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Data collected by the Compact Muon Solenoid experiment at the Large Hadron

Collider, which collides protons at a center-of-mass energy of approximately 14 TeV,

enable tests of the Standard Model of Particle Physics and searches for physics beyond the

Standard Model. This thesis presents studies of radiation damage to plastic scintillators,

used to produce signals in the CMS calorimeter system, and a search for a beyond-the-

Standard-Model particle, the Soft Unclustered Energy Pattern (SUEP).

The effects of ionizing radiation on the light output and the optical properties of

plastic scintillators are assessed for a variety of materials, dopant concentrations, fluors,

antioxidant concentrations, sample thicknesses, doses, and dose rates. Depending on the

dose rate, the samples exhibit internal regions with different refractive indices separated

by a visible boundary. Measurements of the boundary depth indicate compatibility with

the expected oxygen penetration depth during irradiation. The refractive indices of the



internal regions are higher than those of the outer regions, which match the indices of

unirradiated samples.

Dark sectors with a large t’Hooft coupling can give rise to SUEP, which are final

states characterized by large charged particle multiplicities. A search for SUEP producing

muons in the final state is also presented. The expected 95% CL upper limits for the cross

sections indicate that, once unblinded, the search will be able to set upper limits about

3-4 orders of magnitude lower than the theory predictions, meaning that it is capable of

either excluding the theory or discovering new physics.



SEARCH FOR SOFT UNCLUSTERED ENERGY PATTERNS AT THE
LARGE HADRON COLLIDER

AND STUDIES OF RADIATION DAMAGE IN PLASTIC
SCINTILLATORS

by

Christos Papageorgakis

Dissertation submitted to the Faculty of the Graduate School of the
University of Maryland, College Park in partial fulfillment

of the requirements for the degree of
Doctor of Philosophy

2025

Advisory Committee:
Professor Sarah Eno, Chair/Advisor
Professor Alberto Belloni
Professor Christopher Palmer
Professor Kaustubh Agashe
Professor Michael C. Laskowski, Dean’s Representative



© Copyright by
Christos Papageorgakis

2025



Acknowledgments

First and foremost, I would like to express my deepest gratitude to my advisor, Prof.

Sarah Eno, for her unwavering support and guidance throughout my PhD journey. Her

mentorship has been invaluable to me, both scientifically and personally.

I am also very grateful to Prof. Alberto Belloni and Prof. Christopher Palmer for

their thoughtful comments and guidance over the years. I am thankful to Dr. Timothy

Edberg for the excellent collaboration on the plastic scintillator projects. I would also like

to thank the CMS SUEP group, and in particular Prof. Karri Folan DiPetrillo, Dr. Kevin

Pedro, Dr. Chad Wells Freer, and Dr. Carlos Erice Cid. Our insightful discussions and

their feedback were important for the development of the search for SUEP with muons.

On a more personal note, I am always grateful for my family, my parents and my

brother, who are always there for me. This PhD would not have been possible without

the support of all my friends. First, all my friends from the Physics Department: Martin,

Nick, Jake, Selu, Adam, Zack, Alex, just to name a few. But especially Stefano, for all

the wonderful space observation and astrophotography nights, and Yihui, for all the

exciting ski trips. Second, all my Greek friends: Leo, Chris, Panos, Eleftheria, Yoho, Leo,

Danae, Angelos, and Panagiotis. Finally, all my friends back in Greece: Giannis, Lefteris,

Vangelis, Artemis, Eirilena. Without your support, I wouldn’t have made it. Thank you!

ii



Table of Contents

Acknowledgements ii

Table of Contents iii

List of Tables vii

List of Figures ix

List of Abbreviations xviii

Chapter 1: Introduction 1

I Introduction to the Standard Model and CMS 4

Chapter 2: The Standard Model of particle physics 5
2.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5
2.2 The Standard Model of Particle Physics . . . . . . . . . . . . . . . . . . . . 6

2.2.1 Quantum Electrodynamics . . . . . . . . . . . . . . . . . . . . . . . 7
2.2.2 Electroweak Theory . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8
2.2.3 The Brout-Englert-Higgs mechanism . . . . . . . . . . . . . . . . . . 11
2.2.4 Quantum Chromodynamics . . . . . . . . . . . . . . . . . . . . . . . 15
2.2.5 Shortcomings of the Standard Model . . . . . . . . . . . . . . . . . . 17

Chapter 3: The Compact Muon Solenoid experiment 19
3.1 The Large Hadron Collider . . . . . . . . . . . . . . . . . . . . . . . . . . . . 19

3.1.1 The CERN accelerator complex . . . . . . . . . . . . . . . . . . . . . 20
3.1.2 The Large Hadron Collider . . . . . . . . . . . . . . . . . . . . . . . 20
3.1.3 Luminosity . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 24

3.2 The Compact Muon Solenoid experiment . . . . . . . . . . . . . . . . . . . 25
3.2.1 Pixel tracker . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 27
3.2.2 Silicon strip tracker . . . . . . . . . . . . . . . . . . . . . . . . . . . . 28
3.2.3 Electromagnetic calorimeter . . . . . . . . . . . . . . . . . . . . . . . 30
3.2.4 Hadron calorimeter . . . . . . . . . . . . . . . . . . . . . . . . . . . . 30
3.2.5 Superconducting solenoid magnet . . . . . . . . . . . . . . . . . . . 32
3.2.6 Muon detectors . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 33
3.2.7 The triggering and data acquisition system . . . . . . . . . . . . . . 37

iii



3.2.8 Luminosity and beam conditions . . . . . . . . . . . . . . . . . . . . 40
3.3 Offline software and computing . . . . . . . . . . . . . . . . . . . . . . . . . 41
3.4 Monte Carlo simulations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 41
3.5 Reconstruction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 42

3.5.1 Track fitting and reconstruction . . . . . . . . . . . . . . . . . . . . . 43
3.5.2 Muon reconstruction . . . . . . . . . . . . . . . . . . . . . . . . . . . 43
3.5.3 The particle flow algorithm . . . . . . . . . . . . . . . . . . . . . . . 44

II Radiation damage in plastic scintillators 45

Chapter 4: Introduction to plastic scintillators 46
4.1 Plastic scintillators in high-energy physics . . . . . . . . . . . . . . . . . . . 46
4.2 Working principles of plastic scintillators . . . . . . . . . . . . . . . . . . . 47
4.3 Radiation damage in plastic scintillators . . . . . . . . . . . . . . . . . . . . 48

Chapter 5: The effect of dose rate on radiation damage 50
5.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 50
5.2 Mechanisms and effects of radiation-induced changes to phenyl-based

polymeric scintillators . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 52
5.2.1 The reactions of the C-centered radicals in the absence of oxygen . 55
5.2.2 The reactions of the C-centered radicals in the presence of oxygen . 55

5.3 Sample and irradiation details . . . . . . . . . . . . . . . . . . . . . . . . . . 58
5.4 Measurement technique . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 60
5.5 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 63
5.6 Thickness, fluor concentration, and antioxidant concentrations . . . . . . . 68
5.7 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 73

Chapter 6: Effects of radiation damage on optical properties of scintillators
and the role of oxygen. 77

6.1 Oxygen diffusion theory . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 77
6.1.1 Oxygen diffusion in polymers . . . . . . . . . . . . . . . . . . . . . . 78
6.1.2 JAERI model for oxidation during irradiation . . . . . . . . . . . . . 81
6.1.3 Photo-oxidation model . . . . . . . . . . . . . . . . . . . . . . . . . . 90

6.2 Refractive index theory . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 95
6.3 Experimental setup and procedures . . . . . . . . . . . . . . . . . . . . . . . 99

6.3.1 Samples and irradiations . . . . . . . . . . . . . . . . . . . . . . . . . 99
6.3.2 After irradiation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 100
6.3.3 Refractive index boundary depth . . . . . . . . . . . . . . . . . . . . 101
6.3.4 Refractive index measurement . . . . . . . . . . . . . . . . . . . . . 102

6.4 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 106
6.5 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 112

iv



III Search for Soft Unclustered Energy Patterns with muons 114

Chapter 7: Introduction to SUEP 116

Chapter 8: Signal models for SUEP 119

Chapter 9: Data and Monte Carlo samples 126
9.1 Datasets . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 126
9.2 Monte Carlo samples . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 127

9.2.1 Background samples . . . . . . . . . . . . . . . . . . . . . . . . . . . 127
9.2.2 Signal samples . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 130

9.3 Corrections . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 133
9.3.1 Pileup reweighting . . . . . . . . . . . . . . . . . . . . . . . . . . . . 133
9.3.2 L1 prefiring . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 133

Chapter 10: Object selection 137
10.1 Muons . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 137

10.1.1 General muon selection . . . . . . . . . . . . . . . . . . . . . . . . . 137
10.1.2 Selections for the analysis subregions . . . . . . . . . . . . . . . . . 138
10.1.3 Muon corrections . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 138

10.2 Tracks . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 139

Chapter 11: Analysis strategy 141

Chapter 12: Event selection 143
12.1 Triggers . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 143
12.2 Pre-selection . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 145
12.3 Muon sources . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 146
12.4 Selection regions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 147

12.4.1 Control regions (CR) . . . . . . . . . . . . . . . . . . . . . . . . . . . 147
12.4.2 Signal regions (SR) . . . . . . . . . . . . . . . . . . . . . . . . . . . . 153
12.4.3 Validation region (VR) . . . . . . . . . . . . . . . . . . . . . . . . . . 160

12.5 Selection summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 162

Chapter 13: Background Estimation 166
13.1 Expected backgrounds . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 166
13.2 Extrapolation method . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 169
13.3 Validation of the extrapolation method . . . . . . . . . . . . . . . . . . . . . 176

Chapter 14: Systematic Uncertainties 181
14.1 Experimental uncertainties . . . . . . . . . . . . . . . . . . . . . . . . . . . . 181

14.1.1 Pileup . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 181
14.1.2 L1 prefiring . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 181
14.1.3 Muon scale factors . . . . . . . . . . . . . . . . . . . . . . . . . . . . 182
14.1.4 Luminosity . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 182
14.1.5 Track efficiency . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 183

v



14.2 Theoretical uncertainties . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 184
14.2.1 Matrix element renormalization and factorization scales . . . . . . 184
14.2.2 Matrix element parton distribution function . . . . . . . . . . . . . . 185
14.2.3 Parton shower . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 186

14.3 Summary of systematic uncertainties . . . . . . . . . . . . . . . . . . . . . . 186

Chapter 15: Results 189
15.1 Prefit plots . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 189
15.2 Signal model assignment for the SRs . . . . . . . . . . . . . . . . . . . . . . 190
15.3 Combine fit and postfit plots . . . . . . . . . . . . . . . . . . . . . . . . . . 191
15.4 Impact plots . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 193

15.4.1 Expected limits . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 195

IV Final remarks 201

Chapter 16: Summary and conclusions 202

V Appendices 206

Appendix A:List of scintillator samples 207

Appendix B: N − 1 plots 210
B.1 N − 1 plots for CRQCD . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 210
B.2 N − 1 plots for CRDY . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 211
B.3 N − 1 plots for SRlow T . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 217
B.4 N − 1 plots for SRhigh T . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 222

Appendix C: SR signal yields 227

Appendix D:Limits 235

Bibliography 246

vi



List of Tables
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Chapter 1: Introduction

Emerging in the 1920s with the quantum revolution and expanding rapidly during

the second half of the 20th century, the study of elementary particles has transformed our

understanding of the most fundamental building blocks of nature. A sustained stream of

discoveries has revealed a wealth of subatomic particles and is shedding light on their

behavior and interactions.

The field of particle physics was effectively inaugurated by the discovery of the

electron in the late 19th century by Thomson et al. and the discovery of the nucleus

by Rutherford in 1918. The pioneering work of Bohr, Heisenberg, Schrödinger, and

others led to the development of quantum mechanics by the early 1930s, followed by

the introduction of quantum field theory (QFT) after the seminal work of Dirac. Modern

particle physics owes much of its existence to Feynman, who democratized QFT calcula-

tions by inventing the Feynman rules and diagrams. Additionally, particle acceleration

technology has evolved significantly since its infancy in the 1950s, contributing a long

list of discoveries during the last 50 years, which culminated in the discovery of the

Higgs boson in 2012 [25, 26] and the completion of the cornerstone of particle physics,

the Standard Model (SM).

Despite the resounding success of the SM in incorporating all known particles, there
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is overwhelming evidence that it is not the ultimate description of reality. A series of

observations and discoveries, with the most notable being the discovery of neutrino

oscillations [27] and the need for dark matter to explain astronomical and cosmological

observations, have highlighted the need for Beyond the Standard Model (BSM) physics. In

this frontier, a large number of novel theories have been proposed, aspiring to supersede

the SM, including but not limited to Grand Unified Theories (GUTs), supersymmetry

(SUSY), extra dimensions, sterile neutrinos, and axions, to name a few.

Of special interest to this thesis are the hidden valley or dark sector models, which

attempt to extend the SM by adding a new confining gauge group [28]. This family of

BSM models is capable of producing some very unique signatures at the LHC collisions,

one of which is the Soft Unclustered Energy Patterns (SUEP). These are states with very

large multiplicities of low-energy particles that are distributed uniformly in the detector.

A search for SUEP final states with muons using data from LHC collisions collected with

the CMS experiment is presented in this thesis.

Searches for new physics require large amounts of high-quality collision data. En-

suring the smooth and continuous operation of particle detectors is therefore deemed

critical. One challenge in keeping particle detectors operational is the ionizing radiation

that is created by the particle collisions. In fact, the quest for higher luminosities leads

inevitably to larger exposures to radiation. Developing our understanding of the un-

derlying mechanisms that cause diminished particle detection efficiency after radiation

exposure is a stepping stone to realizing more resilient experiments. A significant part of

this thesis is dedicated to studies of radiation damage in plastic scintillator, which is one

of the most ubiquitous materials used for particle detection.
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This dissertation is divided into three parts. Part I contains two chapters that intro-

duce fundamental concepts of particle physics. Chapter 2 provides a short introduction

to the Standard Model of particle physics, and Chapter 3 describes the Large Hadron

Collider (LHC) and the Compact Muon Solenoid (CMS) experiment in detail. Part II

consists of three chapters and examines radiation damage in plastic scintillators. Chapter

4 introduces plastic scintillators and their susceptibility to radiation. Chapter 5 presents

studies of the effect of dose rate on radiation damage in plastic scintillators. Chapter 6

investigates the effects of radiation and the role of oxygen on the optical properties of

plastic scintillators, with emphasis on the refractive index.

Part III includes nine chapters that describe a search for Soft Unclustered Energy

Patterns (SUEP) with data collected at the LHC with the CMS experiment. Chapter

7 motivates searches for dark sector models for Beyond Standard Model physics, and

briefly introduces the concept of the SUEP. Chapter 8 describes in detail the SUEP and

the benchmark model that is used to generate SUEP Monte Carlo (MC) events. Chapter

9 specifies the data and MC samples used. Chapter 10 presents the objects used in the

analysis and their cleaning selections. Chapter 11 explains the analysis strategy and

argues for the chosen background estimation method. Chapter 12 shows the event

selection criteria and presents the analysis regions. Chapter 13 builds and validates

the background estimation method. Chapter 14 offers an overview of the systematic

uncertainties considered in the analysis. Chapter 15 presents the final results, including

the expected 95% CL upper limits for the cross section of the SUEP benchmark model.

Finally, Chapter 16 summarizes the results for Parts II and III, discusses the impact of

this work, and explores potential relevant improvements and new directions.
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Part I

Introduction to the Standard Model and CMS
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Chapter 2: The Standard Model of particle physics

2.1 Introduction

The fundamental subatomic particles are categorized into two families based on

their spin values. Particles with half-integer spin values follow the Fermi-Dirac statistics

and are named fermions. All fundamental fermions have spin 1
2 . The fermions are

further divided into leptons and quarks based on their interactions. The family of leptons

includes the electron (e), the muon (µ), the tau (τ), and their corresponding neutrinos (νe,

νµ, and ντ). There are six quarks: up, down, strange, charm, bottom, and top. Ordinary

matter is composed of fermions. For example, atomic nuclei are composed of hadrons,

which are bound quark states, and atoms are formed by combining atomic nuclei with

electrons.

Particles with integer spin values follow the Bose-Einstein statistics and are named

bosons. These include the photon, γ, the W± and Z bosons, and the gluon, g. All these

bosons, which are also called vector bosons, have spin 1. Fermions interact by exchanging

bosons, which act as force carriers, allowing quantum matter to ”feel” forces. There are

three fundamental forces at the quantum level: the electromagnetic force, mediated

by photons; the weak force, mediated by the W± and Z bosons; and the strong force,

mediated by the gluons.
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There is one last special particle, named the Higgs boson, which is a scalar boson,

meaning it has spin 0. It is the only known fundamental particle with spin 0, and it plays

a vital role in explaining the masses of the vector bosons by introducing the concept of

spontaneous symmetry breaking. All fundamental particles are depicted in Figure 2.1.
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Figure 2.1: The Standard Model of Particle Physics. Taken from [1].

2.2 The Standard Model of Particle Physics

The Standard Model (SM) of particle physics, one of the greatest scientific successes

of the 20th century, provides a widely accepted and mathematically consistent description
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of all elementary particles and their interactions.

Mathematically, the Standard Model is a renormalizable gauge quantum field theory

that describes all fundamental particles as excited states of their underlying quantum

fields. It is built around the fundamental concept of local gauge invariance

ψ → eiα(x)ψ, (2.1)

where ψ is a quantum field and α(x) is a function of spacetime. Local gauge invariance

implies that the physics (i.e., the Lagrangian) is invariant under such transformations.

These invariances are called symmetries of the model.

The SM follows a local SU(3)c × SU(2)L × U(1)Y gauge symmetry, where Y repre-

sents the weak hypercharge, L denotes left-handedness, and c denotes color charge. The

electromagnetic and weak forces, in particular, can be described in a unified manner by

the SU(2)L × U(1)Y symmetry group, known as the electroweak (EW) symmetry.

2.2.1 Quantum Electrodynamics

Considering a fermion field, it is described by the Dirac Lagrangian

L = ψ̄(iγµ∂µ − m)ψ, (2.2)

where ψ is a four-component bispinor field, γµ are the Dirac matrices that are the genera-

tors of the Dirac algebra, ψ̄ is the adjoint bispinor ψ†γ0, and m is the mass of the fermion.

If we consider the spacetime field of the electromagnetic (EM) force, Aµ(x), then we can
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easily see using the covariant derivative

Dµψ = (∂µ + ieAµ(x))ψ (2.3)

that ψ is invariant under the transformation

Dµψ → eiα(x)Dµψ. (2.4)

The quantity

Fµν = ∂µAν − ∂νAµ (2.5)

is also invariant. This quantity can be used to defined the kinetic term −1
4 FµνFµν of the

EM field. The Lagrangian that describes fermions in the presence of an EM field is

L = −1
4

FµνFµν + ψ̄(iγµDµ − m)ψ. (2.6)

This Lagrangian is called the Quantum Electrodynamics (QED) Lagrangian and is invari-

ant under local U(1)EM gauge transformations. It describes well the interactions between

electrons, positrons, and photons, and it involves only one quantum number, the electric

charge, Q.

2.2.2 Electroweak Theory

Adding the weak interaction to the description involves the introduction of some

new concepts.
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First, the chirality projection operators are defined as

PL,R =
1 ∓ γ5

2
, (2.7)

where γ5 ≡ iγ0γ1γ2γ3. The PL and PR operators can be used to decompose spinors into

their left and right-handed components.

According to the electroweak (EW) theory, two quantum numbers are required

to describe the EW symmetry, SU(2)L × U(1)Y. The first quantum number, which is

associated with the SU(2) subgroup, is the weak isospin, T, and takes half-integer values

for particles that interact with the W± bosons. This quantum number is accompanied by

its component, T3, along the 3-axis.

In EW theory, the three generations of left-handed leptons are grouped in doublets

 νe

e−


L

,

 νµ

µ−


L

,

 ντ

τ−


L

, (2.8)

where all the left-handed neutrinos (top rows) have T3 = 1
2 , while the left-handed e, µ, τ

have T3 = −1
2

Similarly, the three generations of left-handed quarks are also grouped in doublets

 u

d


L

,

 c

s


L

,

 t

b


L

, (2.9)

All right-handed fermions have zero weak isospin and, therefore, are represented
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by singlet states. For the right-handed leptons:

e−R , νe,R, µ−
R , νµ,R, τ−

R , ντ,R, (2.10)

and for the right-handed quarks:

uR, dR, cR, sR, tR, bR. (2.11)

The second quantum number is called weak hypercharge, Y, and it is defined by

the Gell-Mann–Nishijima relation

Q =

(
T3 +

Y
2

)
. (2.12)

This quantum number is associated with the U(1) subgroup.

There are two covariant derivatives defined, separately for the doublets and the

singlets:

doublet states: Dµ = ∂µ + igσαWα
µ + ig′

Y
2

Bµ, (2.13)

singlet states: Dµ = ∂µ + ig′
Y
2

Bµ, (2.14)

where the gauge field Bµ is associated with the U(1) symmetry, the Wα
µ are the compo-

nents of the gauge field associated with the SU(2) symmetry, σα are the group generators,

and g and g′ are coupling constants.

The Lagrangian for the fermion terms can be constructed like the one in Eq. 2.6. The
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field kinetic term of the Lagrangian is

Lfield kin. = −1
4

BµνBµν −
1
4

Wα,µνWα
µν (2.15)

Therefore, the EW theory involves four massless boson fields: W1, W2, W3, and B.

The only missing component is a way to generate the massive W±, Z bosons, and the

massless photon.

2.2.3 The Brout-Englert-Higgs mechanism

A SU(2) doublet of complex scalar fields is introduced

Φ =

 ϕ+

ϕ0

 , ϕ+, ϕ0 ∈ C. (2.16)

The Higgs doublet has weak isospin T = 1
2 . The 3-axis component, T3, is 1

2 for ϕ+ and

−1
2 for ϕ0. Also, ϕ+ has Q = +1 and ϕ0 has Q = 0. Therefore, the Higgs doublet has

weak hypercharge Y = 1.

The Lagrangian for the scalar field is

Lscalar = (DµΦ)†(DµΦ)− V(Φ), (2.17)

where Dµ is the covariant derivative for the doublet from Eq. 2.14 and V(Φ) is the
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potential of the scalar field. It turns out that the Higgs potential is a good choice

V(Φ) = −µ2Φ†Φ + λ(Φ†Φ)2, (2.18)

where λ and µ are arbitrary parameters, with λ > 0 to have a potential minimum.

The minimum potential energy is called vacuum expectation value (VEV) and it is

given by

⟨VEV⟩ = |ϕ|2 =
µ2

2λ
. (2.19)

This minimum is not unique but exists along a circle in the (ϕ, ϕ∗) plane. This implies

that, to obtain the vacuum state, we are forced to pick a place along the ring, which

amounts to breaking a symmetry. This is commonly referred to as spontaneous symmetry

breaking [29, 30], and according to Goldstone’s theorem, it gives rise to massless scalar

fields that are named Goldstone bosons [31]. The shape of the potential along with the

minimum can be seen in Figure 2.2. The symmetry breaking is demonstrated by points A

and B. Point B breaks the symmetry of the circle of minimum values.

Eventually, the Higgs doublet at the vacuum is

Φ(x) =
1√
2

 0

υ + h(x)

 , (2.20)

where υ =
√

2⟨VEV⟩, and h(x) a perturbation around the minimum. Substituting this

into the Higgs Lagrangian, in Eq. 2.17, yields mixing terms. These can be removed by
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Re(ϕ)
Im(ϕ)

V (ϕ)

A

B

Figure 2.2: The Mexican hat Higgs potential. Code was fetched from [2].

introducing the rotation

 W3
µ

Bµ

 =

 cos θW sin θW

− sin θW cos θW


 Zµ

Aµ

 , (2.21)

where θW is called the weak mixing angle with

tan θW =
g′

g
. (2.22)

Eventually, the fields for W±, Z, and the photon are given by the following combi-
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nations

W±
µ =

1√
2
(W1

µ ∓ iW2
µ), (2.23)

Zµ =
1√

g2 + g′2
(gW3

µ − g′Bµ), (2.24)

Aµ =
1√

g2 + g′2
(gW3

µ + g′Bµ), (2.25)

with the masses of the W±, Z, and the photon defined using

mW =
1
2

υg, (2.26)

mZ =
1
2

υ
√

g2 + g′2 =
mW

cos θW
, (2.27)

mγ = 0. (2.28)

The lepton masses can be explained by adding Yukawa couplings, yi, between them

and the Higgs field. Since only e, µ, τ have mass, the terms in the Lagrangian look like

−yi L̄iΦei
R, and the lepton masses are given by mi =

yiυ√
2
.

For the quarks, both up and down families (here, up also includes the charm and

top, and down includes the strange and bottom) have mass. However, up and down

have opposite T3 values. Therefore, the Yukawa terms are

Lq, Yuk. = −Yd
ijQ̄

iΦDj
R − Yu

ij Q̄
iΦ̃U j

R + h.c., (2.29)

where Yd
ij and Yu

ij are the Yukawa couplings for down and up, Q is the quark doublet,

Φ̃ = iτ2Φ∗ is the conjugate Higgs doublet, and DR and UR are the down and up right-
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handed singlets. Eventually, the terms for the couplings between up and down quarks

and the W bosons in the Lagrangian involve mixing parameters Vij. These parameters

form a 3 × 3 matrix called the Cabibbo-Kobayashi-Maskawa (CKM) matrix. The diagonal

terms give the couplings between up and down quarks of the same generation. The

off-diagonal terms are quark flavor-violating terms, and their values have been measured

experimentally to be non-zero [32].

2.2.4 Quantum Chromodynamics

The strong force is an interaction that takes place between quarks, and it is mediated

by gluons. The quarks carry a color charge that is independent of their electric charge.

The color charge has three types: red (r), green(g), and blue(b). Like QED and EW, the

strong interaction is described by local gauge symmetry, which in this case follows the

SU(3) group. This group has 8 generators, given by matrices Tα. The QCD Lagrangian is

LQCD = ψ̄i(iγ
µ(Dµ)ij − mδij)ψj −

1
4

Ga
µνGµν

a , (2.30)

where ψi are the quark fields, and Ga
µν is the gluon field strength tensor. The Ga

µν is

defined as

Ga
µν = ∂µAa

ν − ∂νAa
µ + gs f abcAa

µAa
ν, (2.31)

where Aa
µ are the gluon fields, gs is the strong force coupling constant, and f abc are the

structure constants of SU(3). The last term is the kinetic term for the glue field. The
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covariant derivative of QCD is

(Dµ)ij = ∂µδij − igs(Ta)ijAa
µ, (2.32)

where Ta are the 8 generators of the SU(3) group.

According to QCD, there is asymptotic freedom, which means that the interaction

strength diminishes with increased energy scales. Another QCD property is confinement,

according to which isolating colored states, like quarks, is impossible. Attempting to

separate two quarks will give them sufficient energy to create a quark-antiquark pair and

keep them confined. Therefore, quarks are typically bound inside hadrons, like protons,

which have a uud structure. In fact, the three structural quarks are called the valence

quarks. These are embedded in a soup of gluons and other quarks, called sea quarks. All

these particles are collectively called partons. For the scattering between hadrons A and

B, the QCD factorization theorem gives the cross section [33]

σ(AB → FX) = Σa,b

∫
dx1dx2 f (a, x1, Q2) f (b, x2, Q2)σ̂(ab → F), (2.33)

where F is the produced final state, X is the remnant of the scattering, a and b are the

partons, x1 and x2 are the momentum fractions of the partons, and Q2 is the energy scale

of the process. The functions f (parton, x, Q2) are the parton distribution functions, and

they are described by the DGLAP equations [34].
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2.2.5 Shortcomings of the Standard Model

Despite its great success, the Standard Model is not a theory of everything since a

number of open problems and questions exist.

