expressed as a summation
of contributions from the truth-level bins j, each associated with unknown cross-sections

non-fiducial

o;. Additionally, there is a minor contribution, s, , originating from signal

it
proces occurring outside of the fiducial region, specified in Table These non-fiducial

events are treated as background in this measurement. The full signal model is:

5; = ghon-fiducial S L0, R 6.7
J

where £ is the integrated luminosity. Notice that £ - o; represents the true number of

events produced in truth-level bin j, which is reduced by the detector response, R;;, in

the sum. The terms {0;} are treated as free parameters and obtained from a maximum

likelihood fit to derive the differential cross-sections.

In addition to the full fiducial region, we measure the cross-section and differential-
cross section separately for the barrel and endcaps, where only the boundaries of n are
modified and the other criteria given in Table [6.7 are unchanged. The barrel region
corresponds to |n| < 1.4442 and the endcaps region is given by 1.566 < |n| < 2.5.

For the measurement of the differential cross-sections, the boundaries (in GeV) for

the bin of the phton’s truth-level py are chosen as follows:
e Barrel : 225, 275, 350, 450, 600, 800, 1500 (6 bins)
e Endcaps: 225, 275, 350, 450, 1500 (4 bins)
e Full fiducial region (barrel4+endcaps): 225, 275, 350, 450, 600, 800, 1500 (6 bins)

However, when measuring the cross-section, we do not divide the events into truth-

level bins. The response matrix contains only one column, and the number of rows
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corresponds to the detector-level py binning. Figure [6.17] shows the response matrix for

the full fiducial region for the 2017 data-taking period.

CMS Preliminary 2017 -EB 41.47 fo™ (13 TeV) CMS Preliminary 2017 -EE ~ 41.47 fo™ (13 TeV)
s} ‘ T
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e} ©
o o
? 7
1200 107 @ 1200 102®
S 1000 S 1000
[0 [0
©) ©)
8 800 L, 8 800 —
© 10 kot 3
600 600
400 400
i 109 | ’
10
400 600 800 1000 1200 1400 400 600 800 1000 1200 1400
p?uth (GeV) plruth (GeV)
(a) Barrel region (b) Endcap region

Figure 6.17: Response matrix for the measurement of the differential cross-section of the fiducial
region for the 2017 data-taking period. The x-axis represents the truth-level p; and the y-axis
is the detector-level pr

6.10.3 aNTGC signal modeling

The presence of aNTGCs is expected to manifest as an excess in the observed event
count from Z(— wvv) + v with respect to the predictions of the SM. This excess is
significant specifically in the tail of the photon pr distribution. We search for such
an excess by performing a binned maximum likelihood fit with the likelihood function
given in Equation [6.2] We perform separate fits for the two different vertices: ZZvy
with coupling parameters (hg,hf), and Z~vy with coupling parameters (hJ,h)). In
these fits, the background is subtracted from the observed events and the signal is
interpreted independently for the two vertices.

To include the signal term, s;, in the likelihood function considering the dependence
on the coupling parameters, we construct a parametric function for each bin of photon
pp. This function provides an estimation of the expected event count within the bin for
any values of the coupling parameters. This allows us to treat the coupling parameters

as free unknown parameters in the maximum likelihood fit. The prediction for bin i
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takes the form of a quadratic function of the couplings (h;,/, hX), where V can be either

Z or v, and is expressed as:

vV o,V SM | 3V ,V AV ,V | 34V L,V LV . 3V V2, 4V V.2
si(hg hy)=s;" +1; -hy +1;" ~hy +q; -hy -hy +q; -(hg3)" +q ‘(h4)4

SM  SM+aNTGC interference Pure ;&TGC

(6.8)

The terms that are linear in the coupling parameters account for the interference be-
tween the amplitudes of the SM and aNTGCs, whereas the quadratic terms arise solely
from contributions of aNTGCs. The constant term, sis M, represents the number of events
predicted by the SM in the absence of aNTGCs. To determine the values of the coef-

4 4 4 . .
l?v, liv, q? V, q?v, and qiv), we generated simulation

ficients in the parametrization (
samples for the ZZ~ and Z~~ vertices. For each vertex, we considered 440 non-zero cou-
plings within the ranges of —4 x 107* < h;,/ <4x10*and =5 x 107" < hX <5x107".
These boundaries were chosen to align with the current limits on the couplings as re-
ported in [2]. The simulation process includes a comprehensive modeling of Z(vv) +
event production in p-p collisions, as well as the subsequent particle propagation within
the detector, the detector’s response to the outgoing particles, and the complete re-
construction process. By applying the selection criteria for the signal region (refer to
Section to the generated events, we obtained direct predictions of the expected event
counts for each simulated coupling point within each bin of photon p;. To obtain the
values of the coefficients for each pp bin, we performed a fit of the parametric function
in Equation using the expected event counts at the 441 points. An example of the
fit is shown in Figure [6.18] corresponding to the barrel region in the 2017 data-taking

period, where the event counts for the simulated coupling points are represented with

white markers and the parametrization is drawn as a yellow surface.
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Yield

Figure 6.18: Predicted number of events as a function of the coupling parameters (hg7 hf) in
the bin 765 GeV < py < 1500 GeV for the barrel region in the 2017 data-taking period

6.11 Systematic Uncertainties

The modeling of the signal is affected by a number of systematic uncertainties. In the
measurements of the cross-section and the differential cross-section, the construction of
the response matrix relies on simulations. Uncertainties in the simulation, particularly
those that impact the efficiency of selecting signal events, contribute to the overall un-
certainty of the response matrix. In the case of the measurement of aNTGCs, the search
is based on detecting an excess in the number of Z(vv)++ events beyond the predictions
of the SM. Consequently, it is necessary to consider uncertainties in both the SM predic-
tions and the additional contribution from the aNTGC signal in the simulations. These
uncertainties can be classified into two categories: theoretical uncertainties associated
with simulating the p-p collisions, and experimental uncertainties related to the simula-
tion of the detector response. To account for these uncertainties, we assess the impact
of each source individually. The signal model is evaluated by varying the correspond-
ing source of systematic uncertainty by one standard deviation in both positive and
negative directions. This involves recomputing the response matrix and re-evaluating

the coefficients of the aNTGC parametrization based on the modified predictions. The
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resulting variations in the signal model are then incorporated into the likelihood func-
tion (Equation , where each uncertainty is represented by a Gaussian-distributed
nuisance parameter.

The experimental uncertainties in the signal models arise from differences in the
detector performance between simulation and the actual data. In particular, differences
in the precision of the energies of photons, jets, and missing transverse momentum, as
well as the efficiency of photon identification can introduce biases in the number of sim-
ulated events that satisfy the selection criteria defined in Section [6.4f The uncertainties

we consider are:

e Photon identification efficiency The identification criteria for photons rely on
isolation variables of the subdetectors, and ECAL shower shape variables, which
are used as inputs to a BDT. Mismodeling of these variables leads to differences
in identification efficiency between real data and simulation. A correction weight
is applied to each simulated event to align with the efficiency observed in real
data (refer to Section . The uncertainty in this correction is propagated to
the signal model by varying the weights by one standard deviation in positive and
negative directions, and taking the variation in the signal count as the uncertainty.
The uncertainty in the signal efficiency is estimated to be between 3.5% and 4.7%
across the three years of data-taking, making it the largest systematic uncertainty

in this analysis.

e Pixel rejection efficiency In order to avoid selecting electrons, the photon in
an event is required to have fewer than two hits in the pixel detector that point
towards the ECAL cluster of the photon. Besides rejecting background events,
this criterion also reduces the efficiency of selecting true photons when a low-
momentum charged particle curves tightly and leaves hits in the pixel layer con-
sistent with the direction of the photon, or when the photon converts to a ete”
pair within the pixel detector. However, imperfect modeling of the tracker re-
sponse leads to a mismatch in the photon selection efficiency between real data
and simulation. Corrections have been derived to compensate for this effect by
comparing a sample of pp — Z — pury (where the v is radiated by a p) in real data

with simulation [44]. These corrections are applied as weights to the simulated
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events for our signal models. The uncertainty in the correction is propagated to the
simulation by varying the weights by one standard deviation and re-evaluating the
event count. The corresponding uncertainty in the signal efficiency is estimated

to be under 0.2% in the barrel region and under 0.9% in the endcaps.

Jet energy scale and resolution A number of techniques are used to correct the
energies of jets, which involve balancing the total transverse momentum in events
where jets recoil against a reference object whose transverse momentum is pre-
cisely measured [48, [69]. The uncertainties associated with the residual mismatch
in jet energy calibration between real data and simulation have an impact on our
signal models due to the thresholds applied to the missing transverse momentum
(the negative vectorial sum of the pp of reconstructed particles, including jets)
and jets in the event selection criteria. To account for this uncertainty, we vary
the energy corrections of the jets in the simulated events by one standard devia-
tion, recalculate the missing transverse momentum for each simulated event, and
determine the number of events that satisfy the selection criteria. The resulting
uncertainty in the signal efficiency ranges between 0.5% and 2.8%. After these
corrections, the resolution of jet energy in simulation is found to be better than
in real data. To account for the discrepancy, another correction is applied by ran-
domly smearing the jet energies in the simulation using a Gaussian distribution.
The uncertainty associated with this correction is taken into account by varying
the smearing resolution for each jet in the simulated events by one standard de-
viation, recalculating the missing transverse momentum, and applying the event
selection criteria to the updated events. The uncertainty in the signal efficiency

due to the jet energy resolution bias is estimated to be between 0.2% and 2.3%.

Photon energy scale and resolution The energies of reconstructed photon
clusters undergo corrections to address instrumental effects, such as energy loss
caused by shower leakage in the gaps between crystals and radiation damage af-
fecting the scintillation response [44]. An additional set of corrections is derived
using a reference sample of Z — ee events to minimize the residual discrepancy

between real data and simulation. To account for the associated uncertainty, the
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corrections for each photon in the simulation are varied by one standard devi-
ation, and the number of events satisfying the selection criteria is re-evaluated.
The corresponding uncertainty in the signal efficiency between 0.2% and 1.1%.
Furthermore, in order to align the resolution in simulation with that observed in
the data, corrections are applied by randomly smearing the photon energies with
a Gaussian distribution. The uncertainty due to the resolution correction is eval-
uated by re-smearing the photon energies in the simulation with the resolution
correction varied by one standard deviation and re-counting the simulated events
passing the selection criteria. The uncertainty in the signal efficiency due to the

resolution bias is estimated to be under 0.2%.

Luminosity The integrated luminosity determines the number of signal events
produced in the p-p collisions. It is derived by integrating the instantaneous
luminosity over time. The instantaneous luminosity is a function of the beam
parameters, one of which is the beam overlap width, which cannot be measured
with sufficient precision during physics runs. Instead, the instantaneous luminosity
is measured indirectly using seven subsystems (luminometers) of the detector,
which read out the rates of the specific quantities observed in the detector, such
as hits, tracks and clusters. These rates are proportional to the instantaneous
luminosity, where the constant of proportionality is the visible cross-section. A
calibration procedure, known as van der Meer scan, is performed to determine the
visible cross-section, where the two beams are separated and then moved across
each other, and the resulting luminometer rates and beam overlap width are used
to determine the visible cross-section. During physics runs, the instantaneous
luminosity is calculated using the measured visible cross-section and luminometer
rates. The uncertainties in the measured integrated luminosity are 1.2%, 2.3%, and
2.5% for the data-taking periods of 2016 [17], 2017 [18], and 2018 [19] respectively.