From the theoretical standpoint, the absence of a description for gravity at the

quantum level, the Yang-Mills mass gap problem affecting the mathematical consistency

of the theory, the matter-antimatter asymmetry, the hierarchy problem, the reliance on

parameter fine-tuning through experiments, and the strong CP problem all point to a

lack of understanding of the underlying physics.

However, the most striking problems for the SM originate from experimental results.

According to the SM, neutrinos are not supposed to oscillate between the different lepton

flavors. Neutrino oscillations have been observed experimentally [27], and the most

reasonable explanation is that neutrinos are massive. Accommodating masses for the

neutrinos most likely involves extensions of the SM and new physics.

Cosmological observations appear to agree with the ΛCDM model [35], which

predicts that about 26% of the universe should be cold dark matter and about 69% should

be dark energy, leaving only 5% to ordinary matter. The vacuum energy predicted by

the SM is many orders of magnitude smaller than the observed density of dark energy.

Additionally, there is significant evidence that dark matter is composed of particles that

do not interact with light and are not included in the SM [36].

The first evidence for dark matter originated from observations of gravitational

anomalies in the Coma Cluster of galaxies [37]. The observation of anomalous galaxy

rotation curves [38] established the idea that there are galaxy halos composed of dark
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matter. Such curves are shown in Figure 2.3 along with a fit and curves for the compo-

nents, including the dark halo [3]. Additional evidence has piled up since then, including

gravitational lensing results, such as that of the Bullet Cluster [39], and the Cosmic

Microwave Background anisotropies [40], which are explained well by the existence of

cold dark matter of particle nature.

Figure 2.3: Rotational curves of galaxies. The solid lines are three-parameter fits, dashed
curves are for visible components, dotted curves are for gas components, and the dash-
dot curves are for the dark halo. Figure taken from [3].

All these open questions corroborate the hypothesis that there is physics beyond

the Standard Model (BSM). A large number of BSM theories have been proposed to date,

including supersymmetry, extra dimensions, leptoquarks, sterile neutrinos, axions, and

grand unified theories. No evidence supports any BSM theories over the SM as of the

time of writing this thesis. A new proposed extension of the SM, based on a class of BSM

theories, called dark sectors, is introduced in Chapters 7 and 8. Part III of this dissertation

is dedicated to searching for this BSM extension through a newly predicted signature

named Soft Unclustered Energy Patterns (SUEP) using collision data from the Large

Hadron Collider at CERN.
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Chapter 3: The Compact Muon Solenoid experiment

Since beginning its operation in 2010, the Large Hadron Collider (LHC) has re-

peatedly proven to be an invaluable tool in the quest to explore the fundamental blocks

of nature. By offering access to center-of-mass energies of 13 TeV (and more recently

13.6 TeV) and producing many orders of magnitude more collision data compared to all

previous endeavors, it has significantly contributed to our understanding of the laws

that govern particle physics. At the epicenters of the particle collisions, the interaction

points, four particle physics experiments are housed, out of which two, ATLAS and

CMS, are general-purpose particle physics experiments managed by major international

collaborations. A significant part of the work that is presented in this dissertation was

performed as part of the CMS experiment using data from collisions provided by the

LHC. Section 3.1 gives a brief introduction to the LHC and Section 3.2.

3.1 The Large Hadron Collider

The LHC is the world’s largest and most powerful particle accelerator and collider.

Located at the Franco-Swiss border near Geneva, it can accelerate and collide protons at

a design energy of 14 TeV with a luminosity of 1034 cm−2s−1 [41].
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3.1.1 The CERN accelerator complex

The LHC comprises only the final stage of a chain of particle accelerators that form

the CERN accelerator complex. The protons are initially stored in a bottle as hydrogen

gas. Until 2020, the hydrogen atoms were fed to an ionization chamber to strip the

electrons. Then the remaining protons were inserted into the linear accelerator LINAC2

to be brought to an energy of 50 MeV. Since 2020, the hydrogen atoms have been inserted

into a negative hydrogen ion, H–, source, which adds electrons to the hydrogen atoms to

convert them to negative ions with energy 95 keV. The resulting negative ions are fed into

the linear accelerator LINAC4 [42] to be accelerated to an initial energy of 150 MeV, and

then they are directed to the Proton Booster Synchrotron (PBS), which strips the electrons

to convert the H– to protons using a foil at the injection point, accelerates them to 2 GeV,

and places them into bunches of 1011 protons. The proton bunches are then transferred

to the Proton Synchrotron (PS), which brings their energy to 25 GeV, and then to the

Super Proton Synchrotron (SPS) to attain a final energy of 450 GeV. Finally, the SPS injects

sequences of proton bunches, named trains, into the LHC. An in-depth description of

the LHC injector chain can be found in [43]. A detailed layout of the CERN accelerator

complex can be seen in Figure 3.1 [4].

3.1.2 The Large Hadron Collider

The LHC is a long double-ring particle accelerator and collider with a perimeter

of 26.7 km. It is located in an underground tunnel, which was repurposed from the

older large electron-positron collider (LEP), at depths ranging from 50 to 175 m below
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Figure 3.1: Layout of the CERN accelerator complex. The LINAC 4, the Booster, and the
PS are shown in shades of purple, while the SPS and the LHC are shown in shades of
blue. The four interaction points of the LHC are shown with filled yellow circles. Figure
taken from [4].

the Earth’s surface. The collider is divided into eight equal-length sections (octants),

corresponding to the access points from the surface. Each octant serves a different

purpose for the machine. Major physics experiments are located at points 1, 2, 5, and

8. The large, general-purpose experiments ATLAS and CMS are at the antipodal points

1 and 5, respectively, while the more specialized experiments ALICE and LHCb are at

points 2 and 8, respectively. The interaction points are displayed with yellow circles in

Figure 3.1.

The protons are injected by the SPS in opposite directions into the two parallel rings
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of the machine at two injection points at octants 2 and 8. The proton beams are kept in

circular orbit by 1232 15-meter-long dipole magnets that are able to generate magnetic

fields close to 8 T. The dipoles are using superconducting Nb Ti Rutherford cables that

are kept in the superconductivity state by a cooling system that supplies the magnets

with superfluid 4He. The superfluid state enables more efficient transfer of heat through

convection instead of conduction, thus allowing the magnets to reach temperatures close

to 2 K. The cross-section of the LHC dipole magnets is displayed in Figure 3.2 [5].

Furthermore, approximately 850 quadrupole magnets are responsible for squeezing

and focusing the beams, and higher-order magnets (sextupoles, octupoles, decapoles, etc.)

are utilized to control various beam parameters and correct anomalies (e.g., chromaticity).

In total, the LHC operates approximately 10,000 magnets. Finally, the proton beams are

kept clean using collimators at points 3 and 7, which are made of graphite, carbon-carbon,

and beryllium. The collimators at point 3 clean the particle momentum, while those at

point 7 clean the beam’s betatron amplitude.

The proton beams are accelerated by superconducting radiofrequency (RF) cavities

located at access point 4. A total of 8 RF cavities are used per beam direction, delivering

2 MV at 400 MHz. The cavities are organized in 4 cryomodules per direction (2 RF cavities

per cryomodule) that cool the cavities at 4.5 K to keep them superconducting. In total,

the protons gain 16 MeV of energy per orbit, yielding a ramp-up rate of 0.18 TeV/s.

Extensive in-depth descriptions of all LHC parts can be found in [41, 44].

The LHC operations begin with the injection of bunches at SPS energy (450 GeV),

called ”INJECTION PHYSICS BEAM”. The LHC supports up to 2808 proton bunches in

each ring, with approximately 2500 of them colliding at points 1 and 5. The minimum
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Figure 3.2: Cross-sectional view of the LHC dipole magnets. Taken from [5].

bunch spacing is 25 ns that yields a very approximate collision frequency of 40 MHz. Once

all the bunches have been injected, the machine enters the ”RAMP” status, and the energy

is gradually brought to the final level, called ”FLAT TOP” (13 TeV for years 2016-2018 and

13.6 TeV after 2022). Then, the complicated sequence of magnets and collimators takes

over to squeeze and adjust the beams to obtain the desired beam parameters. Finally,

the machine reaches the ”STABLE BEAM” status, which indicates that the beams are

colliding in the desired manner for physics data-taking.
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3.1.3 Luminosity

The expected number of events for a physics process is given by

N =
∫

σL(t)dt, (3.1)

where σ is the cross section of the process and L is the instantaneous luminosity, which

depends on the LHC beam parameters [45].

Two important beam parameters are the transverse emittance, ϵn, and the amplitude

function at the interaction point, β∗. The emittance is defined as the surface of the x-p

phase space for the beam. Beams with small spreads in momentum and position have low

emittance. The emittance generally depends on the initial steps of the acceleration and

then worsens after each beam operation (emittance decay). The amplitude modulation

function expresses the shape change of the beam ellipse in the x-p phase space as a

function of the focusing strength from the quadrupole magnets. More focusing (meaning

lower β) reduces the spread in x and increases the spread in p but keeps the surface

(emittance) the same [46]. The LHC can control the β∗ using the inner triplet quadrupole

magnets that sit next to the interaction points.

The instantaneous luminosity can be expressed in terms of the beam parameters as

L =
N1N2 frevnb

4πσxσy
, (3.2)

where N1, N2 are the numbers of protons in each bunch, nb is the number of bunches, frev
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is the revolution frequency, and σx and σy are the average beam cross sections along the

two transverse axes, x and y. These equations are approximations, as they assume that

two Gaussian beams are colliding head-on. Other effects, such as the crossing angle, the

hourglass effect, and the non-Gaussian profiles, can be included to increase its accuracy.

A better description of the instantaneous luminosity uses the formula

L =
N2

b frevnbγr

4πϵnβ∗ F, (3.3)

where Nb is the number of protons per bunch (assumed to be the same), γr is the Lorentz

relativistic factor, and F is a geometric luminosity reduction factor because of the crossing

angle at the interaction point [41].

The LHC attains maximum instantaneous luminosities equivalent to 2 · 1034 cm−2s−1.

For CMS and ATLAS, data taking begins at β∗ = 60 cm. During collisions, the beam

intensities decrease slowly over time as the beams interact. To counteract the decrease

in instantaneous luminosity, the LHC applies the so-called β∗ leveling technique [47].

The inner triplet magnets gradually squeeze the beam more as needed to maintain the

luminosity at the desired value. The lowest β∗ value possible is 30 cm.

3.2 The Compact Muon Solenoid experiment

The Compact Muon Solenoid (CMS) experiment [14] is located at point 5 of the

LHC in an underground cavern approximately 100 m below the surface. At this point,

the beam pipes of the two rings are interconnected, allowing the proton beams to cross

at a specific point, known as the interaction point. CMS consists of multiple particle
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detection subsystems arranged in the form of a barrel that encloses the interaction point

hermetically, leaving only small gaps in the two flat opposite parts of the barrel to allow

access to the interaction point for the beam pipes. The detector has a length of 21.6 m and

a diameter of 14.6 m, and weighs approximately 12,500 tons. A cutaway diagram of CMS

is presented in Figure 3.3 [6].

SUPERCONDUCTING SOLENOID
Niobium titanium coil carrying ~18,000 A

PRESHOWER
Silicon strips ~16 m2 ~137,000 channels

SILICON TRACKERS

MUON CHAMBERS
Barrel: 250 Drift Tube, 480 Resistive Plate Chambers
Endcaps: 540 Cathode Strip, 576 Resistive Plate Chambers

FORWARD CALORIMETER
Steel + Quartz fibres ~2,000 Channels

STEEL RETURN YOKE
12,500 tonnes

HADRON CALORIMETER (HCAL)
Brass + Plastic scintillator ~7,000 channels

CRYSTAL 
ELECTROMAGNETIC
CALORIMETER (ECAL)
~76,000 scintillating PbWO4 crystals

Total weight
Overall diameter
Overall length
Magnetic field

: 14,000 tonnes
: 15.0 m
: 28.7 m
: 3.8 T

CMS DETECTOR

Pixel (100x150 μm2) ~1.9 m2 ~124M channels
Microstrips (80–180 μm) ~200 m2 ~9.6M channels

Figure 3.3: Cutaway diagram of CMS [6, 7].

CMS utilizes a right-handed Cartesian coordinate system with point (0, 0, 0) being

the center of the detector. The x-axis points to the center of the ring, the y-axis points

upward, vertically to the ground, and the z-axis points to the west, tangentially to the

beam line. Two commonly used coordinates are the radial coordinates ϕ and θ. The

azimuthal angle, ϕ, is defined as the angle between the transverse component of a vector,

which is the projection on the x-y plane, and the unit vector of the x-axis, x̂. The polar
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angle, θ, is defined as the angle between a vector and the z-axis. It is even more common

to express the polar angle through the pseudorapidity, η, which is defined as

η = − ln
(

tan
(

θ

2

))
. (3.4)

The Sections from 3.2.1 through 3.2.8 describe the CMS components individually.

For more detailed information, an excellent resource is [48], which presents the CMS

upgrades for Run 3. The sections below borrow heavily from the material in this publica-

tion.

3.2.1 Pixel tracker

The pixel tracker is the innermost detector of CMS, providing 3D tracking points as

close to the interaction point as possible, enabling high-precision tracking and vertexing.

Until the end of 2016, the pixel detector consisted of three silicon pixel barrels at

radii 44, 73, and 103 mm, and two silicon pixel endcap disks at 345 and 465 mm from

the center of the detector. At the beginning of 2017, the pixel detector was replaced with

an improved version, also referred to as the Phase 1 pixel detector [8]. The new pixel

detector consists of four barrel layers at radii 29, 68, 109, and 160 mm, and three endcap

disks at distances 291, 396, and 516 mm from the center of the detector. The improved

version increases the number of hits from three to four and broadens the pseudorapidity

range of the detector up to 3.0 [48]. Figure 3.4 shows the layout of the pixel tracker both

before and after the Phase-1 upgrade [8].

The barrel pixel (BPIX) and the forward (endcap) pixel (FPIX) parts are two mechan-
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Phase-1
upgrade

Original

BPIX FPIX

D1 D2 D3
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L2

L3
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r=29mm
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r=109mm
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r=102mm

r=73mm
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Figure 3.4: Layout of the pixel tracker displaying one quadrant of the r-z cross-section.
The bottom of the picture shows the layout of the pixel until the end of 2016. The pixel
tracker after the Phase 1 upgrade is depicted at the top [8].

ically and electrically independent detectors. All barrel layers and endcap disks carry

silicon sensor modules that are kept at −22° C using evaporative CO2 cooling [49], with

the BPIX and FPIX having 1184 and 672 modules, respectively. Each module contains a

18.6 × 66.6 mm2 silicon sensor and 2 × 8 readout chips (ROCs). Each ROC has 80 × 52

pixels of surface 100 × 150 µm2. In total, the entire Phase 1 pixel detector includes 124

million readout channels.

The pixel tracker can accomplish high hit efficiencies and excellent position resolu-

tions. After the Phase 1 upgrade, the hit efficiency is higher than 97% in the innermost

barrel layer and higher than 99% in most other parts of the detector. The position

resolution is 11 µm in the r-ϕ direction and 24.3 µm in the z direction [8].

3.2.2 Silicon strip tracker

The silicon strip tracker (SST) is situated outside of the pixel tracker, and it is

responsible for tracking the trajectories of charged particles.
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Like most CMS subdetectors, it has a barrel plus endcap layout with a total length

of 2.5 m and a diameter of 5 m. The barrel region consists of four layers in the tracker

inner region (TIB), six layers in the tracker outer layer (TOB), and three tracker inner

disks (TID) placed in the inner forward region. The tracker endcaps (TEC) consist of

seven disks, each with 4 to 7 rings, allowing coverage up to pseudorapidities equal

to 2.5 [48]. Figure 3.5 presents the layout of both the SST and the pixel tracker [9]. In

total, the SST comprises 9.8 million silicon strips, distributed over 15,148 modules. The

total active silicon sensor area is approximately 198 mm2. During operations, the tracker

is maintained at −20° C using C6F14 monophase coolant that is cooled by two cooling

plants.

Figure 3.5: Layout of the CMS tracker displaying one quadrant of the r-z cross-section.
The pixel tracker is shown in green. Single-sided strips are shown in red, while double-
sided strips are shown in blue [9].

Overall, the SST is a very efficient detector that supplies high-quality data for track

fitting and reconstruction, achieving an average hit efficiency of about 99.5% [50].
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3.2.3 Electromagnetic calorimeter

The electromagnetic calorimeter (ECAL) [51] is a homogeneous scintillating calorime-

ter used to measure the energy, position, and timing of electrons and photons.

The ECAL is divided into the ECAL barrel (EB) and the ECAL endcap (EE), offering

coverage up to pseudorapidities equal to 3.0. The calorimeter consists of inorganic lead-

tungstate (PbWO4) scintillating crystals whose scintillation light is detected by avalanche

photodiodes (APDs) in the EB and vacuum phototriodes (VPTs) in the EE. In addition,

a preshower detector (ES) is placed in front of the EE to enhance the discrimination

between π0 and photons in the forward region. The ES consists of two alternating layers

of lead absorber and silicon sensor planes [48].

Regarding physics performance, the ECAL accomplishes energy resolutions of 2-4%

in the barrel and 4-5% in the endcap for inclusive electron samples with time stability

close to 0.1%. The timing resolution as measured in Z → ee is a few hundred ps [48].

3.2.4 Hadron calorimeter

The hadron calorimeter (HCAL) [52] of CMS is a sampling calorimeter that consists

of the hadron barrel (HB) [53], the hadron endcap (HE), the hadron outer (HO) [54], and

the hadron forward calorimeter (HF) [55]. The HB and HE are located right outside of

the ECAL, and they provide coverage for |η| < 3.0. The very forward region is covered

by the HF, which is placed around the beam line, further away from the center of the

detector, to cover pseudorapidities from 3.0 to 5.2. Finally, the HO is situated outside the

solenoid magnet to detect shower tails in the region |η| < 1.26. The full layout of the
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HCAL is shown in Figure 3.6 [10].

Figure 3.6: Layout of one quadrant of the r-z cross-section for the HCAL. The layout
depicts the HCAL after the upgrades for Run 3. The colors in the HB and HE indicate the
depths, which are the layers that are connected to the same SiPM. The letters FEE show
the location of the frontend electronics [10].

The HB and HE consist of up to 17 and 18 alternating layers of brass absorber and

plastic scintillator, with the exception of the inner and outer layers of HB, which use

steel absorber. In the original design, plastic wavelength-shifting fibers transmit the

scintillation light to hybrid photodetectors (HPDs). Since the end of Run 1, all HPDs

have been gradually replaced by silicon photomultipliers (SiPMs). This upgrade has

resulted in improved photon detection efficiency, higher radiation tolerance, magnetic

field insensitivity, and increased depth readout segmentation, among others.

The HF is made of 0.6 mm-thick quartz fibers embedded in a steel absorber parallel

to the beam line. Both short and long fibers are used to allow discrimination of electrons

and photons from hadrons. The fibers are connected to photomultiplier tubes (PMTs) for

signal detection.
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The combined ECAL and HCAL energy resolution for charged pions, according to

test beam data, is [56]

σ

E
=

84.7%√
E

⊕ 7.6%. (3.5)

The energy resolution for HF, according to test beam data, is [55]

σ

E
=

280%√
E

⊕ 11%. (3.6)

3.2.5 Superconducting solenoid magnet

One of the central design aspects of CMS, as manifested also by its name, is the

superconducting solenoid magnet [57] that generates a uniform 3.8 T magnetic field in

the inner barrel of the detector.

The solenoid is 6 m wide and 12.5 m long, and it is made of Type-I superconducting

Niobium-Titanium Rutherford cables, similar to those used for the LHC magnets, that

conduct 18,164 A when operational. The cables are embedded in a pure aluminum

conductor to stabilize them. Aluminum alloy was welded on top of the pure aluminum to

increase the mechanical stability of the structure further, up to the presence of 4 T magnetic

fields. The coil is indirectly cooled by helium at 4.5 K, circulating in thermosiphon mode

through a network of pipes welded externally [58]. The required cooling for the solenoid

is supplied by a cryo plant located in the underground service cavern (USC), right next

to the underground experimental cavern (UXC) where the experiment is located.

The vacuum tank, which contains the solenoid magnet, HCAL, ECAL, and the

tracker, is encapsulated by a 10,000-ton saturated iron return yoke. The return yoke is
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21 m-long and 15 m in diameter, and it consists of 1.5 m-thick iron segments that enclose

chambers that are used as stations for the muon tracking detectors. The yoke serves two

purposes. First, it returns the magnetic field lines into the muon chambers, and, second,

it increases the material budget in front of the muons.

3.2.6 Muon detectors

Excellent muon tracking and triggering performance has been a priority for CMS,

evidenced by the size and complexity of the CMS muon detection system. CMS includes

four different muon subdetectors: the cathode strip chambers (CSC), the resistive plate

chambers (RPC), the drift tubes (DT), and the gas electron multiplier chambers (GEM).

The layout of the muon subdetectors is presented in Figure 3.7 [11]. The existence of

these four subsystems offers complementarity and increased reliability.

3.2.6.1 Cathode strip chambers

The cathode strip chambers are part of the endcap of the CMS muon detector,

spanning a pseudorapidity range of 0.9 < |η| < 2.4. They are multiwire proportional

chambers that consist of 7 trapezoidal panels separated by 6 gas layers. Each trapezoidal

panel has cathode strips that run radially on the plane perpendicular to the beam axis

and anode wires that run along the azimuth. The left picture in Figure 3.8 shows the

layout of a CSC chamber with the top partially removed to demonstrate the wires [12].

The right picture in Figure 3.8 is a photograph from the installation of one CSC chamber

during Long Shutdown 1 [13].
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Figure 3.7: Layout of one quadrant of the r-z cross-section of CMS at the beginning of
Run 3. The four muon subdetectors are shown in color. The RPC is shown in blue, the
CSC in green, the DT in beige, and the GEM in red. The iron yoke is shown in dark
gray [11].

The gas is a mixture of 40% Ar, 50% CO2, and 10% CF4. The argon gas is ionized

by the traversing muons to eventually produce an electrical signal for readout. They

provide spatial resolutions in the range 50 − 140 µm and time resolution of 3 ns [48].

3.2.6.2 Drift tubes

The drift tubes (DT) are located at the barrel of the CMS muon detector. The drift

cells are rectangular with transverse size 4.2 × 1.3 cm2, and they contain a gold-plated

stainless steel wire set at 3600 V, electrode strips at the cell top and bottom set at 1800 V,

and cathode strips at the cell side walls set at -1200 V. The DT cells are filled with a gas

mixture of 85% Ar and 15% CO2. There is a total of 250 DT chambers that cover the

region for |η| < 1.2, arranged in five wheels. The drift tubes achieve excellent spatial and
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Figure 3.8: Left: schematic of a CSC chamber. Taken from [12]. Right: installation of CSC
chambers. Taken from [13].

time resolutions at 100 µm and 2 ns, respectively [48]. A schematic of a DT cell including

the drift lines and the isochrones is shown in the left picture of Figure 3.9 [14]. The layout

of a DT chamber is presented in the right picture of Figure 3.9 [15].

Figure 3.9: Left: schematic of a DT cell including the drift lines and the isochrones. Taken
from [14] Right: schematic of a DT chamber, taken from [15].

3.2.6.3 Resistive plate chambers

The resistive plate chambers (RPCs) are muon detectors that are an essential part

of both the barrel and the endcap muon detection systems of CMS. The RPCs consist of

two 2 mm gas gaps separated by a copper readout plane. The gas gaps are enclosed by
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high-pressure laminate (HPL) plates with bulk resistivity ∼ 1010 Ω · cm that are coated

with graphite electrodes. A schematic of a resistive plate chamber can be found in the left

Figure 3.10 [16]. High voltage is applied between the two graphite electrodes that enclose

each gas gap. The chambers are filled with a gas mixture of 95.2% C2H2F4, 4.5% i C4H10,

and 0.3% SF6. The working principles of RPC are shown in the 3D schematic in the right

Figure 3.10 [17]. There is a total of 1056 chambers placed strategically in the barrel and

the endcaps of CMS. The RPC is capable of excellent time resolutions even in the presence

of high rates of background, greatly improving the muon triggering efficiency of CMS.

Figure 3.10: Left: schematic of a resistive plate chamber, taken from [16]. Right: 3D
schematic of the RPC showing its working principles, taken from [17].

3.2.6.4 Gas electron multiplier chambers

The gas electron multiplier (GEM) [59] chambers are muon detectors in the 1.55 <

|η| < 2.18 region of the CMS endcap that were installed before the start of Run 3 in 2022.

The addition of a new highly granular muon detector was deemed necessary to support

muon tracking and triggering in the endcaps, given the expected increase in muon rates

following the High-Luminosity (HL-LHC) upgrade of the LHC.

The GEM detectors are micro-pattern gas detectors that consist of a drift cathode

panel at the top, followed by four gas gaps separated by three GEM foils, and a readout
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board with radially-oriented readout strips at the bottom. The GEM foils are thin poly-

imide foil clads with thin copper layers that contain micro-pattern holes in a periodic

grid layout [60]. The right picture of Figure 3.11 shows a blown-up schematic of a GEM

chamber [19]. A voltage of 400 V is applied to the copper layers to create strong electric

fields. The muons ionize the gas, which is a mixture of 70% Ar and 30% CO2, and then

the three GEM foils amplify the charge by a factor of O(105) to produce a signal on the

readout strips.

Figure 3.11: Left: layout of the GEM chambers on the CMS endcap, taken from [18]. Right:
schematic of a GEM chamber showing its internal components, taken from [19].

Each CMS endcap features 36 two-layer triple GEM chambers positioned in front of

the first CSC stations. The layout of the GEM chambers on the CMS endcap is illustrated

in the left picture of Figure 3.11 [18]. The GEM muon chambers achieve a combined

spatial resolution of 100 µm and a timing resolution < 10 ns [48].

3.2.7 The triggering and data acquisition system

The LHC bombards CMS with a 40 MHz collision rate. Assuming an overly opti-

mistic storage need of a few hundred kilobytes per event yields data rates over 10 Tbps,
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which are impossible to process and store with current technology. Fortunately, the vast

majority of the collisions provided by the LHC are just pp inelastic scatterings that are

not useful for most physics analyses.

The CMS trigger system is a two-stage filtering system responsible for reducing data

rates to manageable levels. Together with the CMS Data Acquisition System (DAS), it

comprises the CMS Trigger and Data Acquisition system (TriDAS). The system consists of

a hardware-based Level-1 (L1) triggering layer and a software-based High-Level Trigger

(HLT).

3.2.7.1 Level-1 trigger

The level-1 (L1) trigger [61, 62] is based on custom hardware processors (FPGAs).

The calorimeters (ECAL & HCAL) and the muon systems produce trigger primitives

(TP) that represent coarser readouts of the detectors and whose size is optimized for

low-latency and limited bandwidth applications. The L1 receives the TPs and performs a

rudimentary reconstruction of the event, creating particle candidates for e/γ, τ, jets, and

muons.

For the muons specifically [63], the L1 receives TPs from all four muon detectors,

and it performs muon track reconstruction in three distinct regions. These are

• the barrel muon track finder (BMTF), which covers |η| < 0.83, and uses TPs from

the DT and the RPC,

• the overlap muon track finder (OMTF), which covers 0.83 < |η| < 1.2, and uses

TPs from the DT, the CSC, and the RPC,
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• and the endcap muon track finder (EMTF), which covers 1.2 < |η| < 2.4, and uses

TPs from the CSC, the RPC, and the GEM.

A maximum of 36 muons per bunch crossing are then transmitted to the global muon

trigger (µGMT) to resolve any duplicates. Finally, up to 8 muons are transmitted to the

global trigger (GT).

The GT issues a decision whether to keep or reject the event based on its compatibil-

ity with at least one of the L1 trigger bits that comprise the L1 menu. Events that have at

least one L1 trigger bit on are kept and transmitted to the surface for further processing.

Overall, the L1 trigger manages to reduce the event rate to approximately 100 kHz.