Pileup modeling Pileup refers to the simultaneous occurrence of multiple p-p
collisions within a single bunch crossing. The number of additional collisions was,
on average, 23 in 2016, and subsequently increased to 32 in 2017 and 2018. The

extra interactions lead to additional energy deposits and tracks in the detector,
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and dedicated algorithms are employed to mitigate the effects of pileup [45]. Mis-
match in the number of pileup interactions in simulation and real data biases the
energy measurement and identification efficiency of particles in our signal mod-
els. To address pileup mismodeling, the simulated events are adjusted by applying
weights to match the expected distribution of pileup interactions in real data. The
expected pileup distribution is obtained using instantaneous luminosity measure-
ments and an estimated total inelastic cross-section of 69.2 (£4.6%) mb. To assign
an uncertainty for this correction, the expected pileup distribution is re-derived
with the inelastic cross-section varied by one standard-deviation, and new weights
are applied to the simulated events. This leads to an uncertainty in the signal
efficiency between 0.4%-1.5% in the barrel region and between 0.8%-2.2% in the

endcaps.

Unclustered energy scale Small deposits are reconstructed in the detector that
are not associated with the clusters of any particles or jets. They can arise from
instrumental noise, inefficiency of the clustering algorithms, or from low energy
particles from pileup interactions. A correction is applied in the reconstruction of
missing transverse momentum to mitigate the effect of these unclustered deposits
[70]. The uncertainty in this correction is propagated to the signal models by vary-
ing the missing transverse momentum by one standard deviation and recounting
the number of simulated events passing the selection criteria. The effect of this

uncertainty on the signal efficiency is estimated to be under 0.3%.

Trigger prefiring in 2016 and 2017 Over the course of data-taking, the tim-
ing calibration of the pulses in the endcap crystals of the ECAL was affected by
radiation-induced transparency loss. This resulted in an increasing offset in the
timing calibration, especially for the endcap crystals at high pseudorapidity. Al-
though the timing calibration was compensated for in the offline reconstruction,
it was unfortunately not corrected in the online reconstruction algorithms. As
a result, in the data collected in 2016 and 2017, a significant fraction of ECAL
deposits that fired the trigger were incorrectly associated with an earlier bunch
crossing. The CMS trigger rules forbid the acceptance of two consecutive bunch-

crossings, which meant that the detector readout of the correct bunch-crossing was
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not stored, leading to a reduced trigger efficiency. This effect, known as trigger
prefiring, is not replicated in the simulation samples. To address this, a correction
has been derived [38] to estimate the non-prefiring probability of electromagnetic
deposits by comparing a simulation sample of Z — ee with real data. We apply
these corrections as event weights to the simulated samples and assess the un-
certainty in the signal models by varying the correction weights by one standard
deviation. The resulting uncertainty in the signal efficiency is estimated to be
about 1.3% in 2016 and 1.9% in 2017 for the endcap region. The uncertainty for
the barrel region is under 0.2%. In early 2018, the endcap timing delays in the
ECAL front-end electronics were corrected and therefore no correction is necessary

for this year.

Source of uncertainty Relative impact on
signal efficiency (%)

Photon selection efficiency 3.5-4.7

Jet energy scale 0.5-238

Jet energy resolution 0.2-23

Pileup modeling 0.4-22

Photon energy scale 0.2-1.1

Photon energy resolution <0.2

Unclustered energy scale <0.3

Pixel detector efficiency < 0.9

Prefiring (2016 and 2017 data only) 0.1-1.9

Table 6.9: Relative impact of the experimental uncertainties on the signal efficiency. The un-
certainties are given in percent.

Theoretical uncertainties in the signal simulation have an impact on both the number
of signal events generated before detector interaction and the number of events selected.
In the case of cross-section measurements, these uncertainties have a limited effect
because they are correlated between the selected and produced events, resulting in a
cancellation when calculating the response matrix ratio. However, in the search for

aNTGCs, theoretical uncertainties in the SM prediction can diminish the statistical
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significance of the excess caused by an aNTGC signal. The signal samples are simulated
at leading order in both quantum chromodynamics (QCD) and electroweak theory.
This means that higher-order effects are not taken into account in the cross-section of
the SM prediction. To address this, corrections are applied as weights to the events,
incorporating next-to-next-to-leading-order (NNLO) QCD effects and next-to-leading-
order (NLO) electroweak effects. The dominant theoretical uncertainties in the SM
prediction arise from the uncertainties in these corrections. Furthermore, an additional
uncertainty is assigned to the parton density functions (PDFs) used in the simulations.

The theoretical uncertainties are:
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Figure 6.19: Corrections to the SM signal to account for QCD NNLO effects. Uncertainties due
to the choice of renormalization and factorization scale, and for the variation in the shape are
also shown.

e Renormalization and factorization scale The NNLO QCD corrections applied
to the SM prediction are derived using the program MATRIX [71,[67]. Two sources
of uncertainty are assessed for the cross-section calculated by MATRIX. The first
is the choice of renormalization scale, which is a cut-off energy used to remove
infinities from divergent integrals in the perturbative calculations. The second
is the factorization scale, which separates different energy scales of the scattering
process and divides the calculation into two components: the hard scattering cross
section and the parton distribution functions (PDFs). The factorization theorem

states that the cross section can be factorized into these two terms, with the
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factorization scale serving as the boundary between them. There is a degree of
arbitrariness in the choice of the renormalization and factorization scales since the
precise behavior of perturbative calculations at all energy scales is not fully known
[72,173]. We choose the renormalization and factorization scales to be y/m# + P
where m% is the transverse mass of the outgoing Z boson and pJ. is the photon
transverse momentum. The uncertainty due to this choice is assessed by varying
the two scales independently by factors of 0.5 and 2, and then taking the envelope
of the variations [74]. This uncertainty mainly affects the overall normalization
of the cross-section. An additonal uncertainty is assigned for possible variation
of in the shape of the photon py distributions using a prescription given in [75].
These corrections are shown in Figure [6.19) The uncertainty in the predicted
number of SM events due to the choice of renormalization and factorization scales

is estimated to be between 6% and 7.2% while the shape uncertainty is under

0.1%.
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Figure 6.20: Corrections to the SM signal to account for electroweak NLO effects. Uncertainties
shown are divided into Feynman diagrams initiated by quark-antiquark and by quark-photon.

e Electroweak corrections Higher order electroweak effects significantly modify
the cross-section at high energies above the electroweak scale due to contributions
that scale logarithmically with the energy [76]. These corrections have been calcu-
lated at next-to-leading-order (NLO) in [68] for /s = 14 TeV. The authors have
kindly re-calculated them with /s = 13 TeV for this analysis. The corrections are
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applied to the simulation as weights to the generated events. The uncertainties in
these corrections are divided into two components corresponding to Feynman dia-
grams initiated by quark-antiquark and by quark-photon. The corrections and the
uncertainties are shown in Figure The uncertainty in the predicted number

of SM events due to these corrections is estimated to be about 2.7%.

e Parton density functions (PDFs) PDF's describe the probability distributions
of momentum fractions of partons (quarks and gluons) inside the colliding pro-
tons [77]. They are determined through a combination of experimental measure-
ments and theoretical calculations. However, due to limited experimental data
and the complexity of the proton’s internal structure, PDFs have inherent uncer-
tainties associated with them. The signal simulation is performed with the PDF
set NNPDF31_nnlo_hessian pdfas calculated by the NNPDF Collaboration [78].
This PDF set is provided in the Hessian format, which characterizes the uncer-
tainties by defining a central set of PDFs and a set of 102 variations around the
central values. To assess the uncertainty in the signal model, we evaluate the pre-
dicted event counts, {NO, Nt N102}, by applying the weights to the simulated
events for each PDF variation. The PDF uncertainty in event count is then given
by [79]:

100
oPDF _ Z(Nk _ N0)2
k=1
An additional uncertainty is assigned for the uncertainty in the strong coupling,

ag = 0.018 4+ 0.002, using the last two variations of the PDFs:

102 _ prlo1
2

0% =
The uncertainties are then added in quadrature. The uncertainty in the predicted
number of signal events is estimated to be 1.7% in the barrel region and 1.5% in

the endcaps.

The experimental and theoretical uncertainties in the signal efficiency and the pre-

dicted number of signal events are summarized in Tables and respectively.
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Relative impact on
predicted SM signal yield (%)

Renormalization and factorization scale 6-7.2
Electroweak corrections 2.7
Parton density functions 1.5-1.7

Table 6.10: Relative impact of the theoretical uncertainties on the predicted number of SM
signal events. The uncertainties are given in percent.

In addition to the uncertainties in the signal modeling, the estimation of the back-
ground processes is also affected by a number of uncertainties which can potentially
introduce discrepancies with the actual background in the data. The uncertainties in

each source of background are:

e Electrons misidentified as photons The uncertainty in the size of this back-
ground ranges between 13% and 15% in the barrel region, and between 27% and
45% in the endcaps across the three years. The uncertainty arises from the sta-
tistical uncertainty due to the limited sample size of the control region where the

fake ratio is applied and from the systematic uncertainty in the fake ratio.

e W 4 ~ background The uncertainty in this background after the simultaneous
fit of the control and signal regions is estimated to be 8.9% in the barrel region
and 11.6% in the endcaps for the full data. The simulated estimates of W + ~
in the signal and control regions are affected by the same sources of experimen-
tal uncertainties as those for the signal model, except for the uncertainty in the
luminosity since the simulated estimate in the signal region is scaled by the mea-
surements of this process in control regions in real data. An additional systematic
uncertainty is assigned for the identification efficiency of electrons and muons for
the simulations in the control regions. The uncertainties related to background

contributions in the control regions are also taken into account.

e Jets misidentified as photons As with the background due to electrons misiden-
tified as photons, systematic uncertainties in the fake ratio and the finite sample

size of the control region where the fake ratio is applied both affect the estimation
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of this background. The uncertainty in the size of this background ranges between

2% and 5.6% in the barrel region, and between 8.2% and 20% in the endcaps.

Barrel ECAL spikes The uncertainty in number of barrel ECAL spikes is es-
timated to be between 11% and 17% across the three years. These uncertainties
arise from the limited sample sizes of the shape templates used in the fit of the

timing distribution.

Endcap beam halo background The BDT-based tagger is expected to remove
most of the beam halo background. A small background is expected in the 2016
data, with an uncertainty of 64%.

Simulation-driven background estimates The simulation-driven background
estimates are affected by the same sources of experimental and theoretical un-
certainties in the simulations as those for the signal simulation. A significant
systematic uncertainty also arises due to the limited number of events generated
in these samples, particularly in the endcap region. The total uncertainty in this
background is between 18% and 30% in the barrel region, and between 30%-54%

in the endcaps.
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6.12 Summary of estimated contributions

Figures [6.21] [6.22] and [6.23] display the observed and predicted distributions of photon

transverse momentum in the signal and W 4+ control regions separately for the photons

in the barrel and in the endcaps. These distributions were obtained by a simultane-
ous maximum likelihood fit of the three regions for a measurement of the differential
cross-section of the process pp — Z(— vv)y. The signal component is separated into
fiducial and non-fiducial parts as defined in Equation[6.7] During the fit, the differential
cross-section parameters, the parameters for constraining the W + ~ background from
the control region measurements, and the nuisance parameters for the systematic un-
certainties were adjusted to best match the observed data, resulting in the “predicted”
distributions. The top panel of these figures provides a breakdown of the contributions
from individual processes, while the lower panel presents the ratio of observed to pre-
dicted event counts. The statistical uncertainties of the observed points are indicated
by error bars on black points and the systematic uncertainties in the predictions are
represented by shaded red bands. Additionally, Tables [6.11], [6.12], [6.13] [6.14], [6.15] and
6.16] provide a detailed breakdown of the observed and predicted event counts for each
bin.
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Figure 6.21: Observed and predicted photon pp distributions in the signal region in the barrel
and endcaps, with breakdown of contributions from individual processes
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Figure 6.22: Observed and predicted photon py distributions in the W (— er) + control region
in the barrel and endcaps, with breakdown of contributions from individual processes
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Figure 6.23: Observed and predicted photon p; distributions in the W (— pv) 4~ control region
in the barrel and endcaps, with breakdown of contributions from individual processes