3.2.7.2 High-level trigger

The high-level trigger (HLT) is a software-based filter that runs on a CPU and GPU

farm located at the surface level of the CMS site. Events that pass the L1 trigger are

transferred to the HLT farm to undergo sequential reconstruction and filtering, using the

L1 bits as input seeds. Several HLT paths exist, corresponding to interesting event cases.

Events that meet the requirements for at least one HLT path are retained and transferred

to permanent storage.

Certain event classes are of interest, but their rate surpasses the allocated rate budget.

For these cases, CMS utilizes the concept of prescaling, which involves retaining only 1

out of N such events. The prescales exist in the form of prescale tables, which contain

columns corresponding to reference instantaneous luminosities. Each column contains

a list of integer numbers that are the prescale values for each HLT path. The shifters in
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the CMS control room are responsible for monitoring the prescales and switching the

columns as needed. A similar concept exists for the L1 bits. The data can carry prescales

from both the L1 and HLT simultaneously.

Eventually, the event rate exiting the HLT is reduced to a few kHz for storage.

3.2.7.3 Data acquisition system

The CMS data acquisition system (DAQ) [64, 65] is responsible for a range of tasks

that begin with aggregating the data from the detector readout electronics and end with

sending the events selected by the HLT to the Tier-0 for storage. More specifically, the

DAQ has links that receive data from the detector backend boards, also called front-end

drivers (FEDs). The readout is coordinated using the trigger throttling system (TTS) [66],

which can throttle the trigger to avoid buffer overflows, causing deadtime, and the

trigger control and distribution system (TCDS) [67]. Readout unit builder unit (RUBU)

servers aggregate the data into superfragments, buffer, and build events out of the

superfragments [68]. Filter unit (FU) servers run the HLT, and eventually, the storage

and transfer system (STS) transfers the selected events to the Tier-0 for storage [48].

3.2.8 Luminosity and beam conditions

The system responsible for measuring the luminosity and monitoring the beam con-

ditions is the beam radiation instrumentation and luminosity (BRIL) system. It measures

the luminosity (both online and offline), the beam-induced background, and the beam

losses. It consists of two fully dedicated luminometers, which are the pixel luminosity
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telescope (PLT) [69–71] and the fast beam conditions monitor (BCM1F) [72, 73], the for-

ward hadron calorimeter (HF) [74], and a dedicated data acquisition system (BRILDAQ).

The three luminometers enhance the reliability of the luminosity measurements, and they

are combined to obtain the best estimate for the offline luminosity values.

3.3 Offline software and computing

The offline computing needs of CMS are handled by the CMS offline software

(CMSSW). This modular system is capable of reconstructing data, processing conditions

and calibration data, and producing Monte Carlo simulations.

3.4 Monte Carlo simulations

CMSSW integrates the most popular software for generating high-energy physics

MC simulations, such as PYTHIA [75], MADGRAPH [76], aMC@NLO, and POWHEG.

Additionally, it includes a detailed and highly optimized simulation of the detector,

based on GEANT4, which can be used to simulate the passage of particles through all

components.

The simulation of pileup (PU) is handled by using minimum bias events in conjunc-

tion with the pre-mixing technique. Essentially, the additional events are added on top of

the simulated MC event at a later stage.

The simulation process produces data in the following intermediate data tiers

• LHE: Optional step that happens when external matrix element calculators, like

MADGRAPH or POWHEG, are used.
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• GEN: At this step, the full event is generated. This includes the hard process, if not

already generated at a previous step, the parton shower, consisting of initial state

radiation and final state radiation, multiple parton interactions, color reconnection,

fragmentation, and hadronization. This step is almost always performed using

PYTHIA 8 in CMS.

• SIM: The result of the full GEANT4 simulation of CMS. It consists of simulated

detector hits, corresponding to the energy deposits made by the passage of particles

through the active material.

• DIGI: Digitized detector hits. They correspond to the signals that are handled by

the detector backends.

• RAW: Detector raw readout data. This is the same format that the DAQ produces

for real collision data.

3.5 Reconstruction

The event reconstruction in CMSSW begins with local reconstruction for each detec-

tor component, and concludes with a global particle-flow reconstruction that combines

the information to achieve optimal reconstruction and identification for all particles.

Local reconstruction includes track reconstruction, clustering of calorimeter deposits in

ECAL and HCAL, and tracks in muon detectors. The reconstruction processes for the

physics objects that are used in Part III are presented below in more detail.

The data tier for reconstructed data and MC is named RECO, and it contains all

42



the reconstructed data and objects. Keeping all this information is impractical and

unnecessary for most physics analyses. Therefore, CMS prepares slimmed versions that

contain less information per event. These are, in order of decreasing size per event, the

AOD, the MINIAOD, and the NANOAOD.

3.5.1 Track fitting and reconstruction

Track reconstruction in CMS utilizes the combinatorial track finder (CTF) algorithm

with multiple passes, in a process called iterative tracking [77]. This is an extension of the

Kalman filter that allows simultaneous pattern recognition and track fitting. The core

idea is to begin with reconstructing the easiest tracks in iteration 0. The reconstructed

hits are then removed, reducing the combinatorial complexity for the next iteration, and

this sequence is repeated multiple times. In each iteration, seeds are generated to provide

track candidates. These candidates are then propagated using the Kalman filter to predict

the expected trajectories. Tracks are finally selected using a set of quality criteria. Ten

iterations are performed in total, with the last two iterations being dedicated to muons

by including hits from the muon detectors [78].

3.5.2 Muon reconstruction

Muon reconstruction happens both using the muon detectors independently and

combining them with the rest of the CMS detector. Hits within the muon detectors are

clustered and fitted to form standalone muons. The standalone muons that are matched

to tracks in the inner tracker are called global muons. All tracks with pT > 0.5 GeV and
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p > 2.5 GeV are extrapolated to the muon system. If they match at least one muon

segment, then they become tracker muons [78].

The tracker generally contributes the most to the muon resolution at low momenta

(< 10 GeV). The muon system improves the momentum resolution of muons with

> 200 GeV.

3.5.3 The particle flow algorithm

Eventually, the CMS software combines all the local reconstructions into one final

combined reconstruction that utilizes the Particle Flow (PF) algorithm [78]. A link

algorithm is used to pair and merge the locally reconstructed objects. The PF candidates

pass through identification and PU removal. A global event description is provided,

leading to excellent physics performance.
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Part II

Radiation damage in plastic scintillators
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Chapter 4: Introduction to plastic scintillators

This Chapter gives an introduction to the use of plastic scintillators in high-energy

physics experiments. The text in this section relies heavily on our publication in Ref. [79].

I contributed the majority of the text and the work for this publication, and I am the first

author.

4.1 Plastic scintillators in high-energy physics

The use of plastic scintillators in high-energy physics experiments has been widespread

both in past and present experiments. Their low cost, ease of production, and versatility

make them attractive as the active element for a broad range of particle detectors, with

calorimeters being the main beneficiaries.

Looking at past experiments, the Collider Detector at Fermilab (CDF) used a hadron

calorimeter made out of alternating sheets of plastic scintillator and steel [80], and the

DØ experiment had its preshower detector [81] and outer tracker made out of plastic

scintillator panels and fibers [82], respectively. Moving to the present, both the A Toroidal

LHC Apparatus (ATLAS) and the Compact Muon Solenoid (CMS) experiments, located

at the Large Hadron Collider (LHC) at CERN, make use of plastic scintillator. For

ATLAS, the Tile Calorimeter (TileCal) consists of steel modules with slots for plastic
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scintillating tiles equipped with wavelength-shifting fibers (WLS) [83]. For CMS, the

Hadron Calorimeter (HCAL) uses alternating layers of brass and plastic scintillating tiles

with WLS fibers embedded for readout [84]. The Phase 2 upgrades of CMS, which are

scheduled to be installed in 2026, include the new High Granularity Calorimeter (HGCAL)

that is going to use plastic scintillator tiles instrumented with Silicon Photomultipliers

(SiPMs) for the low radiation regions of its hadronic part [85]. Finally, future experiments

are considering the use of plastic scintillators. E.g., the IDEA detector at the Future

Circular Collider for electrons and positrons (FCC-ee) is contemplating the use of plastic

scintillating fibers in its dual readout calorimeter [86].

4.2 Working principles of plastic scintillators

Plastic scintillators consist of a substrate material that is typically doped with a

primary fluor at a concentration of a few percent and a secondary fluor at a concentra-

tion about ten times smaller than the primary. The substrate, which is usually either

polystyrene (PS) or polyvinyltoluene (PVT), acts as the main receptacle for the ionizing

particle’s energy. This energy is then transferred to the primary dopant either through

the non-radiative Förster mechanism [87] for higher dopant concentrations (≳ 1%) [88]

or through radiative transfer for lower concentrations. The primary dopant emits light

of wavelengths that overlap with the secondary dopant’s absorption spectrum. The

secondary dopant receives the energy from the primary through radiative transfer and

then emits light in the visible part of the spectrum.
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4.3 Radiation damage in plastic scintillators

One crucial aspect of detector design for HEP experiments is radiation tolerance.

Ionizing radiation is capable of breaking the polymer molecules and creating radicals,

which are molecules with one or more unpaired valence electrons. The radicals are

known to strongly absorb light of shorter wavelengths, and they tend to react easily

with other radicals, in a group of processes called radical recombination that includes

radical crosslinking, or with the oxygen dissolved in the material, thus getting oxidized.

Therefore, radiation damage can be defined as the collective effect of all those chemical

processes on the scintillation mechanism and the attenuation length of the material under

study.

The collisions facilitated by particle accelerators are capable of creating high particle

fluxes, with the regions closer to the interaction point and the endcaps being dispro-

portionately affected. Modern experiments routinely experience total absorbed doses

∼ 1 MGy for vertex detectors [89] close to the interaction point, and > 1 kGy at the

calorimeter endcaps, where plastic scintillator is often found. Endcap doses are accu-

mulated at very low dose rates ranging between 10−3 and 1 Gy/h. Specifically, at CMS,

during the 50 fb−1 of integrated luminosity gathered at 13 TeV in 2017, the Hadron End-

cap (HE) tiles of HCAL received doses up to a few kGy [90]. The High Luminosity (HL)

era at the LHC is going to bring new challenges with respect to radiation tolerance. The

anticipated high number of simultaneous collisions, also known as pileup, is expected to

further increase the expected total absorbed doses up to ∼ 3 kGy for the plastic scintillator

that is going to be installed in the CMS HGCAL [91].
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Numerous studies of radiation-induced damage in scintillators exist in literature [92–

104]. However, most studies use data associated with higher dose rate irradiations or

are focused on scintillators read out with WLS fibers, in which the results describe

the combined damage. In more recent works, lower dose rates have been studied in

more detail, and the importance of the dose rate in the assessment of radiation damage

has been further established [105]. In addition, the presence (or absence) of oxygen

during irradiation and recovery of the scintillators affects radiation damage significantly

[106–109].
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Chapter 5: The effect of dose rate on radiation damage

This Chapter presents studies of the effects of dose rate on radiation damage. These

studies are published in Ref. [105], and the text here relies heavily on the content of this

publication. My contributions include measuring the light yields, cleaning, calibrating,

analyzing, and plotting the data, as well as parts of the written text. I am the first author

of this publication. A significant part of the text was written by S. Eno. The measurements

and plotting for the transmission data were performed entirely by T. Edberg.

5.1 Introduction

When particle detectors based on plastic scintillator are exposed to ionizing radi-

ation, their light output decreases with absorbed dose. For reasonably low doses, the

dependence of the signal strength on the dose d can be approximated by an exponential

L(d) = L0 exp(−d/D), (5.1)

where L(d) is the signal after irradiation, L0 is the signal before irradiation, and D is the

“dose constant”, a numeric parameter whose value depends on the scintillator geometry,

the specific scintillator used, environmental factors, and on the dose rate d
dt (d) ≡ R.
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Larger values of D correspond to greater radiation tolerance.

Because their exposures are at low R (typically a few ×10−3 − 100 Gy/hr), the value

of D for plastic scintillators in calorimeters at current and future collider experiments at

CERN’s Large Hadron Collider is challenging to measure, as low R exposures necessitate

long irradiations and therefore can be expensive. The CMS collaboration has recently [90]

reported measurements at Rs between a few ×10−3 and a few ×104 Gy/h for plastic

scintillator tiles (either SCSN−81 from the Kuraray Corporation1 or BC-408 from the

Bicron division of the Saint-Gobain Corporation2), with an embedded Y−11 wavelength-

shifting fiber (Kuraray). The wavelength-shifting fiber is connected to a clear plastic

fiber that leads to a photodetector. Their results show a power law dependence of D on

R for R less than a few 10’s of Gy/hr. At higher Rs, due to systematic uncertainties,

the behavior is consistent either with a continued power law dependence or a constant

D. Other recent measurements of radiation damage to plastic scintillator for particle

detectors are reported in Refs. [92, 93]. Two recent reviews of radiation damage in plastic

scintillator are Refs. [94, 95]. For a comprehensive review of plastic scintillators, see

Ref. [110]

Several studies of the R dependence of radiation damage in plastic scintillators

have been published [96–104]. However, previous measurements of R effects in scintil-

lators without wavelength-shifting fibers were limited to high Rs and were unable to

differentiate different potential causes. In this chapter, we present results for D for plastic

scintillating rods manufactured by the Eljen Technology company3 using polystyrene

1Kuraray, Ote Center Building, 1-1-3, Otemachi, Chiyoda-ku, Tokyo 100-8115, Japan
2Saint Gobain Corp, Les Miroirs, 18, Avenue d’Alsace, 92400 Courbevoie, France
3Eljen Technology, 1300 W. Broadway, Sweetwater, Texas 79556, United States
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(PS) or polyvinyltoluene (PVT) as the matrix, several dopant concentrations, two dif-

ferent fluors (EJ-200 and EJ-260), various scintillator thicknesses, and three antioxidant

concentrations for Rs from 2.2 Gy/hr to 3900 Gy/hr. These variations allow exploration

of potential causes. In addition, our results separate the contributions to the CMS results

from the plastic scintillator and the other components in the tiles and their readout.

5.2 Mechanisms and effects of radiation-induced changes to phenyl-

based polymeric scintillators

Common plastic scintillator consists of a matrix (often PS or PVT) containing

primary and secondary fluors. Ionizing radiation excites the matrix. This excitation can

be transferred to the primary fluor via the Förster mechanism [87], which dominates at

primary concentrations above approximately 1% [88], or radiatively in the UV, which

dominates at low concentrations. The excitation is transferred radiatively from the

primary to the secondary, which de-excites via the emission of visible light.

Radiation affects the light output of scintillators mainly through damage to the

polymer substrate. The effects depend on the chemical structure, the degree of crys-

tallinity of the irradiated polymers, and the total dose and dose rate. Dissolved oxygen

in the amorphous part can also play an important role in the radiation chemistry of the

polymers [106–108] both during and after irradiation.

The polymers used in our work are atactic and amorphous, meaning that their

constituents are placed randomly along the chain and they lack long-range order. As

a result, there is no expected effect due to the degree of crystallinity. Furthermore, the
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monomers that make up PS and PVT carry a benzene ring, also called a phenyl group. For

amorphous PS and PVT, the phenyl group on their backbone chains strongly decreases

radiation effects [111], as its π structure provides excellent protection to the polymer

chains. The photoelectric and Compton electrons, resulting from gamma radiolysis of PS

and PVT, react very rapidly with the π structure of these phenyl groups, producing anion

radicals. It is expected that the phenyl anions convert rapidly to C-centered radicals

through a protonation reaction to produce benzyl-type radicals [112]. In amorphous

materials, such as atactic PS and PVT, these benzyl-type and toluenyl C-centered radicals

undergo various competing reactions depending on the presence of oxygen and the R.

A decrease in light output can come from two sources: either through the formation

of so-called “color centers” that absorb light emitted from the secondary fluor in transit

from its creation point to the photodetector, or through a decrease in the initial production

of light. The decrease of the initial light production can occur through fluor destruction

or alteration, and through absorption of light in transmission between the primary and

the secondary fluors. Additionally, radiation damage can enhance the de-excitation of the

matrix via mechanisms that do not lead to light production (“quenching”). For example,

oxygen can quench the initial light, as the excitation can transfer to it instead of to the

primary fluor [94, 109]. In addition, the value of the Birk’s constant, important for highly

ionizing particles, could change because it depends on the density of the primary dopant

and interactions between excited substrate molecules [113].

Radicals can absorb visible light, and generally absorb more strongly at shorter

wavelengths [94]. Radicals are the source of the so-called temporary damage, which

decreases with time after the radiation exposure as they recombine with each other to pro-
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duce stable molecules. After irradiation, R C radicals in the amorphous region continue

to react with oxygen and undergo crosslinking reactions. However, the R C radicals

have a much longer lifetime. Free radicals centered on the backbone of the polymer chain

in the crystalline region transfer to the amorphous region via the hydrogen-hopping

mechanism. This process is called annealing. After annealing, the remaining color centers

are referred to as permanent damage. Radicals can also undergo recombination reactions

(including crosslinking reactions) during irradiation. The non-standard bonds to the

matrix material can form permanent bonds that can absorb in the visible, acting as color

centers.

The rate of radical production during irradiation goes as [114]

d[Y]
dt

= gQR− k[Y]2, (5.2)

where [Y] is the density of radicals, g is the radiation-chemical yield, Q is the scintillator

density, and k is the reaction constant for the decay of the radical. The first term represents

the creation of radicals, while the second term represents two unterminated radicals

recombining to neutralize (“second-order” termination). At short times, when the second

term is small compared to the first, integration yields a radical density that is proportional

to dose: Y = gQd. If the radical is not neutralized by, e.g., oxidation, then the second term

grows with time, and eventually, a steady state is reached, when the two terms are equal.

In this case, the radical density becomes constant with time, is no longer proportional to

dose, and deviations from the expected exponential behavior described by equation 5.1
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occur. When the first term dominates, Eq. 5.1 becomes:

L(d) = L0 exp(−gQdσl), (5.3)

where σ is the cross section for absorption of light by the color centers, and l is the

light’s path length through the scintillator to the photodetector. This would indicate

D−1 = gQσl, and so D would scale with l−1.

5.2.1 The reactions of the C-centered radicals in the absence of oxygen

Radiolytically produced C-centered radicals of PS and PVT undergo crosslinking

reactions in the absence of oxygen. However, the steric effect of the phenyl group on

the backbone of the PS and PVT chains impedes crosslinking reactions, leading to lower

crosslinking radiation yield. For example, the absorption of 2000 eV gamma energy

produces only one crosslink [111]. The polystyrene free radicals can also react with

H-atoms, which are produced during the radiolysis, leading to their disappearance on a

longer timescale.

5.2.2 The reactions of the C-centered radicals in the presence of oxygen

While high R enhances the crosslinking reactions, low R and the presence of

oxygen promote the oxidation processes.

The depth z0 for oxygen diffusion into a rectangular slab of plastic is [115]

z2
0 =

2 M C0
ΥR =

2 M S P
ΥR , (5.4)
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where M is the diffusion coefficient for oxygen, C0 is the oxygen concentration at the

matrix’s surface on the matrix side, Υ (= gQ) is the specific rate constant of active site

formation, S is the oxygen solubility, and P is the external oxygen pressure. In general,

these parameters depend on temperature [116]. There is an abrupt transition between

areas with and without oxygen. The oxygen concentration in the oxidized regions is

almost uniform [117]. For PS rods with a thickness of 1 cm, oxygen permeates the entire

sample for Rs below (roughly, depending on the plastic preparation and environment)

1.6 Gy/h [98, 117]. For thicknesses of 0.4 cm, 0.6 cm, and 0.8 cm, the corresponding per-

meation Rs are below 10 Gy/h, 4.4 Gy/h, and 2.5 Gy/h respectively. For Rs above this

value, polymer oxidation will occur only in the region permeated by oxygen, contributing

to an R dependence of the damage to the scintillator.

The rate of polymer oxidation is [106–108, 118, 119]

K(C(x, t)) = − C1 C(x, t)
1 + C2 C(x, t)

, (5.5)

where −K(C(x, t)) is the rate at which oxygen diffuses through the polymer bulk, x

is the position relative to the surface of the material where the rate is being measured,

and C(x, t) is the position-dependent concentration of oxygen within the matrix. The

constants C1 and C2 depend on the kinematics of the chemical reactions. The constant C1

is proportional to the square root of R for bimolecular reactions (leading to a dose-rate

effect) and to R for unimolecular reactions (no dose-rate effect because integration yields

a proportionality to dose).

The decay kinetics of the PS benzyl and PVT toluenyl C-centered radicals can be
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summarized as follows:

−d[R C ]

dt
= k1[O2][[R C ] + 2k2[R C ]2] (5.6)

where k1 and k2 represent the reaction rate constants of the C-centered radicals with

oxygen and the bimolecular second-order crosslinking reactions, respectively. At a

sufficiently high R, the rate of free radical production d[R C ]
dt is high enough to lead to

an enhancement of the crosslinking reaction. Therefore, at very high R, crosslinking

competes with the diffusion rate of oxygen into the bulk of the irradiated atactic PS and

PVT. Also note that, at room temperature, atactic PS and PVT are regarded as oxygen

barriers, and oxygen diffusion is very low. At high R, the crosslinking reactions are

therefore dominant in the bulk. However, at the surfaces of the irradiated samples, PS

and PVT samples where the O2 is available, their radiolytically produced carbon-centered

radical R C react very rapidly with oxygen to give rise to the formation of corresponding

peroxyl radicals [106–108, 120].

The peroxyl radicals undergo bimolecular reactions to produce unstable tetraoxide

intermediates

R CO2 + R CO2 ROOOOR (5.7)

The ROOOOR intermediates undergo various decomposition reactions, producing rela-

tively stable oxides such as organic and hydroperoxides (ROH and ROOH). These oxides

can absorb strongly in the ultraviolet, leading to reduced transfer of light to the sec-

ondary fluor. Their absorption cross section decreases with increasing wavelength. Note
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that R CO2 can abstract an H atom from the backbone of the neighboring molecules,

producing more R C , and initiating a short-chain reaction.

R CO2 + R CH R C + R CO2H (5.8)

where R-CH is either PS or PVT In this study, we used glassy atactic (100% amorphous)

PS and PVT. Hence, the permeability of O2 through PS and PVT is very small [121]. So,

the traces of oxygen in the bulk are consumed by irradiation at a much faster rate than

replenished by its permeability from outside. Hence, it is expected that the crosslinking

reactions are predominant in the bulk of the PS and PVT irradiated samples, and the

oxidation reactions take place mainly on the surfaces of these samples at high dose rates.

Our results show the presence of oxidation products in the bulk, too. This is because our

samples are relatively thin. In addition, our very low dose rates impede the crosslinking

reactions and enhance the reaction of polystyrene radicals with oxygen.

5.3 Sample and irradiation details

Our scintillator samples are in the form of rectangular rods, 5 cm long and 1 cm

wide, with thicknesses of 0.4 cm, 0.6 cm, 0.8 cm, and 1.0 cm. All faces are diamond-milled.

The rods, supplied by Eljen Technology, contain either the primary and secondary fluors

used in EJ-200 (a blue scintillator with p-Terphenyl as the primary and a POPOP-type

dopant as the secondary) or EJ-260 (a green scintillator whose fluors are proprietary

to Eljen Technology), with either PS or PVT as the plastic matrix. The secondary fluor

emission spectra from the Eljen website for EJ-200 and EJ-260 are shown in Fig. 5.1. For
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the EJ-200 fluors, the wavelength of maximum emission for the primary fluor in PS or

PVT is around 320–350 nm, and the region most important for secondary emission is

410–480 nm. The primary fluor emission maximum for EJ-260 is 372 nm [122], and the

secondary fluor emits primarily between 475 and 550 nm. Some of the rods had double

the normal concentration of the primary dopant, and some had double the concentration

of the secondary dopant. Some had no antioxidant included, and some had twice the

nominal antioxidant concentration. Fig. 5.2 [top] shows a photograph of some of the

rods. Rods were acquired in several purchases or gifts over several years. Lists of used

samples are given in the Tables that can be found in A.
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Figure 5.1: Emission spectra from the Eljen Technology website for EJ-200 (blue solid)
and EJ-260 (green dot). The arrows represent the emission maxima for the primary for
EJ-200 (blue solid) and EJ-260 (green dot).

Irradiations were performed at four facilities with gamma-ray sources. High R irra-
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diations, with Rs between 80.6 and 3900 Gy/hr, were performed at the National Institute

of Standards and Technology, Gaithersburg, MD, and Sandia National Laboratories using

60Co sources. Low R irradiations, at 3.0, 3.1, and 9.8 Gy/hr, were performed at Goddard

Space Flight Center using a 60Co source, and at 2.2 Gy/hr at the GIF++ facility [123]

at CERN using a 137Cs source. The irradiations were done at room temperature. The

humidity and oxygen pressure were not measured or controlled.

The irradiations at Sandia National Laboratories were subject to long, multi-hour

pauses. The longest pauses lasted 1-3 days, while the full annealing time for this material

is approximately 1 month. Scintillator chemistry is expected to be affected by annealing

due to radical recombination and deeper oxygen penetration when irradiation is paused.

For this reason, data from these irradiations are not used for dose constant calculations

and they are included only in a comparison between light output and dose (Fig. 5.4).

The uncertainties on the accumulated dose and R were ±10% for irradiations

performed at Goddard Space Flight Center and GIF++, and ±1.3% (95% confidence

level) for irradiations performed at the National Institute of Standards and Technology.

Accumulated doses (in water equivalent) ranged from 12.6 kGy to 70 kGy. Irradiations

were performed at various times over a period of several years. The doses were chosen

to approximately halve the light yield.

5.4 Measurement technique

The light output from the rods is measured before and after irradiation using an

alpha source (239Pu, 80 nCi) and a Hamamatsu R6091 photomultiplier tube, as shown in
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Fig. 5.2 [bottom]. The penetration depth of its 5.156 MeV alpha in PS is 0.037 mm [124].

Each rod was placed on the photomultiplier tube, operated at +1,700 V, and the source

was placed on the rod. An alignment fixture ensured the reproducibility of the alignment

of the three pieces. The measurements were made using a Tektronix oscilloscope model

TDS7104, with a charge integration window of 100 ns. The measurements used in

subsequent plots, except where explicitly noted, occurred after annealing was complete.

Our measurements are therefore of the permanent damage. Figure 5.3 [top] shows alpha

spectra at various times after irradiation for a rod, illustrating the annealing process.

After pedestal subtraction, the distribution is fit to a Gaussian around the peak,

and its mean is used as a measure of the light yield. Before and after a series of rod

measurements, we measure a standard reference rod to calibrate any photomultiplier gain

drift and to validate the performance of the equipment. Each rod is measured multiple

times. The systematic uncertainty in the light output is dominated by the imperfect

registration of the photomultiplier, rod, and alpha source. This systematic uncertainty

was estimated from the variation in repeated light yield measurements of a given rod

and is ±0.5%. Other sources of systematic uncertainty in the precision of the signal

measurement for an individual rod are negligible. Systematic uncertainties due to effects

of environmental factors and manufacturing tolerance on variations between rods are on

the order of a few percent.

Transmission measurements as a function of wavelength were taken using a Varian

Cary 300 spectrophotometer. Fig. 5.3 [bottom] shows some results of typical transmis-

sion measurements. The position of the edge in transmission for the scintillating rods

corresponds to the end of the absorption spectrum for the secondary fluor.
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Figure 5.2: [top] A photograph of selected rods, all with nominal doping. From left to
right: unirradiated EJ-200, EJ-200 irradiated to 500 kGy at 11 kGy/hr, unirradiated EJ-260,
EJ-260 irradiated to 500 kGy at 11 kGy/hr. [bottom] Apparatus for measurements with
an alpha source. In use, the apparatus is enclosed in a light-tight box.
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In order to facilitate comparison of the spectra from samples with different doses, a

pseudo-inverse of D, D−1, is calculated as a function of wavelength:

D−1 =
ln(To)− ln

(
Tf

)
d

(5.9)

where To and Tf are the transmission as a function of wavelength before and after

irradiation, respectively.