Photon pprange

225 - 235 GeV 235 - 245 GeV 245 - 265 GeV 265 - 285 GeV 285 - 315 GeV
Fiducial signal 153.1 £ 12.7 170.0 +13.8 290.3 £ 23.2 209.8 + 13.8 206.0 + 18.5
Non-fiducial signal 51.44+ 4.4 13.5 £ 1.1 11.9+ 1.0 6.8+ 0.6 5.9+ 0.6
Misidentified electrons 49.3 + 4.4 45.0 + 3.9 75.4+ 6.5 55.4 £ 4.7 58.4 £ 5.0
W 4+~ 43.3 + 6.9 38.4+6.2 58.0 £ 9.0 47.6 £ 7.1 51.3+ 7.5
ECAL spikes 8.1+ 0.6 6.6 + 0.5 9.0+ 0.7 5.9+ 0.5 4.7+ 0.4
Simulated background 151+ 5.9 21.1+7.3 28.9 + 11.7 11.1+5.2 24.1 +6.8
Misidentified jets 6.7+ 0.2 5.2+ 0.4 7.9+0.1 6.1 +0.2 4.0+ 0.3
Total predicted 327.1 £ 17.9 299.7 £ 18.2 481.4 £ 29.6 342.6 £ 18.2 354.4 £ 22.6
Observed 316.0 £ 17.8 290.0 £ 17.0 485.0 £ 22.0 323.0 £+ 18.0 356.0 £+ 18.9

Photon pprange

315 - 355 GeV

355 - 425 GeV

425 - 515 GeV

515 - 615 GeV

615 - 765 GeV

Fiducial signal 160.8 & 13.5 131.1 £ 17.2 68.8 £ 9.7 28.6 £ 5.1 14.7 £ 5.0
Non-fiducial signal 3.9+0.4 2.9+ 0.3 1.2+0.1 0.4+0.1 0.1 +0.0
Misidentified electrons 44.8 + 4.0 39.7 £ 3.7 17.0 + 1.7 9.1+1.1 5.14+0.8
W+~ 29.8 £5.2 29.6 £4.8 11.0+ 2.4 3.8+1.2 1.5+ 0.6
ECAL spikes 2.94+0.2 1.9+0.2 0.7+ 0.1 0.2 + 0.0 0.2 + 0.0
Simulated background 14.3 + 4.8 23.1 6.2 11.1 + 4.1 4.1 £ 2.0 0.7+ 0.4
Misidentified jets 2.6 £0.2 1.4+0.2 0.4+0.1 0.2+0.1 0.0 + 0.0
Total predicted 259.1 £+ 16.4 229.6 + 19.7 110.0 = 11.2 46.2 £ 5.8 22.4+5.1
Observed 255.0 £+ 16.0 232.0 + 15.2 110.0 + 10.5 51.0+ 7.1 23.0 £ 4.8

Photon pprange

765 - 1500 GeV
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Fiducial signal 7.7+ 3.6
Non-fiducial signal 0.0 + 0.0
Misidentified electrons 2.8+ 0.5
W+~ 0.5+0.3
ECAL spikes 0.2 + 0.0
Simulated background 0.7+ 0.4
Misidentified jets 0.0 + 0.0
Total predicted 12.0 + 3.7
Observed 12.0 + 3.5

Table 6.11: Breakdown of event counts in the signal region in the barrel in ranges of photon pr



Photon pprange

225 - 230 GeV

230 - 235 GeV

235 - 270 GeV

270 - 310 GeV

310 - 360 GeV

Fiducial signal 14.2 + 1.3 18.5+ 1.6 121.3 £ 9.7 72.5+ 5.7 40.3 + 3.6
Non-fiducial signal 9.0 £ 0.8 4.8+ 0.5 9.4 + 0.8 3.4+0.3 1.7+0.2
Misidentified electrons 3.1+0.7 2.7+ 0.6 14.9 + 3.1 8.4+1.8 4.8+ 1.0
W+~ 10.2+ 24 25+ 1.2 29.8 £ 4.8 14.1 £ 3.3 9.4+ 2.0
Simulated background 3.2+3.2 3.9+4.7 43.3 +29.6 16.2 + 16.6 3.2+5.4
Misidentified jets 2.1+0.7 0.5+ 0.2 6.1 +0.2 2.6 +0.8 0.6 + 0.3
Beam halo 0.8+ 0.1 0.8 0.0 4.1 +0.2 2.5+ 0.1 1.1 +0.1
Total predicted 42.6 £ 4.4 33.8+5.2 228.8 £31.9 119.7 + 18.1 61.1 £ 7.0
Observed 56.0 £ 7.5 34.0£5.8 246.0 £ 15.7 125.0 &£ 11.2 69.0 + 8.3

Photon pprange

360 - 440 GeV

440 - 1500 GeV

Fiducial signal 22.5 + 3.0 11.6 + 1.8
Non-fiducial signal 0.8+ 0.1 0.3+ 0.0
Misidentified electrons 2.8+ 0.6 1.1+0.3
W+ v 3.5+1.1 2.14+0.6
Simulated background 0.5+ 3.4 0.1+0.2
Misidentified jets 0.4+ 0.3 0.0 £0.0
Beam halo 0.3+ 0.0 0.0 £0.0
Total predicted 30.8 £ 4.8 15.4 + 2.0
Observed 28.0+ 5.3 10.0 + 3.2
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Table 6.12: Breakdown of event counts in the signal region in the endcaps in ranges of photon