5.5 Results

Figure 5.4 shows the ratio of the light output of a rod before and after irradiation as

a function of d. The rod’s matrix is PVT, and the irradiation R was 460 Gy/hr. Each point

corresponds to a separate rod. Some of the rods presented in this figure experienced

pauses of 1-3 days, with the full annealing time for this material being approximately

1 month. The results at this R are well described by an exponential for doses below

40 kGy. Above this, some saturation may be occurring. Since many of our results are

based on irradiation of 70 kGy (see A), this may indicate the values are an underestimate

of the damage for lower doses. For the CMS detector in HL-LHC running, doses up to a

few kGy are expected in the scintillator part of the high granularity calorimeter [91].

Figure 5.5 shows D versus R for scintillator rods with the EJ-200 fluors at the

manufacturer’s nominal concentration and with nominal antioxidant concentration, for

both PS and PVT matrices. The values of D for the two matrices are similar for Rs

between 2 and 100 Gy/hr, and are approximately linear in the logarithm of the R. For

R >100 Gy/hr, D is larger at larger R for PVT, while for PS it is smaller or constant at
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Figure 5.3: [top] Measured energy spectrum from a rod irradiated at 3640 Gy/hr to a dose
of 70 kGy when excited using an alpha source at various times since irradiation, showing
the annealing process. [bottom] Typical transmission spectra for rods with nominal fluor
and antioxidant concentrations and with a PVT matrix, with no fluors (black, medium
dashes), EJ-260 fluors (green, short dashes), and for EJ-200 fluors (blue, long dashes).
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Figure 5.4: [left] Ratio of the light output of rods after receiving a dose d to their unirradi-
ated light output, versus d. The rods’ matrix is PVT, and the irradiation dose rate was
0.46 kGy/hr. The different colors correspond to different irradiation dates and facilities.
Rods irradiated at Sandia National Laboratories and NIST are represented with black and
yellow markers, respectively. The lines are fits of the Sandia data to exponentials, one
using only the lower dose data and the other using all data. Uncertainties are dominated
by systematic uncertainties. [right] Same, comparing PS and PVT. All rods included in
this plot have been irradiated at Sandia National Laboratories.
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larger R. The scatter in the data reveals an uncontrolled systematic, perhaps related

to changes in manufacturing over the period of the purchases, or due to uncontrolled

environmental variables. The radiation hardness of PS and PVT is similar at low R. At

high R, PVT is more radiation tolerant for EJ-200 (blue).
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Figure 5.5: The value of D versus R for scintillator rods with the EJ-200 fluors at the
manufacturer’s nominal concentration and with nominal antioxidant concentration, for
PVT (blue markers) and PS (black markers).

Figure 5.6 shows D versus R for scintillator rods with the EJ-260 fluors at the

manufacturer’s nominal concentration and nominal antioxidant concentration, for both

PS and PVT matrices. The results are similar to those for the EJ-200 fluors at Rs below

about 100 Gy/h. At higher Rs, the results for PVT are similar to those of EJ-200, while

the radiation resistance of PS is improved.

Figure 5.7 shows the D−1 results for the PS and PVT versions of the EJ-200 and EJ-
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Figure 5.6: The value of D versus R for scintillator rods with the EJ-260 fluors at the
manufacturer’s nominal concentration and with nominal antioxidant concentration, for
PS and PVT matrices.
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260 scintillators for Rs of 3.1 Gy/hr and 3900 Gy/hr. Larger positive values correspond

to more damage. Negative values of D−1 are consistent with destruction of the fluor,

resulting in less light self-absorption. For EJ-200, the emission and absorption spectra

for the secondary fluor overlap in the range 370 nm < λ < 390 nm. Figure 5.8 shows

ratios of D−1 values for high and low R, and for PS and PVT. For EJ-200, in the region of

secondary emission above 410 nm, there is more damage at low R than at high R. The

damage is larger at lower wavelengths as expected from previous results [94]. The values

at low R for PS and PVT are similar. The value of D−1 is negative in the region where

the absorption and emission bands of the primary overlap, indicating some destruction

of the secondary fluor.

For EJ-260, the damage was smaller, and the rods were too thin to allow for accurate

measurement in this case. There is an indication of color center formation just below

475 nm, which is at the start of the region of the primary emission. In both PS and PVT,

this feature did not appear in EJ-200. These color centers formed more at low R than at

high, more in PVT than in PS at low R, and at about the same rate in PS and PVT at high

R. Absorption from the color centers is low enough in wavelength, though, that it does

not affect the light output very much. The ratios show that, except for the comparison

between PVT and PS for EJ-200, the effects are roughly independent of wavelength.

5.6 Thickness, fluor concentration, and antioxidant concentrations

Changes in light output due to color center formation can be distinguished from a

decrease in initial light production through the dependence of D on the rod thickness.
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Figure 5.7: [top] The value of D−1 for scintillator with the EJ-200 fluors, for both PS and
PVT, at Rs of 3.1 Gy/hr to a total dose of 12.6 kGy and 3900 Gy/hr to a total dose of
70 kGy. [bottom] The value of D−1 for scintillator with the EJ-260 fluors, for both PS
and PVT, at Rs of 3.1 Gy/hr to a total dose of 12.6 kGy and 3900 Gy/hr to a total dose
of 70 kGy. In both plots, the emission range for the secondary fluor is indicated by a
double arrow. Negative values of D−1 correspond to increases in the transmission after
irradiation.
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Figure 5.8: Ratios D−1
1 /D−1

2 are plotted versus wavelength, where D−1
1 and D−1

2 are
values of D−1 corresponding to different cases of irradiations or irradiated materials. The
precise cases are defined separately for each ratio. Two different irradiations are included,
a high R one at 3900 Gy/hr (total dose: 70 kGy) and a low R one at 3.1 Gy/hr (total dose:
12.6 kGy). [top] EJ-200 for PVT at low R divided by high R (green dash), PS at low R
divided by high R (red dot-dash), PVT divided by PS both at low R (purple dot), PVT
divided by PS both at high R (red dot-dash) [bottom] EJ-260 for PVT at low R over high
R (green dash), PS at low R over high R (red dot-dash), PVT over PS both at low R
(purple dot), PVT over PS both at high R (red dot-dash) In both plots, the emission range
for the secondary fluor is indicated by a double arrow. The solid black line indicates a
value of 1.0.
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If the color center formation is independent of whether or not the region is oxidized, D

will scale as l−1. If the color centers form predominantly in the oxidized regions, this

scaling will only occur once the entire sample is permeated with oxygen, and will be

independent of thickness above this value, as the effective thickness is 2z0. For PS, at our

lowest R, oxygen permeates the rod for thicknesses below 0.6 cm. If the damage is to

initial light production, D will not depend on the thickness. Because all our rods are thin,

the color center density must be large to produce measurable light attenuation.

Figure 5.9 shows the results for PS rods with EJ-200 fluors. The results for PVT rods

are similar. The top figure shows D versus date since the end of irradiation. At 14 days

since irradiation, the value of D for the 1.0 cm rod is 1.5 times smaller (more damage)

than that of the 0.4 cm rod, while at 56 days the ratio is 1.1. The ratio of the thicknesses is

2.5. Just after irradiation, when the density of color centers is higher, D depends more

strongly on the thickness. After annealing, the dependence is small. This indicates that

for small pieces like this, where the path length in the scintillator is small, the dominant

source of light loss after annealing is the change in the initial light production. The

bottom figure shows the value of D after annealing as a function of R. Loss of initial

light dominates at all measured Rs.

Oxidized polymers tend to absorb light with wavelengths corresponding to emis-

sion by the primary fluor. Because of this, we investigated the effect of varying the dopant

and antioxidant concentrations. Figures 5.10 [top] and [bottom] show D versus R for

scintillator rods with the EJ-200 fluors, PS and PVT matrix, respectively, and the manufac-

turer’s nominal antioxidant concentration, for nominal fluor concentrations (1X1P), with

twice the nominal primary concentration (1X2P) and with twice the nominal secondary
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Figure 5.9: For rods with EJ-200 fluors made of PS: [top] value of D versus day since end
of irradiation for a R of 3640 Gy/hr, for rod thicknesses of 0.4 cm, 0.6 cm, 0.8 cm, and
1.0 cm; [bottom] value of D after annealing versus R for rod thicknesses of 0.4 cm, 0.6 cm,
0.8 cm, and 1.0 cm.
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concentration (2X1P). The results reveal increased radiation tolerance at high Rs for

PS-based scintillators with twice the nominal primary fluor concentration (PS-1X2P). The

rest of the results are independent of the fluor concentration within uncertainties.

Figure 5.11 shows the results for the EJ-200 fluors at the nominal concentration

in PVT without antioxidants (AO-0), with the nominal antioxidant concentration (AO-

1), and with twice the nominal concentration (AO-2). The results are independent of

antioxidant concentration within uncertainties. This is expected, since antioxidants are in

the amorphous and not the crystalline regions of the matrix. PVT is in a glassy state at

room temperature. It is almost impossible for the antioxidant molecules to move around

and react with the C-centered radicals or the peroxyl radicals.

5.7 Conclusions

Results on the effects of ionizing radiation on the signal produced by plastic scin-

tillating rods manufactured by Eljen Technology company were presented. Assuming

an exponential decrease in the light output with dose, the change in light output was

quantified using the exponential dose constant D.

The D values are similar for primary and secondary doping concentrations of 1 and

2 times, and for antioxidant concentrations of 0, 1, and 2 times, the default manufacturer’s

concentration, which suggests that the default concentrations are optimal. The D value

depends approximately linearly on the logarithm of the dose rate for dose rates between

2.2 Gy/hr and 100 Gy/hr for all materials. For the EJ-200 polyvinyltoluene-based (PVT)

scintillator, the dose constant is approximately linear in the logarithm of the dose rate
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Figure 5.10: [top] The value of D versus R for PS scintillator rods with the EJ-200 fluors at
the manufacturer’s nominal concentration for antioxidants for the nominal concentration
of fluors (1X1P), for double the concentration of the primary fluor (1X2P), and double the
concentration of the secondary fluor (2X1P). [bottom] The value of D versus R for PVT
scintillator rods with the EJ-200 fluors at the manufacturer’s nominal concentration for
antioxidants for the nominal concentration of fluors (1X1P), for double the concentration
of the primary fluor (1X2P), and double the concentration of the secondary fluor (2X1P).
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Figure 5.11: The value of D versus R for scintillator rods with the EJ-200 fluors in PVT
at the manufacturer’s nominal concentration for fluors without antioxidant additives
(AO-0), with the nominal concentration (AO-1), and with twice the nominal (AO-2).
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up to 3900 Gy/hr, while for the polystyrene-based (PS) scintillator or both materials

with EJ-260 fluors, it remains constant or decreases (depending on doping concentration)

above about 100 Gy/hr.

These results show that the conventional wisdom that PVT is more radiation-

resistant than PS is only true at high dose rates, for the short paths to the photodetector

tested here. Shifting the wavelength from blue to green again only aids in radiation

resistance for dose rates higher than typically found at collider detectors for short path

lengths.

The results from rods of varying thickness and the different fluors suggest that

damage to the initial light output is a larger effect than color center formation for scintil-

lator thickness ≤ 1 cm. For the blue scintillator (EJ-200), the transmission measurements

indicate damage to the fluors.
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Chapter 6: Effects of radiation damage on optical properties of scintilla-

tors and the role of oxygen.

This Chapter presents our studies on the effect of radiation damage and oxygen

presence on the optical properties of plastic scintillators. This work is published in

Ref. [79], and the text here relies heavily on the content of this publication. I was the first

person to notice the refractive index effect in the laboratory. I contributed the majority

of the text, conceptualization, software development, data analysis, and plotting. As

mentioned at the beginning of Chapter 4, I am the first author of this publication. The

design of the methodology for the refraction index measurements was performed equally

with M. Y. Aamir. The measurements of the refractive indices were performed by M.

Y. Aamir, who at the time was an undergraduate student whom I supervised. Initial

code for the CUDA simulation was provided by B. Kronheim and underwent significant

changes by me to produce the presented results.

6.1 Oxygen diffusion theory

This section presents an overview of the oxygen diffusion theory in polymers,

followed by a discussion of two models that incorporate the effect of oxidation on

oxygen diffusion. These two models follow two different approaches, the first having
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been developed for oxidation induced by ionizing radiation and the second for photo-

oxidation.

6.1.1 Oxygen diffusion in polymers

The diffusion of a gas into a solid or liquid material is described by Fick’s two laws

of diffusion [125, 126]. The first Fick’s law is for the diffusion flux J

J = −D
dC
dx

, (6.1)

where D is the diffusion coefficient, and C is the concentration. The second Fick’s law is

the diffusion equation

∂C
∂t

= D
∂2C
∂x2 . (6.2)

The dissolved amount of a gas in a solid or liquid at equilibrium is described by

Henry’s law [127]

C = Sp, (6.3)

where p is the partial pressure of the gas at the surface of the material, and S is the

solubility (or Henry) coefficient. The polymers used in scintillators are usually amor-

phous and have a low degree of crystallinity. For these polymers, which are commonly

characterized as glassy, two solubilities can be defined, one for diffusion in the material,

following Henry’s law, and one for diffusion in the voids in the material that is described

by Langmuir isotherms [128, 129].
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For a thin membrane, Fick’s second law can be rewritten using Henry’s law as

J = −DS
∆p
δ

= −P̄
∆p
δ

, (6.4)

where ∆p is the pressure difference between the two sides of the membrane, δ is its

thickness, and P̄ is the permeability.

The quantities described in the previous paragraphs have temperature dependen-

cies. Specifically, the solubility S obeys a van ’t Hoff equation [130]

S = S0e−
∆HS
RT , (6.5)

where ∆HS is the enthalpy change, R is the universal gas constant, and T is the tempera-

ture in degrees Kelvin. The diffusivity and the permeability are known to be described

by the Arrhenius equation [128, 130]

P̄ = P̄0e−
Ep
RT , (6.6)

where Ep is the apparent energy of activation of the permeation process, and

D = D0e−
Ed
RT , (6.7)

where Ed is the activation barrier for diffusion.

In the following section, the polymer model that was introduced by Seguchi et al.

in [131, 132] is studied. The model, a schematic of which is shown in Fig. 6.1, describes a
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Figure 6.1: A 1-dimensional description of oxygen diffusion in the polymer. The thickness
is l, C0, and C(x, t) are the oxygen concentrations at the surface and the interior of the
polymer, and x is the distance from the center.
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polymer film of thickness l with oxygen concentration C(x, t) that obeys the following

boundary conditions

1. C = C0 at x = l
2 ,− l

2 for all t,

2. C = 0 for t = 0 and − l
2 < x < l

2 ,

3. ∂C
∂x = 0 at x = 0 for all t.

Fick’s second law of diffusion (Eq. 6.2) describes this situation. The solution to this

equation is well-known in literature [131, 133]:

C(x, t)
C0

=
∞

∑
n=0

(−1)nerfc
(2n + 1) l

2 − x

2
√

Dt
+

∞

∑
n=0

(−1)nerfc
(2n + 1) l

2 + x

2
√

Dt
. (6.8)

6.1.2 JAERI model for oxidation during irradiation

The work by Seguchi et al. in [131, 132] describes in detail the chemical reactions

involved with oxidation during irradiation and studies the effect of oxygen diffusion

at equilibrium for that reaction chain. In this section, these calculations are rederived

following the manner of [131, 132].

The reactions related to irradiation and oxygen for a polymer P can be described by

the following formulas that describe the radical formation process

P
YR

P , (6.9)
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where P is the symbol for the polymer radicals, Y is the specific rate of radical formation,

and R is the dose rate; the radical recombination processes, including crosslinking, have

the general form

P + P
k1

P P, (6.10)

where k1 is the rate constant for radical recombination; and the radical oxidation process

P + O2

k2
P O2, (6.11)

where k2 is the rate constant for the oxidation process.

The equation that describes the balance between the polymer radicals and oxygen

concentration can be formulated as

d[P ]

dt
= YR− k1[P ]2 − k2[P ]C(x, t), (6.12)

where [P ] is the density of polymer radicals, C(x, t) is the oxygen concentration, and x is

the distance from the center of the polymer’s cross-section. In steady state, the first time

derivative is 0, and Eq. 6.12 becomes

[P ] =
−k2C(x) +

√
(k2C(x))2 + 4k1YR
2k1

. (6.13)

Beginning from the oxygen diffusion equation, we find the equation for the oxygen
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concentration balance

∂C(x, t)
∂t

= D
∂2C(x, t)

∂x2 − k2[P ]C(x, t), (6.14)

where D is the diffusion coefficient for oxygen in the polymer. The following boundary

conditions are assumed

1. C = C0 for t = 0 and − l
2 ≤ x ≤ l

2 ,

2. dC
dx = 0 at x = 0 and for all t,

3. C = C0 at x = ± l
2 and for all t.

6.1.2.1 If 4k1YR
(k2C)2 ≪ 1 for all x

When the combined rate of radical creation and crosslinking is much lower than

the oxygen bonding rate throughout the sample, then the inequality 4k1YR
(k2C)2 ≪ 1 is true

for all x, and Eq. 6.13 can be simplified by Taylor-expanding the square root to

[P ] =
YR

k2C(x, t)
. (6.15)

By substituting this result into Eq. 6.14, we arrive at

∂C(x, t)
∂t

= D
∂2C(x, t)

∂x2 − YR. (6.16)
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For the steady-state case, Eq. 6.16 becomes

D
∂2C(x)

∂x2 = YR. (6.17)

The solution to this differential equation is

1 − y = β

(
1
4
− λ2

)
, (6.18)

where y ≡ C
C0

, λ ≡ x
l , and

β =
YRl2

2DC0
. (6.19)

The steady-state solutions for different β are shown in Fig. 6.2 . The code that reproduces

this figure is available in Ref. [20]. For low values of β, the effect on oxygen concentration

is small. The concentration in the center of the sample becomes lower as the value of β

grows until the limiting case in which β = 4 and y = 0 for λ = 0. Eq. 6.18 is not a good

description for β ≳ 4.

If the system is not in steady state, then Eq. 6.16 can only be solved numerically by

approximating the derivatives of C(x, t) via a finite differences method.

6.1.2.2 If 4k1YR
(k2C)2 ≪ 1 is not true for all x

In some cases, oxygen is consumed at rates that cannot be replenished by diffusion,

and the concentration can become 0 in the central region of the polymer. This is true when

the dose rate is sufficiently high for a given set of the rate constants k1, k2, and Y. The

differential equation is not analytically solvable in this case, but it can be approximated
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Figure 6.2: The normalized oxygen concentration y at the stationary state under irradia-
tion is plotted for the limiting case 4k1YR

(k2C)2 ≪ 1 and for a range of values of β.
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using a finite difference method. In considering the limiting case C(0, t) = 0, according

to Eq. 6.18, β = 4. Then

l2 =
8DC0
YR . (6.20)

For the oxygen penetration depth z ≡ l/2, thus

z2 =
2DC0
YR . (6.21)

6.1.2.3 Numerical solution
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Figure 6.3: Numerical solutions to Eq. 6.22 for various combinations of values for the

parameters A ≡ C0k2
2

2Dk1
and B ≡ 2YR

DC0
. The parameter A is expressed through its ratio to B.

The normalized reaction rate R/R0 is shown for the entire normalized length λ. For the
code used see Ref. [20].

The system of Equations 6.13 and 6.14 can be solved numerically by using scipy’s

[134] ODE solver for boundary value problems. The full code is available in Ref. [20].

The formula to be solved is

d2y
dλ2 = Ay(

√
y2 +

B
A
− y), (6.22)
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where A ≡ C0k2
2

2Dk1
, B ≡ 2YR

DC0
. Fig. 6.3 shows solutions of the normalized reaction rate R/R0

for different combinations of the input parameters A and B. Parameter B determines

whether an oxygen-depleted region will form in the middle of the sample, as well as

how deep in the scintillator the boundary of the region will be. The ratio A/B controls

how steep the transition will be. In particle colliders, plastic scintillators are usually

placed in relatively low R regions, so the curves corresponding to lower values of B and

higher values of A/B should be more relevant. These results are in agreement with the

approximating solutions made in the previous sections for specific ranges of the model

parameters.

Understanding the dynamical evolution of the system requires a full simulation

of Eqs.6.12 and 6.14. For that reason, a custom CUDA implementation of the model is

used to create a finite differences simulation of the 3-dimensional sample. The simulation

utilizes a 500 × 100 × 100 grid for the 5 × 1 × 1 cm samples, and the input parameters are

D, YR, k1, and k2. The diffusion coefficient D is set to a value of 0.1 (lattice units)2

time steps in order

to keep the simulation runtime manageable. This value is equivalent to 10−8 cm2s−1

after considering that the experimental annealing time is approximately 30 days. The

system is initialized with a nominal value of the oxygen concentration C0 = 1 throughout

the sample volume, and this value is kept steady at the outer boundary of the sample,

thus imposing a Dirichlet boundary condition. Both the oxygen and the polymer radical

concentrations are evolved for 10,000 time steps, simulating the irradiation. Subsequently,

the YR parameter is set to 0 and the system is evolved for another 10,000 steps, simulating

the annealing period. Fig. 6.4 shows the normalized oxygen concentration and oxidation

87



0

1

2

3

4

5

O2 conc.

z 
(c

m
)

0 1

0 days

0

1

2

3

4

5

oxidation
rate

z 
(c

m
)

0 1

5 days

0 1

10 days

0 1

15 days

0 1

20 days

0 1

30 days

0 1

60 days
x (cm)

0.0

0.2

0.4

0.6

0.8

1.0

0.0

0.2

0.4

0.6

0.8

1.0

Figure 6.4: Distributions of the normalized O2 concentration and the oxidation rate
for different points in time during the annealing process for the 3D finite differences
simulation of the JAERI model. The input parameters are k1 = 5 · 10−11 cm3s−1, k2 =
2 · 10−10 cm3s−1, and YR = 0.6 cm−3s−1. At t = 0, the irradiation stops and the annealing
period begins.
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rate for the slice at y = 50 (middle of that dimension) over different times during the

annealing process and for input parameters k1 = 5 · 10−11 cm3s−1, k2 = 2 · 10−10 cm3s−1,

and YR = 0.6 cm−3s−1. The first time step, at t = 0, represents the time when the

irradiation is turned off. The snapshots of the system at that point in time reveal that

the rate of oxidation is very high in the periphery of the sample and drops suddenly to

0 at a certain depth. At the same time, the O2 concentration is very low throughout the

sample and practically 0 in the area with no oxidation rate. As the annealing progresses,

the oxygen diffuses inside the sample, and the O2 concentration increases gradually.

The oxidation rate is high only in a short band inside the sample, which corresponds

to the area that has sufficient oxygen and radicals to sustain the reaction. This band

moves towards the center of the sample with increasing time, until the time when all the

radicals have been oxidized and the sample is considered fully annealed. Fig. 6.5 shows
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Figure 6.5: The 3D finite differences simulation of the JAERI model for various com-
binations of the input parameters YR, k1, and k2. In each plot, two of the parameters
are kept constant, and the third is varied over some range. The diffusion coefficient is
D = 10−8 cm2s−1 in all cases.

a comparison of the annealing process for a variety of combinations of the parameter

values. The annealing is represented by the depth z of the area with a high oxidation rate

89



at the middle of the sample (y = 50, z = 250). For each one of the three plots, two out of

three parameters are kept stable, and the third parameter is varied over a certain range.

The dose rate times the specific rate of radical formation, expressed as the combined

parameter YR, significantly affects the initial depth, the duration, and the shape of the

annealing curve. Lower values tend to place the initial position deeper into the sample

and make the annealing curve look less linear. The rate of radical crosslinking k1 mainly

affects the annealing duration, with lower values extending its length. Finally, the rate of

radical oxidation k2 has a significant effect on the initial position, which also affects the

annealing duration.

6.1.3 Photo-oxidation model

A different approach is followed by Cunliffe and Davis in [115] for describing

the dynamics between oxygen diffusion and light-induced oxidation (which apply to

ionizing radiation as well). This description is based on a similar chemical description of

the phenomenon that is accounted for by the addition of a reaction rate term R(C(x, t))

to the diffusion equation (Eq. 6.2)

∂C(x, t)
∂t

= D
∂2C(x, t)

∂x2 − R(C(x, t)), (6.23)

where R(C(x, t)) is the rate of oxygen consumption. For a free radical reaction chain with

initiation, propagation, and termination steps [135–139], this rate can be described by the
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formula

R(C(x, t)) =
c′1C(x, t)

c′2C(x, t) + c′3

=
c1C(x, t)

c2C(x, t) + 1
, (6.24)

where c′1, c′2, c′3, and therefore c1 ≡ c′1
c′3

and c2 ≡ c′2
c′3

, can be expressed in terms of the

rate constants for the initiation, propagation, and termination steps. By comparing

Eq. 6.24 with Eq. 6.14, it is evident that −k2[P ]C(x, t) is replaced by R(C(x, t)), and the

creation and termination of the radicals are modeled via the propagation and termination.

Therefore, this model features a more simplified handling of the radical processes. The

steady-state differential equation becomes

D
∂2C(x)

∂x2 =
c1C(x)

c2C(x) + 1
, (6.25)

and after reusing y ≡ C
C0

, λ ≡ x
l ,

d2y
dλ2 =

(
c1l2

D

)
y

c2C0y + 1

=
Ey

Fy + 1
, (6.26)

where E ≡ c1l2

D , and F ≡ c2C0. The boundary conditions remain the same as before.
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6.1.3.1 If F ≪ 1

For F to have a very small value, either the initial concentration of oxygen C0

needs to be very low or the rate constants for the radical oxidation process and the

termination process for oxidized radicals need to be much lower than the rate constant

for the termination of non-oxidized radicals. In this case, the reaction rate is proportional

to C. For small E values, which correspond to a combination of small sample thickness,

low radical formation rates, low dose rates, and low radical oxidation rates, the oxygen

diffusion offsets the reaction sufficiently, and the decrease of C towards the center of the

sample is small. For larger values of E, the decrease of C becomes more pronounced.

6.1.3.2 If Fy ≫ 1 for all y

In this case, there is sufficient oxygen concentration throughout the sample, and the

rate constants for the processes that involve oxygen are sufficiently high that the reaction

rate is approximately constant throughout the sample. For larger values of E, the demand

for oxidation increases, and the oxygen concentration can be depleted within an inner

region of the sample.

6.1.3.3 If Fy ≈ 1 for some y

Considering the case where F ≫ 1, the reaction rate should be approximately

constant as long as Fy ≫ 1 holds. However, the validity of this statement depends as

well on the value of E. Specifically, for small values of E, the condition Fy ≫ 1 is valid

for all values of y. As the value of E increases, oxygen concentration falls more and more
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rapidly with depth into the sample. For large values of E, a balance is created between

the oxygen concentration and the oxidative part of the reaction chain in some regions

of the sample, and as a result, there are some y for which Fy ≈ 1. In this case, C has

a plateau region with almost constant oxygen concentration, and then at some critical

depth λc the concentration collapses dramatically to very low values. The effect is more

pronounced for larger values of E and F, provided that E is sufficiently larger than F. The

critical depth can be estimated by beginning with the condition Fy ≫ 1. Then

d2y
dλ2 =

E
F

. (6.27)

After integrating twice and applying the boundary conditions,

y = 1 − E
8F

+
Eλ2

2F
. (6.28)

Considering the critical condition when y falls below yc given by Fyc ≈ 1 ⇔ yc ≈ 1
F in

the middle of the sample,

E
8F

≥ 1 − 1
F

. (6.29)

For large F values,

E
8F

=
c1l2

8Dc2C0
≥ 1. (6.30)
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Figure 6.6: Numerical solutions to Eq. 6.26 for various combinations of values for the

parameters E ≡ c1l2

D and F ≡ c2C0. The parameter E is expressed through its ratio to F.
The normalized reaction rate R/R0 is shown for the entire normalized length λ. For the
code used see Ref. [20].