pr

Photon pprange

225 - 235 GeV 235 - 245 GeV 245 - 265 GeV 265 - 285 GeV 285 - 315 GeV
W+~ 64.0 + 10.2 55.3 £ 8.9 84.1 +13.0 71.1 £10.6 85.0 + 12.3
Simulated background 15.9 £ 4.0 19.0 + 4.0 26.9 4.6 21.84+3.3 26.1 £4.7
Misidentified jets 4.2+ 0.4 2.8+0.3 3.8+ 0.1 3.3+0.1 2.0+ 0.0
Misidentified electrons 5.8+ 0.6 4.3+£0.5 7.3+£0.6 5.24+0.5 5.1+0.4
Total predicted 89.9 +11.1 81.44+9.8 122.1 +13.9 101.4 + 11.2 118.3 +13.3
Observed 96.0 + 9.8 90.0 £ 9.5 113.0 + 10.6 104.0 + 10.2 126.0 + 11.2
Photon pprange
315 - 355 GeV 355 - 425 GeV 425 - 515 GeV 515 - 615 GeV 615 - 765 GeV
W+~ 55.3 £ 9.5 65.6 + 10.6 29.2+6.4 12.6 +£ 3.8 6.0+ 2.5
Simulated background 19.8 +4.4 12.7 £ 3.5 13.1 +£4.1 3.6 2.9 3.1+£1.3
Misidentified jets 1.6 £0.1 1.0 £ 0.0 0.3+ 0.1 0.1 £ 0.0 0.0 + 0.0
Misidentified electrons 3.24+0.3 2.44+0.2 0.5+ 0.1 0.2+ 0.0 0.0 £0.0
Total predicted 79.9 £+ 10.6 81.7 +11.2 43.1+ 7.6 16.4 + 4.8 9.1+£2.8
Observed 75.0 £ 8.7 86.0 £ 9.3 40.0 + 6.3 19.0 + 4.4 9.0 + 3.0
Photon pprange
765 - 1500 GeV
W+~ 2.0+ 1.2
Simulated background 0.5+ 0.3
Misidentified jets 0.0 + 0.0
Misidentified electrons 0.0 + 0.0
Total predicted 2.6 +1.3
Observed 2.0+1.4

Table 6.13: Breakdown of event counts in the W (— uv)+-y control region in the barrel in ranges
of photon pr



Photon pprange

225 - 230 GeV

230 - 235 GeV

235 - 270 GeV

270 - 310 GeV

310 - 360 GeV

W+~ 15.6 + 3.6 4.1+ 1.9 50.7 £+ 8.2 27.3+6.3 21.9+ 4.6
Simulated background 1.2+0.6 2.6 + 0.9 10.2 £+ 2.5 17.0 + 6.4 3.4+£1.1
Misidentified jets 0.4+ 0.3 0.8+ 0.4 2.7+ 0.4 1.4+0.3 0.6 + 0.2
Misidentified electrons 0.2+0.1 0.3+0.1 1.1+0.2 0.8+ 0.2 0.2+ 0.0
Total predicted 17.4 + 3.7 7.7 £2.2 64.7 + 8.6 46.4 + 9.0 26.1 + 4.8
Observed 16.0 + 4.0 7.0+ 2.6 69.0 + 8.3 49.0 £ 7.0 27.0£5.2
Photon pprange
360 - 440 GeV 440 - 1500 GeV

W+~ 9.9+ 3.1 8.6 +2.5

Simulated background 3.4+1.7 0.7+ 0.3

Misidentified jets 0.3+ 0.2 0.0+ 0.0

Misidentified electrons 0.1 £0.0 0.1 £0.0

Total predicted 13.7+ 3.6 9.3+2.5

Observed 12.0 £ 3.5 4.0+ 2.0

118

Table 6.14: Breakdown of event counts in the W (— uv) + v control region in the endcaps in

ranges of photon pp

Photon pprange

225 - 235 GeV 235 - 245 GeV 245 - 265 GeV 265 - 285 GeV 285 - 315 GeV
W+~ 51.0 + 8.1 45.0 £ 7.2 67.7 £10.5 58.9 + 8.8 71.4 £10.3
Simulated background 19.4 + 8.3 12.6 2.9 39.2 +£17.4 17.7+ 7.6 13.6 = 4.9
Misidentified jets 3.6 +0.4 2.8+ 0.3 4.7+0.4 2.5+ 0.3 2.3+0.1
Misidentified electrons 5.3+ 0.6 3.24+0.3 6.1 +0.8 4.6 +£ 0.5 3.3+ 0.3
Total predicted 79.4 £ 11.7 63.7+£ 7.9 117.7 +20.4 83.7 £ 11.7 90.7 + 11.6
Observed 76.0 + 8.7 57.0+ 7.5 128.0 £ 11.3 86.0 + 9.3 83.0+9.1
Photon pprange
315 - 355 GeV 355 - 425 GeV 425 - 515 GeV 515 - 615 GeV 615 - 765 GeV
W+~ 46.5 + 8.0 54.3 + 8.8 24.6 £5.4 11.1 + 3.4 5.1 +2.2
Simulated background 19.1+4.9 12.7+ 6.8 29+1.7 2.6 +1.4 1.5+0.9
Misidentified jets 1.8+ 0.0 1.0+ 0.1 0.4 + 0.0 0.2+0.1 0.1 +0.0
Misidentified electrons 2.4+0.2 0.9 £0.2 0.7+ 0.1 0.0 £0.1 0.0 £0.0
Total predicted 69.8 £ 9.5 68.9 £ 11.1 28.5+5.7 13.9 £+ 3.7 6.7+ 2.3
Observed 76.0 £ 8.7 64.0 £+ 8.0 31.0+ 5.6 11.0 + 3.3 8.0 + 2.8
Photon pprange
765 - 1500 GeV
W+~ 2.0+ 1.2
Simulated background 0.9+0.4
Misidentified jets 0.0 + 0.0
Misidentified electrons 0.0 + 0.0
Total predicted 29+1.3
Observed 3.0+ 1.7

Table 6.15: Breakdown of event counts in the W (— ev) 4+ control region in the barrel in ranges
of photon pr



Photon pprange
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225 - 230 GeV 230 - 235 GeV

235 - 270 GeV

270 - 310 GeV

310 - 360 GeV

W+~ 14.9+ 3.4 3.6+ 1.7 43.1 £ 7.0 22.3+5.2 19.9+ 4.2
Simulated background 1.3+0.6 0.4+ 0.5 10.2 + 3.6 1.0+ 2.8 4.0 £2.2
Misidentified jets 1.3+£0.5 0.7+ 0.4 5.0+ 1.0 1.5+ 0.5 0.5+ 0.1
Misidentified electrons 0.3+0.1 0.2+0.1 1.24+0.3 0.5+ 0.1 0.2+ 0.0
Total predicted 17.9 + 3.5 4.8+ 1.8 59.5 £ 7.9 25.3+5.9 24.5 +4.8
Observed 16.0 £ 4.0 5.0+ 2.2 52.0 £ 7.2 23.0+£4.8 23.0 £ 4.8