This critical value yc is very small and therefore the roots of Eq. 6.28 can give an approxi-

mation of the location of the sharp decreases:

λ2
c =

1
4
− 2F

E
=

1
4
− 2c2DC0

c1l2 . (6.31)

Writing for zc, which is measured from the surface of the sample

z2
c =

2c2DC0
c1

(6.32)

This formula is very similar to Eq. 6.21 provided that the ratio c1/c2 is approximately

equal to YR.
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6.1.3.4 Numerical solution

Equation 6.26 can be solved numerically using scipy’s ODE solver for boundary

value problems. The full code can be found in [20]. Fig. 6.6 shows solutions of the

normalized reaction rate R/R0 for different values of the model parameters A and B.

Parameter B controls the shape of the solution, which forms shoulder regions in the outer

parts of the sample and drops steeply in the middle for values ≳ 10. The ratio A/B

defines the depth where the transition between the two regions occurs.

For the sake of completeness, Eq. 6.25 was also solved for the two-dimensional case

that matches the physical size of our samples, which are described in detail in Section 6.3.

The dynamic system was evolved over time on a 350× 70 grid until a steady solution was

reached. In Fig. 6.7, the solution is shown for the normalized concentration C/C0 and the

normalized reaction rate R/R0 for a choice of the model parameters c1 = c2 = 100 and

D = 0.01. These values were chosen because they produce a steady state in which the

oxygen concentration drops significantly very close to the surface of the material, and the

reaction rate is high close to the surface but then suddenly drops at some critical depth

zc.

6.2 Refractive index theory

The refractive index n for a material can be expressed as

n =
√

ϵrµr, (6.33)
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Figure 6.7: The solution to the 2D PDE for the normalized concentration and reaction rate
at steady state for a scintillator that is 1 cm × 1 cm × 5 cm. For the code used see Ref. [20].

where ϵr and µr are the relative permittivity and permeability, respectively. For non-

ferromagnetic materials, the relative magnetic permeability is very close to unity. So for

plastic scintillators, the formula is a good approximation.

n ≃ √
ϵr (6.34)

A connection between ϵr and the microscopic description of a material can be

established by the Clausius-Mossotti equation [140]

ϵr − 1
ϵr + 2

=
Nα

3ϵ0
, (6.35)

where N is the number density of molecules and α ≡ ∥p∥
∥E∥ is the molecular polarizability

of the material, which is defined as the tendency of the molecules to acquire a dipole
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moment p when exposed to an external electric field E.

This can be rewritten for the refractive index n in a form known as the Lorentz-

Lorenz equation [141–143]

n2 − 1
n2 + 2

=
4π

3
Nαm, (6.36)

where αm is the average molecular polarizability volume (that is, the polarizability

expressed in CGS units in order to give the convenient dimension of volume). Therefore,

the refractive index can be predicted using only one microscopic quantity, αm.

The average molecular polarizability depends on the atomic polarizabilities of the

atoms that form the substance’s molecules, as well as on the bond strengths and the

molecular structure. This fact was realized by chemists in the late 18th century, trying to

associate the structure of organic molecules with their refractive indices. Brühl pioneered

a method [144, 145] to predict the molecular refractivity

MR ≡ n2 − 1
(n2 + 2)N

(6.37)

by assigning a weighted sum of the atomic refractivities to it. He calculated the atomic

refractivities for the atoms that are most commonly found in organic molecules and the

additional factors associated with double and triple bonds, and he was able to predict

the correct structure for benzene. Table 6.1 shows the values that Brühl derived for the

Table 6.1: Brühl’s weights. The sum of these weights gives the molecular refractivity for
a compound.

Atom/bond C H O C C C C C O

weight ri 2.48 1.04 1.58 1.78 2.18 0.76
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weights of the constituents of organic compounds. Calculations according to Brühl theory

are shown in Table 6.2 , where the values for the molecular weight P of the monomers,

Table 6.2: Brühl theory predictions and experimental values for three common organic
substrate materials.

Polymer ∑ ri P (g/mol) d (g/mL) nBrühl nexperiment

PMMA 26.22 100.12 1.15 1.510 1.49
PVT 38.06 118 1.023 1.574 1.58
PS 33.50 104.15 1.05 1.591 1.59

the density d, and the experimental value of the refractive index nexperiment are retrieved

from [146, 147]. Subsequently, the same equation can predict the difference δn in the

refractive index when the chemical composition of the material changes, as is expected

to happen during irradiation. For example, substituting two hydrogen atoms for a

double carbon bond in styrene is expected to change the refractive index by δn = 0.008

while replacing two hydrogen atoms in the same monomer with a carboxyl bond gives

δn = −0.079. Therefore, it is expected that the presence or absence of oxygen during the

irradiation is going to affect the refractive index since the neutralization of the radicals

will differ.

The characterization of materials based on their refractive index is often performed

by fitting empirical formulas that describe the dispersion with light wavelength to

experimental data. The most popular formulas are the Cauchy equation

n(λ) = A +
B
λ2 +

C
λ4 + ... ≈ A +

B
λ2 , (6.38)

where A and B are material-dependent coefficients whose values are determined experi-
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mentally, and the Sellmeier equation [148]

n2(λ) = 1 +
N

∑
i=1

Biλ
2

λ2 − Ci
, (6.39)

where Bi and Ci are the Sellmeier coefficients, and they are experimentally determined.

This equation is considered an improvement over Cauchy’s formula as it is better at

modeling the refractive index in a broad wavelength range from the infrared to the

ultraviolet part of the spectrum. Usually, up to third-order coefficients are used to

characterize glasses, although keeping two or even one order is sufficient for many

applications.

6.3 Experimental setup and procedures

6.3.1 Samples and irradiations

All scintillators discussed in this work are rectangular rods of dimension 1 cm ×

1 cm × 5 cm, supplied by Eljen Technology. The substrate material is either polystyrene

(PS) or polyvinyltoluene (PVT), while the primary and secondary fluors are p-Terphenyl

and POPOP-type, respectively. These scintillators are commercially available from Eljen

Technology as EJ-200 with PVT substrate material. The PS-based scintillators were

prepared by Eljen specifically for these studies as a custom request.

The rods were irradiated with different dose rates at room temperature in three

irradiation facilities. Irradiations from 80.6 Gy/h to 3.9 kGy/h with integrated doses of

70 kGy were performed at the National Institute for Standards and Technology (NIST) in
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Gaithersburg, MD, using 60Co. Lower dose rate irradiations from 3.0 to 9.8 Gy/h with

total doses ranging from 12.6 to 42 kGy were performed at Goddard Space Flight Center,

using also 60Co. The lowest dose rate irradiations were performed at the GIF++ facility at

CERN [149] using 137Cs with a dose rate of 2.2 Gy/h to a total dose of 13.2 kGy. The dose

and dose rate uncertainties are 1.2% for the NIST irradiations and 10% for the Goddard

and GIF++ irradiations. All samples were stored in a dark container after irradiation

until annealing was complete.

6.3.2 After irradiation

Irradiated plastic scintillator acquires distinctive optical features that can be used

to indicate the recovery status or even measure any abrupt changes in the reaction rate

between oxygen and the radiation-induced radicals. Visual inspection of the samples

immediately after exiting the irradiator reveals an internal region with a characteristic

green coloration from radical color centers that is surrounded by a boundary, which

indicates a rapid change in the refractive index of the material. During the recovery

process, the green coloration gradually shrinks toward the center of the sample until

it eventually disappears. The time needed for the completion of this process varies by

substrate material and depends on the storage conditions. For the samples discussed in

this work, the average time to full recovery is between 1 and 2 months. This process is

already well documented in the literature and is known as scintillator ”bleaching” or

annealing. Provided enough oxygen is available during recovery, all radicals will get

oxidized and therefore the green coloration will be neutralized. After complete annealing,
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the only visual remnant of the irradiation is the boundary at which the refractive index of

the material changes sharply. Fig. 6.8 [Left] shows the 1 × 1 cm face of a PS scintillating
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Figure 6.8: [Left] One of the irradiated scintillator samples with a visible refractive index
change boundary 15 days after the irradiation end. Irradiation was performed using
60Co at NIST to a total dose of 70 kGy at a dose rate of 460 Gy/h. [Right] The processed
lightness channel of a scintillator sample. The gradient of the profile is shown in yellow
color, the range used for the profile is defined by red dashed horizontal lines, and the
peaks are identified with red circles.

rod 15 days after the end of its irradiation with 460 Gy/h for an integrated dose of 70 kGy.

6.3.3 Refractive index boundary depth

The refractive index change is present in all scintillator rods irradiated with dose

rates> 10 Gy/h. The refractive index boundary depths were measured using an OpenCV-

based method [150] with photographs and video frames of the samples taken in front of

high-contrast backgrounds. The method consists of the following steps:

1. Select pictures/frames with the cleanest views of the boundaries.
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2. Process with a bilateral filter to reduce noise and dust.

3. Extract the lightness channel.

4. Improve contrast with Contrast Limited Adaptive Histogram Equalization (CLAHE)

[151, 152].

5. Extract the lightness profile along the axis used for depth calculation.

6. Calculate the gradient of the lightness profile to reveal any abrupt changes.

7. Apply a Savitzky–Golay filter [153] for noise removal.

8. Find the positions and widths of the gradient peaks.

9. Calculate the image scale in mm/px and the depth of the refractive index bound-

aries using the peak positions.

10. Use the peak widths and the variance over a few different pictures to estimate the

uncertainties.

Fig. 6.8 [Right] shows the lightness profile gradient overlaid over the processed lightness

channel for one of the samples. The discovered peaks that are later used for calculating

the image scale and the boundary depth are shown with red circles. The code and the

data that can fully reproduce all the results can be found in Ref. [20].

6.3.4 Refractive index measurement

The refractive index of the scintillator rods was measured using the setup shown in

Fig. 6.9. A Nikon D7000 DSLR was aligned with the axis of an MPositioning precision
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Figure 6.9: The setup for measurements of the index of refraction using a Nikon D7000
digital camera, an MPositioning precision stage with a sample adjacent to a Boli Optics
10 × 10 mm/100 × 100 reticle, a Thorlabs 20° circle pattern diffuser, and a 470 nm LED
source.
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translation stage. The rods were placed on the translation stage with a Boli Optics 0.1 mm

division net grid reticle attached to the face opposite the camera. The rod-reticle system

was illuminated evenly from behind using an LED of known wavelength with a Thorlabs

20° circle pattern engineered diffuser.

The camera lens focus was fixed on the front face of the rod. Then, the precision

stage was translated forward up to the distance at which the divisions of the reticle at the

other end of the rod appeared to be in focus. The total distance traversed from the front

to the apparent end of the rod was the measured apparent depth L′. This procedure was

performed for both the inside and outside regions of the rods, as is shown in Fig. 6.10.

The rod lengths L were measured using a caliper. For a sample without an internal

boundary, the index of refraction is given by [154]

nin =
L
L′ . (6.40)

Accounting for two regions with different refractive indices nin and nout inside the rod,

the index of the internal region is

nin =
(L − 2d)nout
L′nout − 2d

, (6.41)

where d is the depth of the boundary, and nout is measured using Eq. 6.40 in the part of

the sample where only the outer region is visible.

The method was validated using two Bi4Ge3O12 (BGO) crystal samples. The valida-

tion was performed by measuring the index of the material at eight different wavelengths
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Figure 6.10: A schematic showing the configurations for measuring the refractive indices
in samples with two regions. The index of the inner region nin is measured using
the configuration shown at the top, in which the light passing through the middle of
the sample is used. The index of the outer region nout is measured according to the
configuration shown at the bottom, which uses light passing through the periphery of
the sample, thus avoiding the inner region. The fact that light traversing the inner region
also traverses some of the material in the outer region requires a correction term to the
inner region’s measured index, as described in the text.
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and then comparing their distribution with the relationship predicted by Eq. 6.39. The

reference values for B1 and C1 for BGO crystals can be found in Ref. [155]. Fig. 6.11 shows
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Figure 6.11: A validation of the refractive index measurement method performed against
the Sellmeier equation for two BGO crystal samples. The plots show measurements of
the index of refraction versus light wavelength. The red curve is the Sellmeier equation
using the first-order Sellmeier coefficients that can be found in the literature. A fit of the
data to the first-order Sellmeier equation is shown in black. The 1σ band is shown in gray
color around the fit line.

the comparison between the reference Sellmeier equation and a fit of the same equation

to our data for both samples. The fitted lines match reasonably well with the predictions

throughout the visible light spectrum.

6.4 Results

Fig. 6.12 shows all measurements of depth versus the dose rate for PS and PVT rods.

As expected by the hypothesis that this boundary is related to the oxygen penetration

depth, the depth reduces with increasing dose rate because the oxygen diffusion is not

enough to replenish the oxygen molecules consumed by the radicals. The data points

are fitted with an equation of the form z = A/
√
R since this is the expected formula
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Figure 6.12: The measured depths of the refractive index change boundaries for irradiated
PS and PVT scintillator samples as a function of dose rate. Irradiations at 2.2 Gy/h were
done using a 137Cs source, the rest using 60Co. The samples that were irradiated with
dose rates lower than 80 Gy/h do not have a visible boundary, indicating the depth is
larger than half the sample thickness. For that reason, these samples are represented
by lower-pointing arrows at 5 mm whose length indicates the uncertainty of having a
boundary so close to the surface that it is impossible to measure or observe. The data
above 80 Gy/h are fitted with a function of the form z = A√

R
. The 1σ bands are also

shown around the fit lines.
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according to Eq. 6.21. The values of the parameter A are estimated to be APS = 23.8 ±

0.7 mm · h1/2Gy−1/2 for PS and APVT = 18.8 ± 0.6 mm · h1/2Gy−1/2 for PVT. Converting

these values to dose rates that allow full oxygen penetration to 5 mm (half the sample

width) gives R f ull
PS = 22.7 ± 1.3 Gy/h for PS and R f ull

PVT = 14.2 ± 0.9 Gy/h for PVT.

The annealing process was monitored closely, and the depth of the colored region

was measured periodically for a PS sample that was irradiated with 460 Gy/h for a total

of 69 kGy. According to Ref. [98], the progression of the annealing is expected to follow

the relationship

z2
color = At. (6.42)

The measurements of the colored region are shown in Fig. 6.13 along with predictions

of the finite differences simulation from Sec. 6.1.2.3, the position of the refractive index

boundary, and a fit of Eq. 6.42 to the data. The measurements evolve in accordance with

the finite differences simulation whose input parameters have been tuned by minimizing

the χ2 distance between the data and the prediction. Both the data and the simulation

deviate from Eq. 6.42 after the initial part of the annealing process. Possible explanations

for this might include the shape of the sample (the equation is derived for thin sheets)

and the effect of the active radicals on oxygen diffusion. The fit result for the parameter in

Eq. 6.42 is APS = 7.351± 0.015 · 10−3 mm2/h, which is lower than the value 0.025 mm2/h

from Ref. [98]. This is expected since the fit is obviously underestimating the evolution

rate.

The same method was used to measure the refractive indices of unirradiated EJ-200

PS and PVT scintillator samples. Fig. 6.14 shows the measured indices over the visible

108



0 10 20 30
t (days)

0

1

2

3

4

5

z 
(m

m
)

color depth simulation
color depth data
index boundary
z2

color = At

Figure 6.13: Measurements of the annealing process of an irradiated scintillator. The data
points represent the depth of the colored region. The finite differences simulation of the
colored region depth is shown with an orange line. The depth of the refractive index
boundary is shown with a dashed black line. A fit of Eq. 6.42 to the annealing data is
shown as a gray line. The Eq. 6.42 doesn’t explain the data fully since it is derived for
thin films.
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Figure 6.14: The refractive indices for unirradiated EJ-200 PS and PVT. The lines represent
fits to the first-order Sellmeier equation. The 1σ bands are shown around the fit lines.
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spectrum. Fits to the first-order Sellmeier equation are also included. The calculated

Sellmeier coefficients for EJ-200 PS are BPS
1 = 1.492 ± 0.007 and CPS

1 = 1.71 ± 0.13 ·

10−2 µm2, and for EJ-200 PVT are BPVT
1 = 1.483± 0.011 and CPVT

1 = 1.10± 0.19 · 10−2 µm2.

Scintillator samples of both substrates, which were irradiated over a very wide range

of dose rates, were measured using the same technique. Fig. 6.15 shows measurements
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Figure 6.15: Measurements of the refractive index at λ = 470 nm after irradiation and
annealing for EJ-200 PS (left plot) and PVT (right plot) for both the inner (blue) and outer
(yellow) regions that are defined by the internal boundary. The average value for each
region is shown with a dashed line and the standard deviation with a band around that
line. The average of the measurements of the unirradiated samples is shown with a solid
black line accompanied by a black-shaded area that represents the uncertainty.

of the index of refraction at the wavelength of 470 nm for irradiated scintillator samples

of both PS (left plot) and PVT (right plot) substrates. For both materials, the index of the

region inside the boundary is higher than the index in the outer region by approximately

δn ≈ 0.02 on average. The samples at lower dose rates, that do not feature an internal

boundary, have indices consistent with the values from the outer regions of the samples

with boundaries. This is consistent with the hypothesis that these samples have been fully

penetrated by oxygen during the irradiation. The values of the index for unirradiated
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samples are compatible with the indices of the outer regions within the experimental

uncertainties. This suggests that non-oxidative processes, like radical crosslinking, are

contributing more (at least collectively) to changes in the refractive index. Finally, there is

no indication of dependence of the refractive index on the dose rate of the irradiation for

the outer regions of both materials and the inner region of PVT. The refractive index of

the inner region for the PS scintillators indicates a decreasing trend with increasing dose

rate until it reaches a plateau slightly above the values of the outer region. The available

data and their uncertainties prohibit the drawing of any conclusions regarding this trend,

and therefore, more measurements with comprehensive coverage of the dose rate values

are needed to evaluate this relationship.

6.5 Conclusions

The effects of oxidation during irradiation on the optical properties of plastic

scintillators were studied both theoretically and experimentally. Numerous models of

oxygen diffusion in polymers, which can be solved numerically or analytically in limiting

cases, exist in the literature. Numerical solutions to the differential equations for two of

these models show that the normalized oxygen reactivity can undergo a steep decrease

from 1 to 0 at a certain depth within the material for a subset of the parameter space

of the models. This prediction is in accordance with the optical observations made on

irradiated polymeric scintillators that exhibit an optical boundary of sharp change in the

refractive index, which separates the material into two regions. The depths at which these

boundaries occur were measured and compared with the dose rates of the irradiations.
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The data show a dependence on the inverse of the square root of the dose rate, which is

in agreement with the predictions of the models. Measurements of the index of refraction

of the samples using a photography-based technique reveal that the internal regions

defined by those boundaries have slightly elevated index values. The refractive indices

of unirradiated samples agree with the values of the outer regions of the irradiated

samples. The refractive indices do not depend on the dose rate of the irradiation, with

one exception, the inner region for PS, for which a descending trend with increasing dose

rate is observed. More studies are needed to clarify the validity and the nature of this

trend.
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Part III

Search for Soft Unclustered Energy Patterns with muons
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Disclaimer

This Part of the dissertation (Part III) relies heavily on the CMS Analysis Note

AN-24-084 for the Search for SUEP with muons. I have contributed almost all the text for

this note. I developed all the analysis code, and I produced all the plots and tables in the

following sections.

This analysis is still in a blinded stage, meaning that we are not processing real

data in the signal regions. Real data are processed in the control and validation regions.

Only the expected final results are reported.
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Chapter 7: Introduction to SUEP

CMS has a rich physics program for beyond-the-Standard-Model (BSM) physics.

Despite all the efforts, there is still no evidence of exotic physics in the vast number of

searches that have been performed. Recently, dark QCD models have been gathering

attention, since they are capable of producing a great variety of unique final signatures,

many of which have not been explored yet. Examples include but are not limited to

long-lived particles [156], semi-visible jets [157], emerging jets [158], and soft unclustered

energy patterns (SUEP) [22]. These unusual events can be evidence of a strongly coupled

hidden valley.

Hidden valleys are extensions that add a new confining gauge group to the Standard

Model (SM) [28]. These hidden valleys can be accessed through a heavy portal state that

can be produced in particle colliders like the LHC. The energy directed into the confining

hidden valley is used to create dark hadrons, which can then decay back to the visible

sector. A schematic representation of this can be seen in Figure 7.1. SUEP are final states

with high particle multiplicities that can be produced by a hidden valley characterized

by a large ’t Hooft coupling combined with a small hadronization scale.

Several works on SUEP have already been published, including overviews [159],

strategies for triggering SUEP events [22,160], definitions of useful metrics [161], machine
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Figure 7.1: Hidden valley conceptual diagram. For the original version of this diagram,
see Ref. [21]. The hidden sector is accessible only through the portal created by the LHC.
The states created by the dark shower may decay back to the visible sector.

learning approaches like unsupervised learning and autoencoders [24, 162]. CMS has

published the first search for SUEP [163,164] using a strategy that triggers on ISR jets and

therefore targets more boosted SUEP final states. Further, effort within the collaboration

not published yet includes a search for SUEP that exploits the scouting stream data [165–

168] as well as searches for the production of SUEP in association with Z [169, 170] and

W [171, 172] bosons.

This analysis aims to look for SUEP with an emphasis on final signatures with

high muon multiplicities. The events are selected using triple-muon HLT paths. Further
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selections are imposed to obtain collections of higher-quality muons. Control and signal

regions are then formed, placing requirements that mainly focus on the number of muons,

eventually keeping events with 7 or more muons in the discovery bins of the signal

region. The background is estimated by performing an extrapolation on the multiplicity

distribution of the QCD MC muons. The resulting extrapolated MC background is fitted

to the data and eventually used to calculate upper limits. This search is expected to have

great potential and offer nice complementarity with existing CMS searches for SUEP,

given the excellent ability of CMS to trigger on muons and reconstruct them.

This Part consists of the following sections: Section 8 describes the signal models,

Section 9 presents the datasets used and the Monte Carlo samples that model the signal

and the background, Section 10 contains information on the selections applied to the

objects used in the analysis, Section 12 has details on the selections used to pre-select the

events and then form the control and signal regions, Section 13 describes the background

estimation method, Section 14 lists the sources of systematic uncertainty, Section 15

presents the results including upper limits to the production cross section of the signal

models.
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Chapter 8: Signal models for SUEP

The Soft Unclustered Energy Pattern (SUEP) events are expected to take the form

pp → B + X, where B is a state with a very large multiplicity of SM particles that are

distributed roughly isotropically around the center-of-mass of B in its rest frame. The

process that is expected to give this kind of final signature involves the production of

a scalar boson S that decays to several dark mesons ϕ. Subsequently, the dark mesons

decay to pairs of dark photons, A′, which then decay to SM particles [22]. Figure 8.1

shows the Feynman diagram for the entire SUEP process.
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Figure 8.1: Feynman diagram for the SUEP process adapted from Ref. [22]. The scalar
mediator is produced via gluon-gluon fusion, and then it decays back to standard model
particles after creating a dark shower, hadronizing to ϕ dark mesons, and decaying to A′

dark photons.

119



To produce SUEP events, a mediator particle is needed that acts as a portal to the

hidden valley by connecting SM particles to the hidden sector particles. In our case, the

mediator particle is assumed to be a heavy scalar boson with properties similar to those

of the Higgs boson. The SUEP scalar mediator is produced using gluon-gluon fusion

via a quark loop, with main contributions from the top quark, as a narrow-width BSM

Higgs boson. Alternative scalar boson production modes, like Vector Boson Fusion (VBF)

or associated production with a Z or W boson (ZH or WH), are also possible but are

not considered in this work because of their smaller cross sections. Instead, CMS has

dedicated analyses that target alternative production modes for SUEP events. Finally,

mediation through vector bosons is also possible. The event dynamics are expected to

remain similar.

The hidden sector that is accessed by the scalar mediator is assumed to include

a dark QCD-like interaction described by a non-Abelian gauge theory. The parton

multiplicity generated by a hadronic shower is controlled by the ratio of the energy scale,

Q, to the hadronization scale, Λ, Q/Λ. Given a large ’t Hooft coupling, λ ≡ gdarkNdark
c ,

where gdark is the coupling strength and Ndark
c is the number of the colors of the dark

QCD, the emission of partons carrying a sizeable fraction of the momentum at large

angles is expected to become significant, leading to an isotropic distribution of the

partons [21, 173–175]. Considering the energy scale to be roughly equivalent to mS and

the hadronization scale to mϕ, then the expected parton multiplicity is [176]

⟨n⟩ = mS
Λ

=
mS
mϕ

. (8.1)

120



Studies of the statistical distribution of meson kinematics have shown that a thermal

Maxwell-Boltzmann distribution is followed approximately with temperature at the

order of the confinement scale [177, 178]. Similarly, in the SUEP model, it is assumed that

the dark mesons ϕ have a Maxwell-Boltzmann momentum distribution

dN
d3pϕ

∼ exp


−

√
p2

ϕ + m2
ϕ

T

, (8.2)

based on phenomenological studies [179]. Since T is expected to be at the order of the

confinement scale, a validity range of T ∼ [0.25, 4] × mϕ is used when sampling the

parameter values.

The dark mesons ϕ are assumed to be coupled to dark photons A′ via the operator

ϕA′µν A′
µν. The dark photons are not directly coupled with SM particles, but they are

kinematically mixed with the SM hypercharge via the operator 1
2 ϵA′µνBµν. The part of

the Lagrangian that encapsulates the decays back to the SM is

Ldecay = ϕA′µν A′
µν −

1
2

m2
A′ A′µ A′

µ +
1
2

ϵA′µνBµν, (8.3)

where mA′ is the mass of the dark photon, ϵ is the strength of the mixing between the

dark and the SM photons, ϕ is the dark meson field, Bµν is the field strength tensor for

the SM hypercharge gauge field Bµ, and A′
µ and A′

µν are the field and the field strength

tensor respectively of the dark photon. This mechanism does not allow tree-level decays

of ϕ to SM particles. Instead, a practical limit is imposed on the dark meson mass that

mϕ > 2mA′ and therefore the decay to SM can occur through decay to two A′, which then
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decay to SM because of the kinematic mixing.

The decay width of A′ can be shown to be [23, 180]

Γ[A′ → l+l−] ≃ mA′αϵ2 cos2(θW)

3

(
1 +

2m2
l

m2
A′

)√
1 − 4m2

l
m2

A′
. (8.4)

When mA′ ≫ ml, then the width is approximately Γ[A′ → l+l−] ∝ ϵ2mA′ . The decay

rate for mA′ ∼ O(1 GeV) and ϵ ≳ 10−5 corresponds to cτ ≲ 1 mm. Therefore, decays

back to SM can always be considered prompt for this SUEP model, given a reasonable

range for the mA′ . The branching fractions of A′ to SM particles depend strictly on mA′ .

The decay fractions to electrons, muons, and hadrons can be seen in Figure 8.2 [23] as

a function of the dark photon mass. For 0.25 GeV ≲ mA′ ≲ 0.6 GeV, the dark photons

Figure 8.2: The branching fractions of A′ to e+e−, µ+µ−, and hadrons as a function of the
mass of the dark photon mA′ . [23]

decay predominantly to pairs of electrons and muons with approximately equal numbers

of electron and muon pairs. In this regime, the SUEP events are expected to have final
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states with very large muon multiplicities.

The SUEP parameter landscape is vast since it contains 4 different parameters that

can be varied to alter its behavior. Fortunately, there are constraints that can be used to

impose validity ranges. The parameters are the following:

• Mediator mass mS: sets the energy scale of the process. There are no hard limits,

but practically limited between the Higgs mass at the lower end and the LHC

energy at the higher end. The generated samples are in the [125, 1000] GeV range

for this parameter.

• Dark meson mass mϕ: effectively sets the hadronization scale, Λ. A hard upper

limit is set by mS
2 to even allow kinematically the decay S → ϕϕ. In practice,

the parameter is constrained to 8 GeV or less to focus on final states with higher

multiplicities and not just a few dark hadrons. The lower limit used is 1 GeV to

allow decays back to SM pions. The range used for this parameter in the signal

scans is [1, 8] GeV.