Photon pprange

360 - 440 GeV

440 - 1500 GeV

W+~ 8.6 + 2.8 8.2+ 2.3
Simulated background 3.8+ 1.8 0.5+ 0.2
Misidentified jets 1.1+04 0.0+ 0.0
Misidentified electrons 0.3£0.1 0.1 £0.0
Total predicted 13.8+ 3.3 8.8+ 2.4
Observed 16.0 + 4.0 15.0 + 3.9

Table 6.16: Breakdown of event counts in the W(— ev) + « control region in the endcaps in

ranges of photon pp



Chapter 7

Results

We present the results using the methods described in previous chapters. These include
the estimates of the background processes, the systematic uncertainties, and the signal
models for the cross-section and differential cross-section (as defined in Equation
and the signal models for aNTGCs (Equation .

7.1 Cross-section measurements

The cross-section of the process pp — Z(— vv) + « in the fiducial region defined in
Table is measured separately for the barrel and endcap phase spaces, and then
combined for the full fiducial region. The cross-section is determined by a maximum
likelihood fit to the observed data using a free parameter for the signal model as defined
in Section In order to determine the uncertainty, a scan of the profile likelihood
ratio, A(¢), defined in Equation is performed over the cross-section, . The variable
—21In A(0) follows a x* distribution with one degree of freedom. The uncertainty in o is
determined by the range of o for which —21In A(¢) lies below 1, which corresponds to a
confidence level of 68% for the X2 distribution. The scan is performed separately for each
fiducial phase space. The results of these scans are shown in Figure The impact of
the uncertainties is also assessed by repeating these scans with the associated nuisance
parameters fixed to the best-fit values and comparing the change in the uncertainty.
A breakdown of the uncertainties is shown in these figures. The statistical uncertainty

is between 3% and 6%, and is the largest contribution to the overall uncertainty. The
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second largest uncertainty arises from the modeling of the identification efficiency of the
photons and leptons in the control regions in the simulations, with the photon efficiency
having the larger uncertainty. These contribute about 3% to the overall uncertainty.
The theoretical uncertainties in the simulated background and the signals contribute
between 1-2%. The estimates of the backgrounds derived from measurements in real
data contribute between 3-5%. In addition, there is an uncertainty in the measurement

of the integrated luminosity, which contributes about 1.5%.
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Figure 7.1: The measured cross-section in separate photon pseudorapidity ranges.
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The measured cross-sections are compared with theoretical predictions calculated for

the same fiducial phase spaces using the generators Madgraphb [56, 57] and MATRIX

[71L 67], which perform the QCD calculations at next-to-leading order (NLO) and next-

to-next-to-leading order (NNLO) respectively. The measurements and predictions are

summarized in Table [[.Dl The measured cross-sections are found to favor the NNLO
predictions more than the NLO predictions.

Cross-section (fb)
JL Measured L NLO prediction (Madgraph5) L NNLO Prediction (MATRIX)

Barrel
arre 17.247112 19.98 +0.73 19.33 + 40.33
In| < 1.4442
Endcaps 40.79
8.2075°79 6.56 + 0.30 6.21 £ 0.09
1.4442 < |n| < 2.5
Combination of barrel
OMPIMAKION OF BATEL || oy 174147 26.53 + 0.97 25.45 + 0.41
and endcaps

Table 7.1: Measured and predicted cross-sections in the barrel, the endcaps and the combined
fiducial phase spaces. The predicted cross-sections are calculated at NLO and NNLO in QCD.

7.2 Differential cross-section measurements

The differential cross-section of this process as a function of photon pr is determined by
a maximum likelihood fit using multiple free parameters that correspond to the cross-
sections of the bins of photon pr at the truth level as defined in[6.10.2} The uncertainties
are assessed by performing separate scans of the profile likelihood ratio for each cross-
section parameter. Figure presents the results for the three phase spaces, including
a comparison with theoretical predictions at NLO and NNLO in QCD. In the top panel,
the y-axis displays the differential cross-section obtained by dividing the cross-section
for each bin by the width of the bin. The lower panel shows the ratio between the
predicted and measured cross-sections in each bin. The statistical uncertainties are
represented by gray bands, while the full uncertainties are indicated by black error
bars. The measurements in the barrel region show no significant disagreement with the
predictions, particularly aligning better with the NNLO predictions. However, in the
endcaps, there is a discrepancy that increases systematically with the photon py. The
measurements for the combined phase space exhibit a similar level of agreement as the

barrel region, since most of the selected events fall within this region.
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CMS Preliminary Run II-EB 138 fb™' (13 TeV) CMS Preliminary Run II-EE 138 fb™' (13 TeV)
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Figure 7.2: The measured differential cross-section in separate photon pseudorapidity ranges.
Comparison is shown with theoretical predictions calculated at NNLO and NLO in QCD.
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7.3 Search for aNTGCs

CMS 138 b (13 TeV) CMS 138 b (13 TeV)
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Figure 7.3: Scan of —2In )\(hg7 h}f) over the aNTGC parameters. Best fit values and contours
corresponding to 68%, 95% and 99% confidence levels are shown.