• Temperature T : controls the kinematic distribution of the ϕ dark mesons. It needs to

be approximately at the order of mϕ. The actual limit is the range [0.25, 4]× mϕ for

each value of mϕ. Values lower than that are not parametrically sensible, and higher

than that would create events with very few and hard dark mesons, resembling

events with dark pions. The desirable SUEP range is shown in Figure 8.3 [24] as a

purple rectangle covering a range of values for mϕ and T
mϕ

.

• Dark photon mass mA′ : determines the branching fractions for the decays back

to the visible sector. For this search, we make use of two decay scenarios that
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correspond to the mass points:

– mA′ = 0.5 GeV: leptonic dominated decays. This corresponds to fractions

B(A′ → e+e−) = B(A′ → µ+µ−) = 0.4 and B(A′ → π+π−) = 0.2.

– mA′ = 0.7 GeV: hadronic dominated decays. This corresponds to fractions

B(A′ → e+e−) = B(A′ → µ+µ−) = 0.15 and B(A′ → π+π−) = 0.7.

Figure 8.3: The SUEP parameter landscape. Figure taken from Ref. [24]. Sensible ranges
for mϕ and the ratio T

mϕ
can be set using kinematic restrictions and desired behavior

arguments.

The existing efforts for searching for SUEP in CMS include the offline and scouting

searches that focus on events with very high track multiplicities [163, 166] and more

specialized searches that look for the signature of production associated with vector

bosons [169,171]. The offline and scouting searches excel in lower temperatures and T/mϕ

ratios, depicted as the lower left half of the purple triangle in Figure 8.3. Additionally,
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they hold an advantage in models with higher branching fractions to pairs of pions. The

offline search published limits depend on mS, but they generally exclude SUEP models

with temperatures up to 10 GeV for the highest mS values and lower for lower mS values.

This analysis is expected to improve current limits for almost all signal points with

at least some decays to muons (mA′ equal to 0.5 or 0.7 GeV) and have the sensitivity

needed to exclude parts of the parameter space with high T and T/mϕ values that were

not reachable until now. Therefore, this search offers great complementarity to the current

CMS analyses and is a step toward realizing sensitivity across the entirety of the SUEP

parameter landscape.
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Chapter 9: Data and Monte Carlo samples

This search uses data and MC simulation samples that were produced using ultra-

legacy (UL) reprocessing during the RunIISummer20UL campaigns for all the Run 2

years. The datatier in use is centrally produced MiniAODv2. As a first step, all these

samples were processed to filter out events that do not pass the preselection requirements

and to produce custom-made NanoAODv9 that include PFCands with the remaining

events [181]. All three Run 2 data-taking years, from 2016 through 2018, are handled

separately both in the MC simulations and in the reconstruction of simulations or data.

9.1 Datasets

The total amount of data from Run 2 in use is 118.28 fb−1 and was collected during

the years 2016, 2017, and 2018 [182–184] at center-of-mass energy
√

s = 13 TeV. The lumi-

nosities are calculated using the standard Lumi POG recipes [185], including applying

the GoldenJSON masks and running brilcalc. The primary dataset is DoubleMuon

since we use triggers that select events with three muons. Table 9.1 summarizes the

data-taking years, the corresponding MiniAOD reprocessing used for each one, the eras

that compose them, and the run range and luminosity corresponding to each of these

eras for Run 2.
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Table 9.1: Data taking years for Run 2 (13 TeV) used in the analysis, with the corresponding
MiniAOD reprocessing used for each one, the eras that compose them, and the run range
and luminosity corresponding to each of these eras. All numbers are for the DoubleMuon
primary dataset.

Year miniAOD processing Era Run range Luminosity ( fb−1)

2016 UL2016 MiniAODv2 2016F 278769–278808 0.58
2016G 278820–280385 7.65
2016H 281613–284044 8.74

2017 UL2017 MiniAODv2

2017B 297047–299329 4.80
2017C 299368–302029 9.57
2017D 302031–302663 4.25
2017E 303824–304797 9.31
2017F 305040–306462 13.54

2018 UL2018 MiniAODv2 GT36

2018A 315257–316995 14.03
2018B 317080–319310 7.07
2018C 319337–320065 6.90
2018D 320500–325175 31.84

Total 2016 278769–284044 16.97
Total 2017 297047–306462 41.47
Total 2018 315257–325175 59.84

Total Run 2 (13 TeV) 272760–325175 118.28

The exact names of all MiniAOD datasets for Run 2 that have been processed can be

found in Table 9.2.

9.2 Monte Carlo samples

9.2.1 Background samples

Monte Carlo (MC) simulations are used for all the SM processes that contribute to

the background of this search. There are samples for all Run 2 data-taking years 2016,

2017, and 2018 that have been produced during the RunIISummer20UL* campaigns.

One of the largest sources of background originates from QCD jets that contain

muons. The QCD samples are generated using PYTHIA [75] at leading order (LO). To
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Table 9.2: The full names of the datasets in use for Run 2.
Dataset
/DoubleMuon/Run2016F-UL2016 MiniAODv2-v1/MINIAOD
/DoubleMuon/Run2016G-UL2016 MiniAODv2-v1/MINIAOD
/DoubleMuon/Run2016H-UL2016 MiniAODv2-v2/MINIAOD
/DoubleMuon/Run2017B-UL2017 MiniAODv2-v1/MINIAOD
/DoubleMuon/Run2017C-UL2017 MiniAODv2-v1/MINIAOD
/DoubleMuon/Run2017D-UL2017 MiniAODv2-v1/MINIAOD
/DoubleMuon/Run2017E-UL2017 MiniAODv2-v2/MINIAOD
/DoubleMuon/Run2017F-UL2017 MiniAODv2-v1/MINIAOD
/DoubleMuon/Run2018A-UL2018 MiniAODv2 GT36-v1/MINIAOD
/DoubleMuon/Run2018B-UL2018 MiniAODv2 GT36-v1/MINIAOD
/DoubleMuon/Run2018C-UL2018 MiniAODv2 GT36-v1/MINIAOD
/DoubleMuon/Run2018D-UL2018 MiniAODv2 GT36-v1/MINIAOD

increase the statistics, these QCD samples are muon-enriched by the use of a generator-

level filter to select events with a generator-level muon with pT > 5 GeV. A significant

number of muons in QCD jets can be attributed to π in-flight decays inside the detector.

These pions are normally simulated by GEANT4 [186] since they are considered detector-

stable particles and therefore do not decay in PYTHIA. However, to increase the efficiency

of the muon gen-filter, the decays of π±, K0
L , and K± were turned on in PYTHIA. A

problem caused by this change is that it was not propagated to the corresponding

GEANT4 configuration and, therefore, GEANT4 simulated the decays of the remaining

particles using unaltered decay rates. As a result, it is expected that the predicted cross

sections are incorrect and that the MC normalization is not expected to match the data

well. Nevertheless, this issue is resolved by fitting the QCD with data, and therefore, we

keep these MC samples to benefit from the enhanced statistics.

The other sizeable source of background is coming from the Drell-Yan(DY)+jets →

l+l− + jets process. This process is split into low- and high-mass samples, which differ in
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the range of the mass of the generated Z/γ∗ propagator. The high-mass samples have

mZ/γ∗ > 50 GeV and include the Z peak, while the low-mass samples have mZ/γ∗ <

50 GeV with a lower cutoff at 10 GeV to avoid the infinities at the 0 GeV pole.

For the on-shell part of this process (mZ/γ∗ > 50 GeV), samples binned in the pT of

the Z at the generator level are used for all the Run 2 years because they have the best

available statistics. Because of a mistake with the configuration of these samples [187],

events with LHE Z pT exactly equal to 0 GeV are missing. These events are taken from

the inclusive DYJetsToLL sample.

For the low-mass off-shell part of the DY MC simulation, inclusive samples with

a mass range from 10 to 50 GeV are used. The samples for Run 2 have up to 2 jets at

the matrix element level, while those for Run 3 have up to 4 jets. These samples were

generated using MADGRAPH [76] at LO in QCD and the MLM [188] scheme for jet-

matching. The normalization for the low-mass off-shell sample was calculated at NLO in

QCD.

Other smaller backgrounds are simulated using either aMC@NLO or POWHEG [189–

191] at NLO or MADGRAPH at LO in QCD. For the W + jets → lνl process in the Run 2

years, LO samples, binned in HT, are used for their enhanced statistics together with the

NLO inclusive sample for events with HT < 70 GeV. For the same process in the Run 3

years, jet-binned samples (0 to 2 jets) that have been generated with aMC@NLO at NLO

are used. Other notable processes that are included are: tt using POWHEG [192], single

top, tt + V, W + jets, VV, VVV, and H → ZZ → 4l. A comprehensive list including the

exact name, the normalization, the plotting group name, and the order of generation and

normalization is presented in Table 9.3 for Run 2.
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For all MC samples, as a first step, the matrix element calculation is performed by

one of the external generators or PYTHIA, and then they are passed to PYTHIA tuned with

the CMS developed TuneCP5 [193] for parton showering, hadronization, and underlying

event simulation. The relevant center-of-mass energies are set accordingly,
√

s = 13 TeV

for Run 2 samples. The parton distribution function set NNPDF31_nnlo_as_0118 [194]

is used. The next step consists of passing the events generated by PYTHIA to a full-scale

simulation of CMS based on GEANT4. The simulation step models the interaction region

realistically using a technique named vertex smearing and estimates the interactions

between the generated particles and all the passive and active material of the detector.

The trajectories of all charged particles are calculated using a detailed map of the magnetic

field created by the solenoid magnet. The simulated hits are then passed to a digitization

step that simulates the response and the noise of the detector readout electronics. Finally,

the effect of pileup (PU) is included in the final result of the simulation using the pre-

mixing technique [195].

9.2.2 Signal samples

The MC samples for the signal processes have been generated using the BSM Higgs

tools in PYTHIA. The hard process pp → S is generated directly in PYTHIA, effectively

simulating the gluon-gluon fusion production mode for Higgs. The resulting scalar

particle is then passed to a plugin [196] that contains an implementation of the dark

showering procedure and has been added to CMSSW as a PYTHIA user-hook. The plugin

effectively simulates the dark shower process S → ϕ · · · ϕ by creating the number of dark
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mesons ϕ that is allowed by the energy scale of the hard process and assigning them

kinematic properties using a relativistic version of the Maxwell-Boltzmann distribution,

also known as Maxwell-Jüttner distribution, with temperature T. The final decays of ϕ to

A′ and A′ to SM particles are handled by PYTHIA.

The generation of the signal samples was performed centrally using the EXO

group’s MC&I tools [197]. The scan over the signal parameters was performed using

RandomizedParameters except for the temperature T parameter, which had to be

provided as a UserCustomization. The following parameter ranges were scanned:

• mS: values in the [125, 1000]GeV range,

• mA′ : 0.5 and 0.7 GeV corresponding to the leptonic and hadronic decay scenarios,

respectively, as they were described in Section 8,

• mϕ: values in the [1, 8]GeV range for the leptonic decay scenario and [1.4, 8]GeV

for the hadronic decay scenario,

• T: values in the [0.25, 4] × mϕ range, which corresponds to [0.25, 32]GeV and

[0.35, 32]GeV for the leptonic and the hadronic decay scenarios, respectively.

The resulting signal sample names, split over the values of T, can be found in Table 9.4

for Run 2. The scan values for mϕ and m′
A contained in each sample are presented in

separate columns. The scan over the mS values is common to all samples, so it is not

included in separate columns. The scan map over the values of T and mϕ is presented in

Figure 9.1.

The cross sections for Higgs are used, and the calculations for the cross section
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Figure 9.1: The scan points chosen for T and mϕ. The bounds of the parametrically
sensible region are denoted with black lines

versus the Higgs mass from the LHC Higgs XS WG [198] are utilized for the samples

with different values of mS. The calculation for point-like effective interaction is used,

which is N3LO in QCD but without any additional mass or EW corrections. The PDF set

is PDF4LHC15_nnlo_100. The values of the cross sections for all the different values

of mS at the center-of-mass energy, 13 TeV, are shown in Table 9.5. The scalar mediator

is assumed to decay to a group of dark mesons with B(S → ϕ · · · ϕ) = 1, which then

decay to pairs of dark photons with B(ϕ → A′A′) = 1. Finally, the dark photons, A′,

decay to e+e−, µ+µ−, and π+π− pairs with branching ratios that are set by their mass.

Two mass points (equivalent to decay scenarios) are generated: 1) mA′ = 0.5 GeV with

branching ratios B(A′ → e+e−) = B(A′ → e+e−) = 0.4 and B(A′ → π+π−) = 0.2, and

2) mA′ = 0.7 GeV with branching ratios B(A′ → e+e−) = B(A′ → e+e−) = 0.15 and
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B(A′ → π+π−) = 0.7. These branching fractions are used during the generation of the

event by Pythia, but they are not needed in the final normalization event weights.

9.3 Corrections

9.3.1 Pileup reweighting

MC events are reweighted to correct discrepancies between the simulated PU

distribution and the one seen in data [199]. A histogram ratio of the two distributions is

used for the reweighting, and it is applied to the nominal event weight:

w =
hdata[nTrueInt]

hMC[nTrueInt]
. (9.1)

The number of true interactions (nTrueInt) is used to pick the relevant histogram

bin. The recommended nominal value of the inelastic p-p cross section is 69.2 mb with

measurement uncertainty 4.6% [200].

9.3.2 L1 prefiring

During 2016 and 2017, the timing of ECAL experienced a gradual shift that was not

propagated correctly to L1 trigger primitives (TP). This resulted in a significant fraction

of high-η TPs erroneously associated with the previous bunch crossing (BX). L1 rules

prevent two consecutive BXs from firing, effectively vetoing events that happen to have a

significant amount of energy in the region 2.75 < η < 3. This effect is referred to as L1

prefiring.
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The muon system experienced a similar issue with prefiring originating from

incorrect BX assignment of muon candidates because of the limited time resolution of the

muon detectors. This effect, which was present in the entire Run 2 but more pronounced

during 2016, has strong pT-η dependence and its magnitude ranges from 0.5% to 1.5%.

This effect is not simulated in MC, and therefore, it is corrected using weights

derived for each MC event individually after simulation. A prefiring probability is

calculated for all offline photons, jets, and muons. The final weight is the product of the

non-prefiring probability of all objects:

w = 1 − P(prefiring) = ∏
i∈{photons, jets, muons}

(
1 − pi

pre f

(
pi

T, η
))

(9.2)

The recipe for the calculation of these weights [201] is implemented in the NanoAODv9.

Since all samples are processed with an extended version of NanoAODv9, these weights

are available by default in the samples used in this analysis for Run 2 years.
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Table 9.3: Background samples used for Run 2 years in the analysis, their associated cross
section times branching fraction, the plotting group in which each one is included in
stack plots, and the overall QCD order used in the gen-level simulation (normalization
cross section).

Sample name σ × B × ϵ (pb) Plotting group Order (normalization)
DYJetsToLL LHEFilterPtZ-0To50 MatchEWPDG20 TuneCP5 13TeV-amcatnloFXFX-pythia8 1404.0 DY NLO(NLO)
DYJetsToLL LHEFilterPtZ-100To250 MatchEWPDG20 TuneCP5 13TeV-amcatnloFXFX-pythia8 363.8 DY NLO(NLO)
DYJetsToLL LHEFilterPtZ-250To400 MatchEWPDG20 TuneCP5 13TeV-amcatnloFXFX-pythia8 84.0 DY NLO(NLO)
DYJetsToLL LHEFilterPtZ-400To650 MatchEWPDG20 TuneCP5 13TeV-amcatnloFXFX-pythia8 3.23 DY NLO(NLO)
DYJetsToLL LHEFilterPtZ-50To100 MatchEWPDG20 TuneCP5 13TeV-amcatnloFXFX-pythia8 0.436 DY NLO(NLO)
DYJetsToLL LHEFilterPtZ-650ToInf MatchEWPDG20 TuneCP5 13TeV-amcatnloFXFX-pythia8 0.041 DY NLO(NLO)
DYJetsToLL M-50 TuneCP5 13TeV-amcatnloFXFX-pythia8 5804.0 DY NLO(NNLO)
DYJetsToLL M-10to50 TuneCP5 13TeV-madgraphMLM-pythia8 20590.0 DY LO(NLO)
QCD Pt-15To20 MuEnrichedPt5 TuneCP5 13TeV-pythia8 2800000.0 QCD LO(LO)
QCD Pt-20To30 MuEnrichedPt5 TuneCP5 13TeV-pythia8 2527000.0 QCD LO(LO)
QCD Pt-30To50 MuEnrichedPt5 TuneCP5 13TeV-pythia8 1367000.0 QCD LO(LO)
QCD Pt-50To80 MuEnrichedPt5 TuneCP5 13TeV-pythia8 381700.0 QCD LO(LO)
QCD Pt-80To120 MuEnrichedPt5 TuneCP5 13TeV-pythia8 87740.0 QCD LO(LO)
QCD Pt-120To170 MuEnrichedPt5 TuneCP5 13TeV-pythia8 21280.0 QCD LO(LO)
QCD Pt-170To300 MuEnrichedPt5 TuneCP5 13TeV-pythia8 7000.0 QCD LO(LO)
QCD Pt-300To470 MuEnrichedPt5 TuneCP5 13TeV-pythia8 622.6 QCD LO(LO)
QCD Pt-470To600 MuEnrichedPt5 TuneCP5 13TeV-pythia8 58.9 QCD LO(LO)
QCD Pt-600To800 MuEnrichedPt5 TuneCP5 13TeV-pythia8 18.12 QCD LO(LO)
QCD Pt-800To1000 MuEnrichedPt5 TuneCP5 13TeV-pythia8 3.318 QCD LO(LO)
QCD Pt-1000 MuEnrichedPt5 TuneCP5 13TeV-pythia8 1.085 QCD LO(LO)
TTToHadronic TuneCP5 13TeV-powheg-pythia8 377.96 TT NLO(NLO)
TTToSemiLeptonic TuneCP5 13TeV-powheg-pythia8 365.34 TT NLO(NLO)
TTTo2L2Nu TuneCP5 13TeV-powheg-pythia8 88.29 TT NLO(NLO)
TTWJetsToQQ TuneCP5 13TeV-amcatnloFXFX-madspin-pythia8 0.4432 TTV NLO(NLO)
TTWJetsToLNu TuneCP5 13TeV-amcatnloFXFX-madspin-pythia8 0.2163 TTV NLO(NLO)
TTZToQQ TuneCP5 13TeV-amcatnlo-pythia8 0.5113 TTV NLO(NLO)
TTZToLL TuneCP5 13TeV-amcatnlo-pythia8 0.07468 TTV NLO(NLO)
ST t-channel top 4f InclusiveDecays TuneCP5 13TeV-powheg-madspin-pythia8 113.4 ST NLO(NLO)
ST t-channel antitop 4f InclusiveDecays TuneCP5 13TeV-powheg-madspin-pythia8 67.93 ST NLO(NLO)
ST s-channel 4f leptonDecays TuneCP5 13TeV-amcatnlo-pythia8 3.549 ST NLO(NLO)
ST tW Dilept 5f DR TuneCP5 13TeV-amcatnlo-pythia8 3.289 ST NLO(NLO)
WJetsToLNu TuneCP5 13TeV-amcatnloFXFX-pythia8 66680.0 WJets NLO(NLO)
WJetsToLNu HT-70To100 TuneCP5 13TeV-madgraphMLM-pythia8 1283.0 WJets LO(NLO)
WJetsToLNu HT-100To200 TuneCP5 13TeV-madgraphMLM-pythia8 1244.0 WJets LO(NLO)
WJetsToLNu HT-200To400 TuneCP5 13TeV-madgraphMLM-pythia8 337.8 WJets LO(NLO)
WJetsToLNu HT-400To600 TuneCP5 13TeV-madgraphMLM-pythia8 44.93 WJets LO(NLO)
WJetsToLNu HT-600To800 TuneCP5 13TeV-madgraphMLM-pythia8 11.19 WJets LO(NLO)
WJetsToLNu HT-800To1200 TuneCP5 13TeV-madgraphMLM-pythia8 4.926 WJets LO(NLO)
WJetsToLNu HT-1200To2500 TuneCP5 13TeV-madgraphMLM-pythia8 1.152 WJets LO(NLO)
WJetsToLNu HT-2500ToInf TuneCP5 13TeV-madgraphMLM-pythia8 0.02646 WJets LO(NLO)
WWTo1L1Nu2Q 4f TuneCP5 13TeV-amcatnloFXFX-pythia8 51.65 VV+VVV NLO(NLO)
WWTo2L2Nu TuneCP5 13TeV-powheg-pythia8 11.09 VV+VVV NLO(NLO)
WZTo1L1Nu2Q 4f TuneCP5 13TeV-amcatnloFXFX-pythia8 9.119 VV+VVV NLO(NLO)
WZTo2Q2L mllmin4p0 TuneCP5 13TeV-amcatnloFXFX-pythia8 6.565 VV+VVV NLO(NLO)
WZTo3LNu mllmin4p0 TuneCP5 13TeV-powheg-pythia8 4.664 VV+VVV NLO(NLO)
ZZTo2L2Nu TuneCP5 13TeV powheg pythia8 0.9738 VV+VVV NLO(NLO)
ZZTo2Q2L mllmin4p0 TuneCP5 13TeV-amcatnloFXFX-pythia8 3.676 VV+VVV NLO(NLO)
ZZTo4L TuneCP5 13TeV powheg pythia8 1.325 VV+VVV NLO(NLO)
WWW 4F TuneCP5 13TeV-amcatnlo-pythia8 0.2158 VV+VVV NLO(NLO)
WWZ 4F TuneCP5 13TeV-amcatnlo-pythia8 0.1707 VV+VVV NLO(NLO)
ZZZ TuneCP5 13TeV-amcatnlo-pythia8 0.01476 VV+VVV NLO(NLO)
GluGluHToZZTo4L M125 TuneCP5 13TeV powheg2 minloHJJ JHUGenV7011 pythia8 0.01334 Higgs NLO(NNLO)
VBF HToZZTo4L M125 TuneCP5 13TeV powheg2 JHUGenV7011 pythia8 0.001038 Higgs NLO(NNLO)
ZH HToZZ 4LFilter M125 TuneCP5 13TeV powheg2-minlo-HZJ JHUGenV7011 pythia8 0.001602 Higgs NLO(NNLO)
WminusH HToZZTo4L M125 TuneCP5 13TeV powheg2-minlo-HWJ JHUGenV7011 pythia8 0.0001463 Higgs NLO(NNLO)
WplusH HToZZTo4L M125 TuneCP5 13TeV powheg2-minlo-HWJ JHUGenV7011 pythia8 0.0002306 Higgs NLO(NNLO)
WminusH HToBB WToLNu M-125 TuneCP5 13TeV-powheg-pythia8 0.1031 Higgs NLO(NNLO)
WplusH HToBB WToLNu M-125 TuneCP5 13TeV-powheg-pythia8 0.1649 Higgs NLO(NNLO)
GluGluToZH HToZZTo4L M125 TuneCP5 13TeV-jhugenv723-pythia8 2.33 · 10−5 Higgs NLO(NNLO)
ttH HToZZ 4LFilter M125 TuneCP5 13TeV powheg2 JHUGenV7011 pythia8 0.0009022 Higgs NLO(NNLO)
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Table 9.4: Signal samples used in the analysis for the Run 2 years. The scan values for mϕ

and mA′ that are contained in each sample are listed in separate columns. For all samples,
the scanned values for mS are 125, 200, 300, 400, 500, 600, 800, and 1000 GeV.

Sample name mϕ( GeV) mA′( GeV)
scan values scan values

GluGluToSUEP T0p25 TuneCP5 13TeV pythia8 1 0.5
GluGluToSUEP T0p35 TuneCP5 13TeV pythia8 1.4 0.7
GluGluToSUEP T1p00 TuneCP5 13TeV pythia8 1, 4 0.5, 0.7
GluGluToSUEP T1p40 TuneCP5 13TeV pythia8 1.4 0.5, 0.7
GluGluToSUEP T2p00 TuneCP5 13TeV pythia8 1, 2, 8 0.5, 0.7
GluGluToSUEP T2p80 TuneCP5 13TeV pythia8 1.4 0.5, 0.7
GluGluToSUEP T3p00 TuneCP5 13TeV pythia8 6 0.5, 0.7
GluGluToSUEP T4p00 TuneCP5 13TeV pythia8 1, 2, 4, 8 0.5, 0.7
GluGluToSUEP T5p60 TuneCP5 13TeV pythia8 1.4 0.5, 0.7
GluGluToSUEP T6p00 TuneCP5 13TeV pythia8 6 0.5, 0.7
GluGluToSUEP T8p00 TuneCP5 13TeV pythia8 2, 4, 8 0.5, 0.7

GluGluToSUEP T12p00 TuneCP5 13TeV pythia8 6 0.5, 0.7
GluGluToSUEP T16p00 TuneCP5 13TeV pythia8 4, 8 0.5, 0.7
GluGluToSUEP T24p00 TuneCP5 13TeV pythia8 6 0.5, 0.7
GluGluToSUEP T32p00 TuneCP5 13TeV pythia8 8 0.5, 0.7

Table 9.5: Cross sections for all values of mS for center-of-mass energy 13 TeV.
mS 125 200 300 400 500 600 800 1000

σ(
√

s = 13 TeV) (pb) 45.2 16.9 6.59 3.19 1.71 1.0 0.402 0.185
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Chapter 10: Object selection

This chapter presents the selection criteria for the objects used in this search. The

main objects used are Muon and PFCandidates.

10.1 Muons

10.1.1 General muon selection

Muons are selected using the cut-based identification criteria at the mediumId level

to reject badly reconstructed muons [202]. This criterion is chosen over the SoftId

criterion because of its compatibility with the Particle Flow description of the event

that is needed, since the PFCandidates are also in use. The kinematic selections are

pT > 3 GeV and |η| < 2.4. An additional requirement on the longitudinal impact

parameter (|dz| < 0.2 cm) is applied to reduce bad reconstructions and the presence of

muons from pileup (PU). In summary, the following cleaning selections are applied to

muons:

• pµ
T > 3 GeV,

• |η| < 2.4,

• |dµ
z | < 0.2 cm,
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• MediumId

10.1.2 Selections for the analysis subregions

This analysis categorizes the events into subregions, which are defined in great

detail in Section 12.4. In short, two control regions are defined, one for QCD events and

one for Drell-Yan events, and two signal regions, targeting low- and high-temperature

SUEP events, which are further split into loose and tight selections. The muon selections

for all the subregions are explained in detail in Section 12.4 and summarized in Table 12.5.

10.1.3 Muon corrections

The general muon efficiency can be described by the expression [203]

ϵ
µ
overall = ϵ

µ
TRK · ϵ

µ

RECO|TRK · ϵ
µ

ID|RECO · ϵ
µ

Iso|ID · ϵ
µ

Trigger|Iso, (10.1)

where ϵ
µ
TRK is the tracking efficiency, ϵ

µ

RECO|TRK the reconstruction efficiency, ϵ
µ

ID|RECO

the cut-based identification efficiency, ϵ
µ

Iso|ID the isolation efficiency, and ϵ
µ

Trigger|Iso the

trigger efficiency. The tracking efficiency is very close to unity; therefore, the general

recommendation in CMS is to consider it equal to 1. For the purposes of this study, the

isolation and triggering efficiencies can also be considered to be very close to 1 and,

therefore, are ignored. The reconstruction and identification efficiencies are provided by

the Muon Physics Object Group (POG) [204, 205]. The Tag-and-Probe method is utilized

to calculate the efficiencies using the J/ψ peak for low-pT muons (pT < 15 GeV) and the Z

peak for medium-pT muons (15 GeV < pT < 100 GeV).
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Corrections for the discrepancies of the muon reconstruction and identification

efficiency between data and MC are applied to the events in the form of scale factor

weights using per-muon weights that are combined multiplicatively to obtain a single

weight for each event.

10.2 Tracks

Two collections are used to obtain all high-quality tracks, PFCandidates and

LostTracks. The following quality criteria are imposed on the objects of these collec-

tions:

• fromPV > 1,

• ptrack
T ≥ 0.75 GeV,

• |η| ≤ 2.5 for PFCandidates, |η| ≤ 1 for LostTracks,

• |dz| < 10 cm,

• δdz < 0.05 cm.

These cleaning selections require a tight fit to the primary vertex (fromPV > 1) [206] and

limit the amount of displacement along the z axis (dz) and its uncertainty (δdz). After

applying these cleaning requirements, the two collections are combined to form a tracks

collection.

At this point, it should be noted that there are no cross-cleaning criteria to prevent

any muons from being a track as well. This is in contrast to the strategy followed by the

SUEP with associated vector boson searches (ZH and WH). Those analyses expect muons
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from Z and W decay, and therefore, they have to remove them from the tracks that form

the SUEP candidates. Such constraints do not exist in this analysis and are not utilized.
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Chapter 11: Analysis strategy

In this chapter, we outline our strategy for background estimation. Our search

consists of two sets of selection criteria defining two signal regions SRs, one optimized

for high temperature and the other for low temperature, SUEP models. Both require at

least three muons (that pass additional selections described in Chapter 12). The ”loose”

signal region is all such events, while the ”tight” SR, used for the cut-and-count search

for SUEP, requires at least 7 muons. For backgrounds containing vector bosons, including

those from top decays and/or Higgs bosons, some of the muons are prompt. The rest

come from meson decays, especially b or c mesons, or from decays in flight from charged

pions and kaons.

We will show from the MC simulation that for all backgrounds containing prompt

muons, except for Drell-Yan production, the background in each tight SR is negligible.

For DY production and QCD multijet production, we will show that the background

is small (less than 0.2 events) but not negligible. For QCD backgrounds, a data-driven

method is usually needed, as the modeling of, e.g., jet multiplicity, is not reliable. For QCD

muons and muons in DY events beyond the two prompt muons, we will argue that the

distribution falls exponentially. An exponential has two parameters, the normalization

and the decay constant.
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We fit exponential functions simultaneously to the loose and tight MC nmuon dis-

tributions. The fit uses three parameters for the two functions: two normalization

parameters, one for loose and one for tight, and one common decay constant. This fitting

procedure is performed separately on DY and QCD MC. The signal region histograms

for MC are supplemented with the prediction of those fits since the MC samples for DY

and QCD have insufficient statistics for high nmuon. These histograms are passed to CMS

Combine [207] as signal regions. To obtain better normalizations for the background pro-

cesses and constrain the systematic uncertainties, histogram distributions of nmuon using

selections that are enhanced in backgrounds, with low signal contamination, referred to

as control regions, are also fed into Combine. Finally, Combine adjusts the predictions

within the uncertainties, including the part supplemented by the fit.

We will also define a validation region, which has selections similar to the signal

region, but adjusted to ensure low signal contamination. The efficacy of the entire

procedure is tested using this validation region.
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Chapter 12: Event selection

The event selections target final states with large muon multiplicities. Initially, a

pre-selection is imposed based on the desired HLT paths and requirements that ensure

operation at the trigger plateau. Additional selections are placed to form the control,

signal, and validation regions used throughout the analysis.

12.1 Triggers

All events are required to pass a selection based on a logical OR combination of HLT

paths. The exact selections are shown in Table 12.1 and they depend on the year and the

data-taking era within each year.

The individual HLT paths in use vary slightly between the data-taking eras and

years, and sometimes even within the same era when there was a trigger menu update.

However, all HLT paths share the requirement for at least three muons in the final state.

There are three different configurations regarding the pT cuts for the muons. These are:

(12, 10, 5) GeV, (10, 5, 5) GeV, and (5, 5, 3) GeV. Some additional requirements that are

present in some of the paths are:

• |dµ
+µ−

z | < 0.2 cm – difference in z between the two muons in each pair, denoted

with _DZ in the path name.
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Table 12.1: Summary of the HLT selection used in the pre-selection of events for the
analysis for each associated data-taking period.

Period HLT selection Eff. luminosity ( fb−1)
2016 Eras F-G HLT TripleMu 12 10 5 24.88

2016 Era H HLT TripleMu 5 3 3 DZ Mass3p8 OR 8.76HLT TripleMu 12 10 5

2017 Eras B-D HLT TripleMu 10 5 5 DZ OR 17.27HLT TripleMu 12 10 5

2017 Eras D-F
HLT TripleMu 5 3 3 Mass3p8to60 DZ OR

24.27HLT TripleMu 10 5 5 DZ OR
HLT TripleMu 12 10 5

2018 Era A
HLT TripleMu 5 3 3 Mass3p8to60 DZ OR

5.30HLT TripleMu 10 5 5 DZ OR
HLT TripleMu 12 10 5

2018 Eras A-D
HLT TripleMu 5 3 3 Mass3p8 DZ OR

54.67HLT TripleMu 10 5 5 DZ OR
HLT TripleMu 12 10 5

• mµ+µ− > 3.8 GeV – invariant mass of the two muons in each pair for all combina-

tions, denoted with _Mass3p8 in the path name.

• mµ+µ− < 60 GeV – similar to above. Used only together with the requirement

above and denoted with _Mass3p8to60 in the path name.

Tables 12.2 show the exact data-taking eras and the effective luminosity (that is, the actual

luminosity scaled by PU) for each HLT path for Run 2.

Table 12.2: Summary of the trigger paths used in the pre-selection of events for the
analysis and their associated data-taking periods for Run 2 years.

Trigger paths Periods Eff. luminosity ( fb−1)
HLT TripleMu 5 3 3 DZ Mass3p8 2016 Era H 8.74

HLT TripleMu 5 3 3 Mass3p8to60 DZ 2017 Eras D-F, 2018 Era A 29.55
HLT TripleMu 5 3 3 Mass3p8 DZ 2018 Eras A-D 54.54

HLT TripleMu 10 5 5 DZ 2017 Eras B-F, 2018 Eras A-D 101.31

HLT TripleMu 12 10 5 2016 Eras F-H, 2017 Eras B-F, 137.622018 Eras A-D
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The HLT paths are seeded with logic combinations of L1 trigger bits. The exact L1

seeds are shown in Table 12.3, and they vary between different HLT paths, but they share

the common feature of requiring three muons at the L1 level.

Table 12.3: Summary of the L1 seeds for each HLT path separated by the data-taking
years.

Year HLT path L1 seed

2016
HLT TripleMu 5 3 3 DZ Mass3p8 v* L1 TripleMu0 OR L1 TripleMu 5 0 0

OR L1 TripleMu 5 5 3

HLT TripleMu 12 10 5 v* L1 TripleMu0 OR L1 TripleMu 5 5 3

2017–2018 HLT TripleMu 5 3 3 Mass3p8to60 DZ v*

L1 TripleMu0 OR L1 TripleMu 5 5 3 OR
L1 TripleMu 5 3 3 OR L1 TripleMu3 SQ2017–2018

HLT TripleMu 10 5 5 DZ v*

HLT TripleMu 12 10 5 v*

HLT TripleMu 5 3 3 Mass3p8 DZ v*

These HLT paths ran unprescaled for almost the entirety of the physics data-taking

runs (except for emergency columns).

This analysis focuses on final states with many muons. Specifically, at least 7 muons

are required for the SR discovery bins and at least 3 for the CRs. As a result, the triggering

efficiency is expected to be very close to 1 both in data and MC, and therefore, no scale

factor corrections or uncertainties are applied.

12.2 Pre-selection

The pre-selection requires the events to pass one of the HLT paths described in

Section 12.1, and then to have at least three reconstructed muons that pass the cleaning

criteria described in Section 10.1.
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12.3 Muon sources

The sources of muons can be divided into the following categories:

• Prompt muons coming directly from the hard scattering process (e.g., Z → µ+µ−).

• Light flavor hadron decays. For example, pion or kaon in-flight decays to muons.

The pions may be created by either the hard process, the parton shower, or the

underlying event.

• Heavy flavor hadron decays. This involves b or c quarks, produced either in the

hard scattering process or in the parton shower, that hadronize into D or B mesons

that decay leptonically.

• Fake muons from reconstruction failures.

Fortunately, contributions from the last category are insignificant thanks to CMS’s

great performance as a muon detector and the stringent quality criteria that are imposed

during object selection. Jets are expected to contain muons coming from light or heavy

flavor decays. Therefore, for each SM process, a combination of prompt muons originat-

ing from the hard process and muons coming from light or heavy-flavored jets must be

considered.

MC matching is used to determine the source of the muons in the MC signal

and background samples. Each reconstructed muon is matched to the corresponding

generator-level muon with final status (status==1), and then its generator history is

traversed to determine the source. The muons are placed into 6 categories, and the result
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is stored in the Muon_genPartFlav column in the NanoAOD files [208]. The values of

Muon_genPartFlav are summarized in Table 12.4.

Table 12.4: The values of Muon_genPartFlav and muon sources.
Muon genPartFlav Muon Source

0 unmatched
1 prompt muon (including γ∗ → µ+µ−)
3 muon from light or unknown
4 muon from c
5 muon from b

15 muon from prompt tau

This gen-matching procedure was utilized during the design of the analysis regions,

and it is used in the next section to establish the optimal selection sets by separating the

muons according to their source.

12.4 Selection regions

After pre-selection and object selection, further selections are imposed in order to

form regions that isolate background events coming from specific sources, named Control

Regions (CR), and regions with high purity of signal events, named Signal Regions (SR).

In addition, a Validation Region (VR) is also defined to facilitate studying the validity of

the background estimation method that will be described in the next chapter.

12.4.1 Control regions (CR)

We define two control regions with the intention of quantifying the two main

sources of SM background: QCD multijet events with muons and DY to dimuons plus

jets with muons.
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12.4.1.1 QCD control region (CRQCD)

For the CRQCD, the target is to isolate events coming from QCD multijets with

muons. It is expected that most muons in these events originate from π, K, D, and B

meson decays, which have been produced by the hadronic showers in the jets. These

mesons are expected to have significant detector lifetimes, cτ, and therefore the muons

often have large impact parameters. Figure 12.1 presents the distribution of dµ
xy broken

down by the MC process (left plot) and by the muon source (right plot). It is evident

that the dominant source of muons in QCD is b-flavored mesons, followed by c-flavored

mesons. All other sources have insignificant contributions.
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Figure 12.1: Distribution of dµ
xy for 2018 MC simulation. The left plot shows this split

by the MC process, and the right plot shows the grouped contributions of each muon
source.

For this reason, the transverse impact parameter, dµ
xy, of the muons in this region is

required to be in the range 0.01 cm ≤ |dµ
xy| ≤ 0.2 cm to ensure that a pure sample of b-

148



origin muons. Ultimately, the CRQCD is formed by counting the number of muons passing

that selection and keeping events that have at least one such muon. The histogram for

this region, binned in nmuon, can be seen in Figure 12.2 for both data and MC, including a

plot of their ratio. The last bin also includes contributions from events with more than 4

muons. The MC histogram for each year is normalized to the data using k-factors that

are estimated by subtracting the total yields of all non-QCD MC processes from the total

yields of the data and then dividing by the total QCD MC yield in the region. The QCD

k-factors range between 0.62 and 0.71.
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Figure 12.2: CRQCD for Run 2. The ratio between data and MC is also shown. A k-factor
has been applied to QCD to normalize the total MC yield to data.

12.4.1.2 DY control region (CRDY)

Similarly, the CRDY isolates events that contain the results of the Drell-Yan process

with the Z/γ∗ eventually decaying to a pair of muons. These events can have more than
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two muons because of extra muons coming from jets. To create this region, all possible

pairs of opposite-sign muons are formed, and the dimuon with invariant mass closest

to the Z mass is kept as the Z candidate. Events that don’t have opposite-sign muon

pairs are rejected. To further reduce all non-DY processes, an extra requirement for the

invariant mass of the Z candidates to be within 2ΓZ = 4.99 GeV of the Z mass:

|mµ+µ− − mZ| < 2ΓZ ⇔ |mµ+µ− − 91.19 GeV| < 4.99 GeV (12.1)

Similarly with CRQCD, this region is also binned in nmuon. For this reason, the

prompt muons coming from the hard process and the soft muons produced by jets need

to be counted and added together for each event. The prompt muons are the same ones

that form the Z candidates with the following additional selections that improve their

purity:

• pµ
T > 25 GeV

• Muon_miniIsoId at least tight (Muon_miniPFRelIso_all < 0.1)

• |dµ
xy| < 0.008 cm

• |dµ
z | < 0.01 cm

• |IPµ
3D| < 0.01 cm

The N − 1 plot for the dµ
xy distribution of the prompt muons is shown in Figure 12.3.

The cut is placed at the point of transition from prompt muons to b muons. The other

selections are chosen similarly. All N − 1 plots can be found in Appendix B.
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Figure 12.3: N − 1 distribution of dµ
xy of prompt muons for 2018 MC simulation. The

left plot shows this split by the MC process, and the right plot shows the grouped
contributions of each muon source.

The QCD-originating muons (applicable to all MC processes – not only QCD MC)

are counted from all other muons that pass the following selection:

• Muon_miniPFRelIso_all > 0.1

• |dµ
xy| > 0.01 cm

• |dµ
z | > 0.01 cm

• |IPµ
3D| > 0.015 cm

which is approximately the reverted selection of the one used to select the prompt muons.

The N − 1 plot for the distribution of the muon isolation is presented in Figure 12.4.

Evidently, the isolation cut is placed in a way that selects the b muons that exist in DY

events. All other cuts are constructed with similar objectives, and they can be found in

Appendix B.
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Figure 12.4: N − 1 distribution of the muon isolation for 2018 MC simulation. The left plot
shows this split by the MC process, and the right plot shows the grouped contributions
of each muon source.

The CRDY is formed using the muon counts nmuon = nprompt muon + nQCD muon.

The region is defined using this nmuon sum because it selects many DY events while

keeping the signal contamination low. Selecting multiple prompt muons is possible by

removing the dimuon mass constraint, but it would introduce large contamination from

high-temperature signal. On the other hand, selecting muons using only the criteria for

QCD muons populates the region mostly with QCD events. Eventually, events with

at least two muons are kept, and the region is binned in the nmuon distribution. The

resulting histogram is shown in Figure 12.5 for both data and MC, including a plot of

their ratio. In a similar fashion to CRQCD, the last bin includes the overflow contributions

from events with more than 5 muons. The MC histograms for each year are normalized

to data with the use of DY k-factors that are derived in a similar manner to the k-factors

for QCD in CRQCD. The DY k-factors for Run 2 are between 0.93 and 0.97.
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Figure 12.5: CRDY for Run 2. The ratio between data and MC is also shown. A k-factor
has been applied to QCD to normalize the total MC yield to data.

12.4.2 Signal regions (SR)

The behavior of the signal model can vary vastly between the edges of a given

parameter range. A particularly notable example is the effect of the model’s temperature

T on the multiplicity of the final state. The hadronization scale of the dark shower is

effectively controlled by the value of this input parameter. Low temperature values

result in events with very high multiplicities of soft particles, giving unique final states

that diverge significantly from the outcomes of SM processes. In the opposite edge of

the temperature range, high T values give final states with fewer particles with larger

momenta that are more similar to SM events. For that reason, two signal regions are

defined, the first targeting the high-temperature models (SRhigh T) and the second being

optimized for low-temperature models (SRlow T).
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Furthermore, as it will become obvious over the next few paragraphs, these signal

regions are plagued by insufficient MC statistics, making any MC-based background

estimation prohibitive. This issue is overcome by an extrapolation method that extracts

the slope of the nmuon distribution from a region with looser selections that allow for

better MC statistics and then applies it to the distribution in the tight signal region to

extrapolate the yields of empty bins. This method is explained in great detail in Section 13.

Therefore, the SRlow T and SRhigh T are further divided into loose and tight variants.

For both SRs, the final discovery bin used in the final fit to data, as described in

Section 6.4, is formed by keeping events with nmuon ≥ 7. These discovery bins are the

only parts of the signal regions that are directly utilized in looking for new physics and

setting upper limits.

12.4.2.1 Low temperature signal region (SRlow T)

SUEP models with low or medium temperatures are expected to create very large

multiplicities of particles that are isotropically distributed in the rest frame of the scalar

mediator particle. An attempt to exploit this distribution is made using a SUEP iden-

tification procedure that involves picking a high multiplicity track cluster, boosting its

constituents to the cluster’s rest frame, and calculating event shape variables using the

boosted tracks. In more detail, the cleaned tracks are reclustered using FASTJET [209] with

the anti-kT algorithm [210] and cone size ∆R = 1.5. The clusters are ordered by pT and

up to two are kept (two or one if there is only one cluster). The cluster with the largest

number of constituents is marked as the SUEP candidate. Since the SUEP candidate is a
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very large radius jet, it is not expected to be a very accurate reconstruction of the actual

scalar mediator. However, the energy distribution of the cluster is still expected to be

relatively spherical in its rest frame. The SUEP candidate constituents are boosted back

to the AK15 jet’s rest frame and then are used to calculate the sphericity tensor

S(r)
ab =

∑i |pi|r−2pia
pib

∑i |pi|r
, (12.2)

where a, b ∈ {x, y, z}, pi is the momentum of one particle, and r is a free parameter that

in this analysis is set to 1 to keep the calculation infrared and collinear (IRC) safe. After

the tensor is calculated, the sphericity event shape variable, S, is calculated as

S1 =
3
2
(λ2 + λ3) , (12.3)

where λ2 and λ3 are the two lowest eigenvalues of the sphericity tensor. The value of this

variable is close to 1 for very spherical events, like the ones originating from the signal

process, and close to 0 for non-spherical events, like traditional QCD dijet events. Cuts

on this variable are used when selecting events for both SRloose
high T and SRtight

high T.

The SRlow T regions are formed by selecting events with S1 values above some

threshold and nmuon ≥ 3. For the muons, an extra upper limit is imposed on their pT

values to reject muons coming from DY, multiboson, and tt̄ events without significantly

affecting the selection of signal muons, which are expected to be softer. The values for all

the selections have been optimized by using N − 1 plots for all the quantities of interest

and the final expected yield for the background in the discovery bin of the signal region.
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The thresholds for the cuts were adjusted to levels that reduce the expected background

to 0.3 events or less while taking care not to overly penalize the signal selection efficiency

by consulting the corresponding N − 1 plots.

The muon requirements are chosen to accommodate the soft and prompt muons

that are expected in signal events. The dimuon resonances in signal events have very low

masses. Therefore, the mass of the OS dimuon pairs is restricted to low values. Finally, a

cut is placed on sphericity since signal events typically attain values > 0.5. The summary

of the selections for the SRtight
low T placed on top of the generic SR selections is:

• pµ
T < 35 GeV for all muons

• IPµ
3D < 0.007 cm for all muons

• nmuon ≥ 3

• S1 > 0.7

• mµ+µ− < 35 GeV over all opposite-sign (OS) dimuon pairs

The same selections are relaxed to form SRloose
low T with better statistics:

• pµ
T < 45 GeV for all muons

• IPµ
3D < 0.1 cm for all muons

• nmuon ≥ 3

• S1 > 0.2

• mµ+µ− < 45 GeV over all opposite-sign (OS) dimuon pairs
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The remaining events are binned in nmuon both for SRloose
low T and SRtight

low T.

The N − 1 plots for the distributions of S1 and mµ+µ− are shown in Figure 12.6. The
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Figure 12.6: N − 1 distributions of S1 (left) and mµ+µ− (right) in SRtight
low T for 2018 MC

simulation. The chosen cuts are indicated with black lines and red arrows on the plots.

values of the cuts are selected so that the background rejection is as strong as possible

without compromising significantly the signal retention efficiency. All N − 1 plots are

included in Appendix B.

The remaining events are binned in nmuon. The histograms for SRloose
low T and SRtight

low T

are shown in Figure 12.7 for Run 2. The last bin is inclusive in nmuon higher than 7 and is

marked as the discovery bin.

12.4.2.2 High temperature signal region (SRhigh T)

When dealing with signal models that have higher temperatures (> 4 GeV), the

final states often do not have high enough multiplicities to make advantageous the use
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Figure 12.7: SRlow T regions for Run 2 MC. Left is SRloose
low T and right is SRtight

low T. The
discovery bin is annotated with a separate red line and a pointing arrow.

of sphericity, a variable very sensitive to the input number of particles. Instead, cuts on

muon isolation are a better choice since less hadronic activity is expected in the vicinity of

the muons. Additionally, it is known that the dark photons decay to pairs of charged SM

particles, namely e+e−, µ+µ−, and π+π−. Therefore, a cut on the neutral component of

the isolation, which is defined as the difference between the isolations for all and charged

particles, Muon_miniPFRelIso_all− Muon_miniPFRelIso_chg, is also applied.

The selections for the SRtight
high T on top of the generic SR selections are:

• IPµ
3D < 0.007 cm

• Muon_miniPFRelIso_all < 0.65

• Muon_miniPFRelIso_all− Muon_miniPFRelIso_chg < 0.5

• nmuon ≥ 3

• mµ+µ− < 70 GeV
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Again, these selections are relaxed to form SRloose
high T with better statistics:

• IPµ
3D < 0.1 cm

• Muon_miniPFRelIso_all < 5

• Muon_miniPFRelIso_all− Muon_miniPFRelIso_chg < 3

• nmuon ≥ 3

• mµ+µ− < 70 GeV

The N − 1 plots for the distributions of muon isolation and IPµ
3D are shown in

Figure 12.8. The cuts are placed slightly above the peaks of the signal muons. All N − 1
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Figure 12.8: N − 1 distributions of muon isolation (left) and IPµ
3D (right) in SRtight

high T for
2018 MC simulation. The chosen cuts are indicated with black lines and red arrows on
the plots.

plots are included in Appendix B.
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The remaining events are binned in nmuon. The histograms for SRloose
high T and SRtight

high T

are shown in Figure 12.9 for Run 2. The last bin is inclusive in nmuon higher than 7 and is

marked as the discovery bin.
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Figure 12.9: SRhigh T regions for Run 2 MC. Left is SRloose
high T and right is SRtight

high T. The
discovery bin is annotated with a separate red line and a pointing arrow.

A last note on the signal regions is that the contributions to the muons of the

background processes in the events that survive all the cuts are mainly from b muons.

This is demonstrated in Figure 12.10 that features the N − 1 plots for the IPµ
3D distributions

grouped by the muon sources in SRtight
low T (left) and SRtight

high T (right). These distributions

justify the choices made for the cuts of the control regions to isolate contributions coming

from b muons.

12.4.3 Validation region (VR)

A Validation Region (VR) is utilized to facilitate the evaluation of the MC-based

extrapolation method for the background estimation. The VR is also divided into loose
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Figure 12.10: N − 1 plots for the IPµ
3D distributions grouped by the muon sources for

2018 MC simulation. The left plot is for SRtight
low T and the right plot is for SRtight

high T.

and tight variants, as it needs to be suitable for testing the background estimation

technique developed for the SRs. There are two guiding principles for the definition

of the VR. The first is to have enough statistics to validate the extrapolation technique

explained in Section 13 in the high nmuon bins, and the second is to avoid contamination

with signal events as much as possible. The latter requirement is the more stringent one

since the scan on the parameters of the signal model creates a wide range of final states.

The most powerful selection against all signal events comes from a cut on the 3D impact

parameter of the muons. Low-temperature signal events are further reduced by using a

lower cut on the pT of the muons. For high-temperature signal events, vetoing events

with isolated muons and all OS dimuon pairs having low invariant mass is necessary to

remove contamination to a satisfactory level.

In summary, the selections for the tight VR (VRtight) are:
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• pµ
T > 5 GeV

• IPµ
3D > 0.02 cm

• Muon_miniPFRelIso_all > 0.4

• max
∀µ+µ−pairs

mµ+µ− > 20 GeV

• nmuon ≥ 3

These selections are loosened to form the loose VR (VRloose) to increase the statistics:

• pµ
T > 5 GeV

• IPµ
3D > 0.01 cm

• Muon_miniPFRelIso_all > 0.2

• max
∀µ+µ−pairs

mµ+µ− > 20 GeV

• nmuon ≥ 3

The remaining events are binned in nmuon. The histograms for VRloose and VRtight are

shown in Figure 12.11 for Run 2, including both data and MC, and plots of their ratio

and pull.

12.5 Selection summary

A summary of all the selections is presented in Table 12.5.

The purposes of all defined regions are outlined in Table 12.6. These are explained

in much greater detail in Sections 13 and 15.
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Figure 12.11: VR regions for Run 2. The left plot is VRloose and the right plot is VRtight.
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Table 12.5: Summary of the selections.
Regions muon selections mµµ nmuon S1

CRQCD 0.01 cm ≤ |dxy| ≤ 0.2 cm - ≥ 2 -

CRDY

prompt µ

pT > 25 GeV

> 86.2 GeV and

≥ 3 -

|dxy| < 0.008 cm

< 96.2 GeV
|dz| < 0.01 cm
IP3D < 0.01 cm

iso < 0.1

QCD µ

|dxy| > 0.01 cm

< 50 GeV
|dz| > 0.01 cm

IP3D > 0.015 cm
iso > 0.1

SRlow T

loose
pT < 45 GeV

< 45 GeV ≥ 3 > 0.2
IP3D < 0.1 cm

tight
pT < 35 GeV

< 35 GeV ≥ 3 > 0.7
IP3D < 0.007 cm

discovery
pT < 35 GeV

< 35 GeV ≥ 7 > 0.7
IP3D < 0.007 cm

SRhigh T

loose
IP3D < 0.1 cm

< 70 GeV ≥ 3 -iso < 5
neutral iso < 3

tight
IP3D < 0.007 cm

< 70 GeV ≥ 3 -iso < 0.65
neutral iso < 0.5

discovery
IP3D < 0.007 cm

< 70 GeV ≥ 7 -iso < 0.65
neutral iso < 0.5

VR
loose

pT > 5 GeV
> 20 GeV ≥ 3 -IP3D > 0.01 cm

iso > 0.2

tight
pT > 5 GeV

> 20 GeV ≥ 3 -IP3D > 0.02 cm
iso > 0.4
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Table 12.6: Purpose of each region.
Regions Usage
CRQCD Included in the Combine fit to estimate the QCD

normalization and help constrain the nuisances.
CRDY Included in the Combine fit to estimate the DY

normalization and help constrain the nuisances.

SRlow T, high T

loose Used to extract the slope of the nmuon distribu-
tion.

tight Used to extract the slope of the nmuon distribution
and extrapolate its values in the empty bins.

discovery The bin of the tight region that is included in the
Combine fit to look for new physics and set limits.

VR
loose Used to extract the slope of the nmuon distribution

for validation purposes.
tight Used to extract the slope of the nmuon distribution

and extrapolate its values in the empty bins for
validation purposes.
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Chapter 13: Background Estimation

The background for this search arises either from SM processes that produce large

numbers of muons, misreconstructions that can fake muons, or combinations thereof.

The MC simulation is used to estimate the expected background in the signal region. It is

demonstrated in the next sections that most MC processes have insignificant contributions

to the background in the discovery bins of the signal regions. The two processes that are

expected to have dominant albeit still small contributions are QCD and DY. For these two

processes, the MC statistics are proven to be insufficient, and an extrapolation method

is devised to predict the missing event yields using the distributions from regions with

better MC statistics. In the subsections below, the sources of multi-muon final states are

studied in depth, the expected contributions to the background are outlined, and, finally,

the method that extrapolates the background estimation to regions with poor statistics is

presented and validated.

13.1 Expected backgrounds

It is clear from the discussion in Section 12 that there are two main sources of

muons: those from the hard process and those originating from meson decays. Given

the hadronic nature of the collisions, QCD jets are expected to be present in all events,
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overwhelming them with mesons. The consequence is that all SM processes have the

potential to generate events with very large muon multiplicities given enough meson

decays and hard muons.