To test for the presence of anomalous neutral triple gauge couplings (aNTGC), the pre-
dicted event count for each bin of observed photon transverse momentum is parametrized
by a quadratic function of (h:‘),/, h}f), defined in Equation Then a scan of the profile
likelihood ratio, A(hy , by ), is performed over each pair of coupling parameters, (h3,h})
and (h3Z, hf) using the data observed in both the barrel and endcaps. The results of
the scans are shown in Figure The variable —21n )\(h;‘;/, hX) follows a X2 distribu-
tion with two degrees of freedom. The confidence contours for the coupling parameters
can be determined by examining the regions where —2In )\(h;,/, h}f) falls below specific
values: 2.30, 5.99, and 9.21. These values correspond to confidence levels of 68%, 95%,
and 99% respectively of the x2 distribution. In the figures for the scans above, the color
scale corresponds to the observed values of —21n )\(h;‘»,/, hX) at each point. The best-fit
values of the coupling parameters and confidence contours are also shown. The pres-
ence of aNTGC would be indicated if the areas within the confidence contours excluded
the point (0,0), which corresponds to the SM prediction. No significant evidence for
aNTGCs is found.
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CMS Barrel 138 fb' (13 TeV) CMS Endcaps 138 b (13 TeV)
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Figure 7.4: Observed and predicted distributions of photon transverse momentum at the best-fit
values of (kY ,hy )

The photon transverse momentum distributions at the best fit values of (h3, h}) and
(hf, hf) are displayed in Figure separately for the barrel and endcap regions. The
top panels show the density of events while the lower panels show the estimated number

of events purely from aNTGC.
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CMS 138 fb™ (13 TeV) CMS 138 fo' (13 TeV)
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Figure 7.5: One-dimensional scan of —21n A(h) over each aNTGC parameter. Confidence inter-
vals at 68%, 95% and 99% confidence levels are shown.

A 1D scan over each coupling parameter, with the other coupling parameter fixed
at zero, is also performed to obtain the confidence intervals over the parameters (Figure
[7.5)). It should be noted that the confidence intervals obtained in this study have im-
proved the bounds on the aNTGC coupling parameters by about an order of magnitude
with respect to the study [1] conducted in the same final state with CMS data collected
during LHC Run I at a center-of-mass energy of 8 TeV and integrated luminosity of
19.6 fb~! (shown in Figure .



Chapter 8
Summary

A search was presented for the anomalous neutral triple gauge couplings ZZ~ and Zv~y
with parameters (h7,h%) and (h3,h}), respectively. Proton-proton collision data col-
lected by the CMS detector during LHC Run II at a center-of-mass energy of 13 TeV,
with an integrated luminosity of 138 fb_l, were used. Measurements of fiducial cross-
sections and differential cross-sections as a function of the photon transverse momentum
were also performed. The photons were selected using a new machine-learning-based
identification method that employs several shower shape variables describing the de-
posits in the electromagnetic calorimeter. This method, compared to a cut-based ap-
proach, increased the selection efficiency by approximately 12% without compromising
jet background rejection. Furthermore, the pseudorapidity coverage of the photons was
extended from 1.44 to 2.5 using another machine-learning algorithm that suppressed
beam halo background in the extended region. The main background sources were esti-
mated using data-driven techniques, while smaller contributions were estimated through
simulation. The analysis did not reveal any significant evidence for anomalous couplings.
The limits on the coupling parameters were tightened by approximately an order of
magnitude compared to CMS analyses conducted with LHC Run I data. The measured
cross-sections were compared with theoretical predictions at next-to-leading-order and
next-to-next-to-leading-order in QCD, demonstrating closer agreement with the latter.
Statistical uncertainties constituted the primary source of uncertainty in these studies
due to the low production rate of events containing a high transverse momentum pho-

ton. Theoretical uncertainties arose primarily from the precision of the prediction for
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the Z(— vv)+~ production cross-section within the framework of the Standard Model,
diminishing the significance of any excess associated with aNTGCs. The primary ex-
perimental uncertainty resulted from the modeling of the photon selection efficiency in
the signal model. Currently, the analysis is undergoing internal review within the CMS
collaboration.

Looking ahead, the LHC is currently in its Run III operation and is anticipated to
collect data with twice the integrated luminosity of Run II. Subsequently, the LHC and
its detectors will undergo upgrades for the High-Luminosity LHC (HL-LHC) phase to
enable the collection of data with a significantly higher integrated luminosity of 3 ab™ !,
In future searches, the statistical uncertainty will be substantially reduced. However, the
experimental uncertainties may not necessarily see significant improvements due to the
challenges posed by the higher pileup interactions resulting from collisions, which will
require further advancements in reconstruction algorithms to mitigate their impact. On
the theoretical front, efforts are ongoing to incorporate higher-order perturbative effects
due to QCD and electroweak interactions to improve the precision of the predicted SM

cross-section.

8.1 Note on contributions

The studies presented in this thesis would not have been possible without the invaluable
contributions of numerous individuals within the CMS collaboration. This collaborative
effort involves approximately 3,000 physicists, along with an additional 1,500 engineers,
technicians, and support staff, who collectively contribute to the operation of the de-
tector, event reconstruction, simulation sample production, and provision of computing
resources. In the context of this thesis, several physicists worked closely with the author
to achieve the goals of the research.

Dr. Shilpi Jain (UMN and Tata Institute of Fundamental Research) has made
invaluable contributions by deriving the fake ratios used to estimate background events
arising from electrons misidentified as photons in the barrel region. Dr. Jain’s expertise
was instrumental in developing a machine-learning-based tagger to mitigate beam halo
background, accurately estimating the residual background resulting from beam halo,

and deriving corrections for the photon BDT model.
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Dr. Giulia Sorrentino (INFN, Trieste and Kansas State University) has played a
crucial role by calculating efficiency correction scale factors for the photon identification
method, and determining the fake ratios to estimate the background originating from
electrons misidentified as photons in the endcap region.

Dr. De-Lin Xiong (Florida State University) conducted a comprehensive study on
the background arising from ECAL spikes in the barrel region and estimated its contri-
bution.

The author of this thesis played a central role by developing the photon identifi-
cation method, generating simulation samples for the signal models, deriving theoret-
ical corrections for these models, processing signal and background samples from the
CMS computing servers, applying corrections to reconstructed objects using recipes
derived by sub-groups within the CMS collaboration, estimating the background from
jets misidentified as photons and from the W 4 process, developing the signal models
for the measurements of the cross-sections, differential cross-sections and the anoma-
lous couplings, calculating the impact of the individual systematic uncertainties, and

performing the statistical analyses for the obtained results.
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