In practice, the probability of producing these events is minuscule since the SM

hard processes that deliver 4 muons have small cross sections (e.g., pp → ZZ → 4µ or

pp → H → ZZ∗ → 4µ) and those with > 4 muons are even rarer. The meson decays to

muons can be effectively treated as independent, with a small individual probability of

success. This description naturally leads to the employment of a binomial distribution to

characterize the distribution of the total number of muons produced in each event by

meson decays. In the limit of small success probability, a binomial can be approximated

by a falling exponential distribution

f (nmuon) ∼ A exp{(−Bnmuon)}. (13.1)

A large number of samples with MC simulations for various SM processes, as can

be seen in Table 9.3, have been processed and are included in the CR and SR histograms

(Figures 12.2, 12.5, 12.7, and 12.9). Looking at the loose SRs and the populated bins

of the tight SRs, it is straightforward to point out that almost all contributions come

from QCD, DY, tt, and double and triple vector boson production. The MC samples for

the tt and multi-vector boson processes have very good statistics and achieve statistical

uncertainties up to a few percent, even for bins with expected yields less than 1 event.

For these processes, the MC samples are deemed sufficient and are utilized as-is. In fact,

all MC processes have 0 event yields in the bins of interest, the discovery bins of the
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signal regions. Tables 13.2 and 13.1 show the highest nmuon bins that are populated with

MC events for each MC process. There is no process with statistics in the nmuon = 7 bins.

The effective MC weight for the last populated bin is also shown (denoted as scale) along

with the effective raw MC events and the corresponding Poisson (Garwood) interval for

a bin with the same effective weight and 0 event yield. The term effective is introduced

here because most of these samples contain events with different weights.

Table 13.1: MC statistics table for SRlow T for 2018. The yields for all MC processes in the
discovery bin (nmuon = 7) are 0. The columns show the highest nmuon that is populated
with MC events, its event yields, the effective total weight for that bin, the effective raw
number of MC events for that bin, and the Poisson (Garwood) intervals for a bin with the
same effective weight and 0 yield.

process
highest populated

event yield
eff. MC weight eff. MC events Poisson unc. band

nmuon bin
(
∑ w2/ ∑ w

) (
(∑ w)2 / ∑ w2

)
for y = 0

Higgs 5 0.00044 ± 0.00022 0.00011 4 (0.0, 0.0002)

TTV 5 0.003 ± 0.0021 0.0015 1.9 (0.0, 0.0028)

ST 4 0.36 ± 0.14 0.057 6.2 (0.0, 0.11)

WJets 4 0.67 ± 0.46 0.31 2.2 (0.0, 0.57)

VV+VVV 5 0.037 ± 0.023 0.014 2.7 (0.0, 0.026)

TT 5 0.076 ± 0.054 0.038 2 (0.0, 0.07)

DY 4 117 ± 38 12 9.6 (0.0, 22)

QCD 5 3.9 ± 3.9 3.8 1 (0.0, 7.1)

It is evident from the discussion in the previous paragraph and the statistical

properties outlined in Tables 13.2 and 13.1 that all processes except QCD and DY have

sufficiently low statistical uncertainties. The MC distributions for these processes initially

follow a power law-like falling distribution, but at some point, they become statistically

depleted and their yields suddenly drop to or close to zero events, accompanied by huge

statistical uncertainties. The situation is especially problematic for QCD since it is the

MC sample with both the largest total event yields and statistical uncertainties, and it

was generated using the unorthodox setting of allowing the light flavor meson decays in
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Table 13.2: MC statistics table for SRhigh T for 2018. The yields for all MC processes in the
discovery bin (nmuon = 7) are 0. The columns show the highest nmuon that is populated
with MC events, its event yields, the effective total weight for that bin, the effective raw
number of MC events for that bin, and the Poisson (Garwood) intervals for a bin with the
same effective weight and 0 yield.

process
highest populated

event yield
eff. MC weight eff. MC events Poisson unc. band

nmuon bin
(
∑ w2/ ∑ w

) (
(∑ w)2 / ∑ w2

)
for y = 0

Higgs 6 0.0015 ± 0.00078 0.00041 3.7 (0.0, 0.00075)

TTV 5 0.0055 ± 0.0052 0.0048 1.1 (0.0, 0.0089)

ST 5 0.053 ± 0.053 0.053 1 (0.0, 0.097)

WJets 4 3.1 ± 1.4 0.65 4.8 (0.0, 1.2)

VV+VVV 6 0.03 ± 0.0048 0.00078 37.9 (0.0, 0.0014)

TT 6 0.037 ± 0.037 0.037 1 (0.0, 0.067)

DY 5 3.2 ± 1.6 0.82 4 (0.0, 1.5)

QCD 4 19145 ± 19079 19013 1 (0.0, 35004)

PYTHIA to increase the generator-level filter efficiency. A method to remediate the low

MC statistics hindrance is presented in the next section.

13.2 Extrapolation method

The usual practice for searches involving regions that require prohibitively large

numbers of MC events to be properly sampled is to employ data-based background

estimation methods. However, in this case, this is not feasible since it is very difficult to

isolate regions close to the signal region that are not severely contaminated with signal

events. This is also evident in the SR plots in Figures 12.7 and 12.9. The solution chosen

is to derive a scaling power law for the MC distributions in the loose SRs and then apply

it to the MC distribution in the tight SRs in order to eventually obtain an extrapolation

for the MC yields in the discovery bins of the SRs. The nmuon distribution is expected

to be consistent with a falling power law in regions dominated by meson decays to
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muons. This includes all QCD events, assuming operation at the trigger plateau, and

DY events with nmuon ≥ 3. The SRs adhere to these requirements by construction, and

they indeed follow approximately a power law as can be seen in Figures 12.7 and 12.9,

excluding bins that are statistically depleted. Furthermore, plotting the normalized nmuon

distribution densities for the loose and tight versions of the same region for the same

MC sample facilitates comparing the shapes between them. This is shown for SRhigh T

in Figure 13.1 for QCD (left plot) and DY (right plot), and for SRlow T in Figure 13.2
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Figure 13.1: The normalized to unity densities for the nmuon distributions for SRloose
high T

and SRtight
high T for QCD MC (left) and DY MC (right). The tight over loose ratios are also

plotted below each histogram.

for QCD (left plot) and DY (right plot). The ratio of tight to loose is also shown below

each histogram. The tight regions are, unfortunately, too statistically depleted to allow

comprehensive comparisons of the slopes of the distributions. However, comparing the

values for nmuon = 3 and 4, which are populated for all regions and MC samples, the

ratios for those bins are moderately consistent with unity within the uncertainties.
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Figure 13.2: The normalized to unity densities for the nmuon distributions for SRloose

low T and
SRtight

low T for QCD MC (left) and DY MC (right). The tight over loose ratios are also plotted
below each histogram.

Given this partial independence of the nmuon distribution from the cut thresholds,

it is a reasonable strategy to use the well-populated loose signal regions to extract the

rate of decrease component of the distribution and then use it to extrapolate the yields

in the tight signal regions. Assuming a distribution that follows the form described in

Equation 13.1, simultaneous fits are performed on SRloose
high T and SRtight

high T, and SRloose
low T and

SRloose
low T to extract the distributions using a common parameter. The actual fitted functions

are:

yloose = Aloose − Bnmuon (13.2)

ytight = Atight − Bnmuon, (13.3)

where yloose and ytight are the logarithms of the event yields in the tight and loose regions,
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B is the shared rate of drop parameter, and Aloose and Atight are the normalization

parameters for the loose and tight regions, respectively. A least squares fit is performed

to find the optimal values for Aloose, Atight, and B using MINUIT2 [211, 212]. Finally, for

the uncertainty, the parametric uncertainty of the fit is obtained using error propagation

by transforming the covariance matrix C with the Jacobian of the fit function

C′ = JCJT, (13.4)

where Jij =
∂yi
∂pj

with y = f (x, p) the fit function and p the parameter set, and taking the

square roots of the diagonal elements. This uncertainty is added in quadrature with

the relative MC uncertainty of each bin. For bins with no content, the relative statistical

MC uncertainty of the nearest populated bin is used. This may result in large total

uncertainties that in some cases surpass 100%, but is representative of the low amount of

available MC statistics.

The extrapolation fit for SRhigh T is shown for QCD MC in Figure 13.3 and for DY

MC in Figure 13.4, while for SRlow T is shown for QCD MC in Figure 13.5 and for DY MC

in Figure 13.6. Plots for the ratios between MC and fit result, and the pulls are also shown

below the histograms. The MC distributions are not far off from the fit to the power

law in the nmuon = 4, 5, 6 bins of the loose regions, where the contributions are expected

to be almost entirely from meson decays and still not statistically depleted. The MC is

statistically depleted in the nmuon ≥ 7 bin for the loose regions and the nmuon = 5, 6,≥ 7

bins for the tight regions. The bins for nmuon = 3 in the loose regions do not follow the

power law very well, and they tend to dominate the fits, so they are not included in the

172



10 2

100

102

104

106

108
Ev

en
ts

QCD

Fit result:
2/ndf = 0.23

Atight = 5.609 ± 0.045
Aloose = 6.160 ± 0.016
B = 1.625 ± 0.073

SR high T loose
fit
fit + stat. unc.
MC

0

1

2

M
C

 / 
fit

3 4 5 6 7 8
nMuon

-2.5

0.0

2.5

pu
ll

10 2

100

102

104

106

108

Ev
en

ts

SR high T tight
fit
fit + stat. unc.
MC

0

1

2

M
C

 / 
fit

3 4 5 6 7 8
nMuon

-2.5

0.0

2.5

pu
ll

Figure 13.3: Extrapolation fit for QCD MC in SRhigh T. Left is SRloose
high T and right is SRtight

high T.
The MC/fit ratio and the pull plots are also shown below.
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Figure 13.4: Extrapolation fit for DY MC in SRhigh T. Left is SRloose
high T and right is SRtight

high T.
The MC/fit ratio and the pull plots are also shown below.

fits. These bins are still shown in the plots, accompanied by their evaluated fit values to

show the amount of disagreement. In most cases, the reduced χ2 values are a bit high,

at around 5, because of the high-statistics low-nmuon bins. The MC distributions for the
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Figure 13.5: Extrapolation fit for QCD MC in SRlow T. Left is SRloose
low T and right is SRtight

low T.
The MC/fit ratio and the pull plots are also shown below.

10 5

10 3

10 1

101

103

105

Ev
en

ts

DY
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Figure 13.6: Extrapolation fit for DY MC in SRlow T. Left is SRloose
low T and right is SRtight

low T.
The MC/fit ratio and the pull plots are also shown below.

loose, tight, extrapolated loose, and extrapolated tight regions are overlaid in the same

plots in Figure 13.7 for QCD and in Figure 13.8 for DY to demonstrate the common slope

between all regions.
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Figure 13.7: Overlays of the distributions of the loose, tight, and extrapolated tight regions
for QCD MC. Left is SRlow T and right is SRhigh T.
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Figure 13.8: Overlays of the distributions of the loose, tight, and extrapolated tight regions
for DY MC. Left is SRlow T and right is SRhigh T.
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The final result of this extrapolation method is shown for SRlow T in Figure 13.9

for Run 2, and for SRhigh T in Figure 13.9 for Run 2. The final numbers for the expected
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Figure 13.9: SRlow T regions for Run 2, including the extrapolated distributions for QCD
and DY MC. Left is SRloose

low T and right is SRtight
low T. The discovery bin is annotated with a

separate red line and a pointing arrow.

number of events for DY and QCD MC in the discovery bins of the signal regions after

applying the extrapolation method are presented in Table 13.3. All other processes have

negligible contributions. The total expected background is 0.19 ± 0.16 events in SRhigh T

and 0.135 ± 0.099 events in SRlow T.

13.3 Validation of the extrapolation method

To validate the extrapolation method, the VR region that is defined in Section 13.3

is utilized. The fit procedure described in Section 13.2 is performed in the VR both for

QCD MC. Then, the results of the method on QCD MC are compared with data. The fit

method is also performed on data to check the consistency of the method.
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Figure 13.10: SRhigh T regions for Run 2, including the extrapolated distributions for QCD

and DY MC. Left is SRloose
high T and right is SRtight

high T. The discovery bin is annotated with a
separate red line and a pointing arrow.

The fit in VRloose and VRtight is shown for QCD MC in Figure 13.11 and for data
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Figure 13.11: Extrapolation fit for QCD MC in VR. Left is VRloose and right is VRtight. The
MC/fit ratio and the pull plots are also shown below. There is closure between the fit
and the MC.

in Figure 13.12. The ratios and the pulls are also plotted below the histograms. The
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year process SRhigh T discovery bin SRlow T discovery bin

2016
DY + extr. 0.0018 ± 0.0022 0.00050 ± 0.0019

QCD + extr. 0.015 ± 0.019 (6.7 ± 7.1)× 10−5

Total bkg 0.017 ± 0.019 0.00057 ± 0.0019

2017
DY + extr. 0.0058 ± 0.0044 0.00047 ± 0.00085

QCD + extr. 0.039 ± 0.031 0.037 ± 0.027

Total bkg 0.045 ± 0.031 0.037 ± 0.027

2018
DY + extr. 0.00059 ± 0.00049 (5.4 ± 5.4)× 10−5

QCD + extr. 0.13 ± 0.15 0.097 ± 0.095

Total bkg 0.13 ± 0.15 0.097 ± 0.095

Total bkg Run2 0.19 ± 0.16 0.135 ± 0.099

Table 13.3: The final event yields for the QCD and DY MC background processes in
the discovery bins of the two signal regions. These numbers are produced using the
extrapolation method outlined in Section 13.2.
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Figure 13.12: Extrapolation fit for data in VR. Left is VRloose and right is VRtight. The
data/fit ratio and the pull plots are also shown below. There is closure between the fit
and the data.

distributions predicted by the fit results are consistent both in the case of the QCD MC

fit and the data fit, except for some statistically depleted bins in the high ends of the

distributions. Overlays of the VRtight and VRtight with extrapolation on top of VRloose are
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shown in Figure 13.13, both for QCD MC and data. These plots support the hypothesis
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Figure 13.13: Overlays of the distributions of the loose, tight, and extrapolated tight
regions of the VR. Left is QCD MC and right is data.

that the rate of drop of the power law distribution does not change between the loose

and tight regions.

The nmuon distributions for VRloose and VRtight that include the results of the ex-

trapolations for QCD MC are presented in Figure 13.14 for Run 2. In these plots, the

distributions from the data are overlaid on top of the prediction from the MC and the

extrapolated distributions for QCD. The final predicted distribution is consistent with

the data, except for the nmuon = 5 bin in VRtight for which the predicted yield seems to

be overestimated by about 1-σ compared to data.

179



10 2

100

102

104

106

108

1010

ev
en

ts

118.1 fb 1, Run2 (13 TeV)CMSPreliminary
Higgs
TTV
ST
WJets
VV+VVV

TT
DY
QCD+extr.
MC Stat. Unc.
Data

0.5

1.0

1.5

D
at

a/
M

C

3 4 5 6 7+
nmuon

-2.5

0.0

2.5

pu
ll

VRloose + extrapolation

10 2

100

102

104

106

108

1010

ev
en

ts

118.1 fb 1, Run2 (13 TeV)CMSPreliminary
Higgs
TTV
ST
WJets
VV+VVV

TT
DY
QCD+extr.
MC Stat. Unc.
Data

0.5

1.0

1.5

D
at

a/
M

C

3 4 5 6 7+
nmuon

-2.5

0.0

2.5

pu
ll

VRtight + extrapolation

Figure 13.14: VR regions for Run 2 with extrapolated QCD MC. The left plot is VRloose
and the right plot is VRtight. The ratio between data and MC, along with the pull plot, is
also shown below each plot. There is good closure between the fitted MC and the data.
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Chapter 14: Systematic Uncertainties

In this section, the sources of systematic uncertainty taken into consideration are

listed.

14.1 Experimental uncertainties

14.1.1 Pileup

The measurement uncertainty of 4.6% of the inelastic p-p cross section [200] is used

to obtain up and down variations for the PU reweighting weights. The data histogram is

scaled up and down by 4.6%, resulting in variations of the weights that produce shape

systematic variations [199]. This uncertainty applies to all MC processes (signal and

background) and is correlated across years and processes.

14.1.2 L1 prefiring

The uncertainty for L1 prefiring is provided [201] in the form of up and down

variations of the total prefire weight that are used to produce shape systematics. The

weight variations are created using the object prefire uncertainties, which are 20%, and
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the pT-η bin’s statistical uncertainty added in quadrature:

δpi
pre f =

√(
0.2pi

pre f

)2
+ σ2

stat. (14.1)

These variations are already precalculated in NanoAOD for all MC processes (signal and

background). This uncertainty is correlated across the MC processes and uncorrelated

across the data-taking years.

14.1.3 Muon scale factors

The uncertainties of the muon scale factors have a systematic component that is

correlated across years and simulated processes, and a statistical component that is

uncorrelated across the years and correlated across the MC processes. The systematic

part of the uncertainty is the dominant one, and therefore, it is the one used to vary the

scale factor weights up and down to obtain shape variations. Given the multiplicative

nature of these scale factors and the very large muon multiplicities in this search, it is

expected that this uncertainty is one of the largest. This is even more prominent in the

case of lower temperature signal events, which are expected to contain up to tens of

muons. This uncertainty applies to all MC processes (signal and background).

14.1.4 Luminosity

The recommended minimal correlation scheme for Run 2 is used for the luminosity

uncertainty [185]. This scheme divides the uncertainty into:

1. uncorrelated parts that are separate for each year,

182



2. correlated for 2017 and 2018, and

3. correlated for all years.

When the uncertainty sources for each year are added quadratically, the numbers are

1.2%, 2.3%, and 2.5% for 2016, 2017, and 2018, respectively. These uncertainties apply

to all MC processes (signal and background) and are correlated across all the simulated

processes, and they are applied only as scaling uncertainties (not changing the shapes).

14.1.5 Track efficiency

The systematic uncertainties for the track reconstruction efficiency are calculated

using the track-killing method suggested by the TRACKING POG [213] to account for the

difference in the reconstruction efficiencies between data and MC. In this method, the

tracks are removed randomly from the MC samples to account for higher reconstruction

efficiency in simulation over data. This is performed using probabilities derived in D∗

meson studies [214] that vary between years and pT ranges. The killing probabilities are

2.1% for 2018, 2.2% for 2017, and 2.7% for 2016 for tracks with pT < 20 GeV. For tracks

with pT > 20 GeV, the probability is 1% for all years.

This uncertainty applies only to SRlow T, which is formed again after recalculating

sphericity using the new track collection after the random removal. The new event yields

are taken as the down variation of a shape systematic uncertainty. The relative difference

between the nominal values and the down variation is used to symmetrize the variations

and obtain the up variation.

This uncertainty is correlated between the processes and uncorrelated between
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data-taking years.

14.2 Theoretical uncertainties

14.2.1 Matrix element renormalization and factorization scales

These theoretical uncertainties represent the uncertainty of the renormalization

and factorization scales, µLHE
R and µLHE

F , at the matrix element calculation level. The

variations are 2 and 0.5 times the nominal values for µLHE
R and µLHE

F , which is consistent

with theoretical studies [215, 216]. Two three-point uncertainty sets, where one of the two

scales is kept at the nominal value and the other is varied at 0.5 and 2 times the nominal,

are considered only. The resulting sets of up and down weights are propagated to the

total event weight to create shape variations.

These uncertainties are available by default only for MC processes generated via

an external matrix element calculator. For samples generated with PYTHIA (signal and

QCD), they were calculated manually by varying the scale of the hard process, Q, using

the information available in the Generator branch of NanoAOD for the hard scattering

partons. For µLHE
R , the running coupling constants αS and αEM were recalculated at the

varied levels of Q. One QCD vertex is considered for QCD MC events, and two QCD

vertices for the signal events. The weights are given by the ratios of the varied scale to

the nominal in the power given by the corresponding number of vertices

wµR
=

(
αEM(Q′2)
αEM(Q2)

)nEM

·
(

αS(Q′2)
αS(Q2)

)nQCD

, (14.2)
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where Q and Q′ are the nominal and the varied scales of the process, and nEM and nQCD

are the number of electroweak and QCD vertices.

For µLHE
F , the parton distribution functions, x f (x), are recalculated at the varied

levels of Q. The weights are given by the ratios of the varied PDFs to the nominal ones

wµF
=

x1 f (id1, x1, Q′2) · x2 f (id2, x2, Q′2)
x1 f (id1, x1, Q2) · x2 f (id2, x2, Q2)

, (14.3)

where x1, x2 are the momentum fractions for the two partons, id1 and id2 are their flavors,

and Q and Q′ are the nominal and the varied scales of the process.

These uncertainties are correlated across MC processes and data-taking years.

14.2.2 Matrix element parton distribution function

The parton distribution function’s (PDF) uncertainty at the matrix element level

calculation can be accounted for using variations of the central PDF. In more detail, up

and down weights are calculated for each event using the formula

wPDF
± = 1 ± std(wi/w0)

mean(wi/w0)
(14.4)

where wi/w0 are the normalized weights of the members of the NNPDF3.1 PDF set

(default PDF, central + 100 variations, αs = 0.130), with the normalization being the

nominal LHE weight w0. The up and down weights are propagated to the nominal event

weights to create shape variations. These uncertainties are available by default only for

MC processes generated via an external matrix element calculator. For the processes
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generated using PYTHIA (signal and QCD), they were added manually by evaluating

the PDFs, x f (x), for all the replicas in NNPDF31_nnlo_as_0118_mc_hessian_pdfas

[194] using the info available in NanoAOD. These uncertainties are correlated across MC

processes and data-taking years.

14.2.3 Parton shower

The parton shower uncertainties are calculated automatically by PYTHIA [217] by

varying the renormalization scale, µPS
R , and the inclusion of non-singular terms for QCD

emissions for the initial state radiation (ISR) and the final state radiation (FSR). The

up and down variations are 2 and 0.5 times the nominal values for ISR and FSR. This

results in per-event up and down weights, separate for ISR and FSR, that are propagated

to the total event weight to produce shape variations. Unfortunately, these variations

are not available for the muon-enriched MC QCD samples used in this analysis. These

uncertainties are correlated across the data-taking years and MC processes.

14.3 Summary of systematic uncertainties

The mapping between the systematic uncertainties and the MC processes, along

with their type and correlation, is shown in Table 14.1. The checkmarks indicate that a

given systematic uncertainty is included for the given MC process. These systematics

are included in the fit to data that is presented in Section 15, and they affect the shapes

and the normalization of the MC processes in the CRs and the normalization of the

yields in the discovery bins of SRs. For the yields of QCD and DY MC in the discovery
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Table 14.1: Mapping between systematics and MC processes.
Syst. Unc. Type Corr. QCD DY TT VV+VVV WJets ST TTV Higgs SUEP
lumi 13TeV scale part. ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓
PUReweight shape corr. ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓
L1Prefire shape part. ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓
MuonSF shape corr. ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓
TrkEff shape part. ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓
LHEScaleMuR shape corr. ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓
LHEScaleMuF shape corr. ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓
LHEPdf shape corr. ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓
ISR shape corr. ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓
FSR shape corr. ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓

bins, the extrapolation procedure that is described in Section 13 is applied separately on

each histogram with up and down variations to create an extrapolation for each varied

histogram.

The magnitude of the shift to the yields of the discovery bin is shown as a per-

centage of the nominal yield for SRhigh T in Table 14.2 and SRlow T in Table 14.3. The

Table 14.2: Impacts of systematic uncertainties on the yields of the discovery bin of
SRhigh T for 2018. The maximum up/down shift is displayed as a percentage of the
nominal value.

Syst. Unc.

SUEP (mA′ = 0.5 GeV)

QCD DY
mS = 125 GeV mS = 400 GeV mS = 1000 GeV mS = 125 GeV mS = 125 GeV
mϕ = 8 GeV mϕ = 8 GeV mϕ = 8 GeV mϕ = 8 GeV mϕ = 4 GeV
T = 32 GeV T = 32 GeV T = 32 GeV T = 16 GeV T = 4 GeV

lumi 13TeV 2.5 2.5 2.5 2.5 2.5 2.5 2.5
PUReweight 0.9 0.9 0.3 1.2 1.7 20.5 2
L1PreFire -1.7 -2.7 -4.1 -1.3 -0.4 -0.1 -2.4
MuonSF 13.3 12.3 14.5 16.9 27 14.5 7.1
LHEScaleMuR -22.2 -17.1 -15.3 -22.2 -22.2 -12.7 -2.8
LHEScaleMuF -5.9 -5 -11.8 -5.9 -5.7 16.3 -63
LHEPdf -0.3 0.2 -0.3 0.3 -0.2 -0.3 -0.4
ISR -1 -0.4 -0.1 -1.8 -2.6 - -4
FSR 0.8 -1.7 -2.5 -3 0.4 - -4.8

values on these tables represent the maximum percent up or down shifts caused by the

corresponding systematics, with only the shifts with the maximum absolute values being

shown. Various examples of signal models that match the different SRs are included in
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Table 14.3: Impacts of systematic uncertainties on the yields of the discovery bin of SRlow T
for 2018. The maximum up/down shift is displayed as a percentage of the nominal value.

Syst. Unc.
SUEP (mϕ = 4 GeV, T = 1 GeV)

QCD DYmS = 400 GeV mS = 400 GeV mS = 600 GeV mS = 600 GeV
mA′ = 0.5 GeV mA′ = 0.7 GeV mA′ = 0.5 GeV mA′ = 0.7 GeV

lumi 13TeV 2.5 2.5 2.5 2.5 2.5 2.5
PUReweight 0.3 1.4 0.8 0.4 14.0 -10.6
MuonSF 69.4 45.7 86.5 57.3 -42.8 13.9
L1PreFire 0.1 -0.2 0.1 0.1 -0.6 -0.9
TrkEff 0.3 -0.2 0.3 0.4 99.2 1318.5
LHEScaleMuR -17.1 -17.1 -16.3 -16.3 -9.9 -11.8
LHEScaleMuF -5.1 -5.4 -8.2 -8.4 +7.0 -21.8
LHEPdf 0.2 0.2 -0.2 0.2 -0.3 -0.3
ISR -6.3 -7.6 -3.4 -8 - 13.8
FSR -0.9 2.4 -0.5 1.4 - 38.1

each table.

According to Tables 14.2 and 14.3, the MuonSF uncertainty is the experimental

uncertainty with the most significant impact, especially for the signal models with

lower temperatures, which can experience shifts up to ∼ 87%. For QCD in SRhigh T, the

PUReweight uncertainty can cause shifts up to 21%. In the SRlow T, the TrkEff uncertainty

has a very significant upward impact on QCD and DY. From the theory uncertainties,

the renormalization scale, µR, uncertainty is the largest one, reaching impacts up to 22%

for some signal processes. Additionally, the factorization scale uncertainty has a sizeable

effect on DY, reaching up to −63% in the SRhigh T.
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Chapter 15: Results

The CR histograms, together with the estimated background and signal yields in

the discovery bins of the SRs, accompanied by their systematic uncertainties, are included

in a fit to data, performed by CMS Combine [207], to obtain upper limits for all points in

the signal parameter scan.

15.1 Prefit plots

The prefit plot that includes the two control regions and the discovery bins from the

two signal regions can be seen in Figure 15.1 for Run 2. The MC yields for the QCD and

DY processes in the discovery bins are the products of the extrapolation method described

in Section 13. The histograms in this plot are normalized using only the cross sections

listed in Table 9.3 and, unlike the plots in Section 12, they do not have any k-factors

applied to them. This is easy to notice in the ratio plot below the main histogram. The

normalization in the control regions is obviously off. These histograms are the input to

Combine to fit the MC to data and extract the 95% upper limits. Extracting the k-factors

for QCD and DY is part of the fit to data.
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Figure 15.1: The prefit nmuon distributions for all regions for Run 2.

15.2 Signal model assignment for the SRs

The expected background yields in the discovery bins of the signal regions are

numbers that are both below 1 and not very different. Consequently, the signal retention

efficiency is the main contributing factor to the sensitivity of each signal region to a given

scan point of the signal model. The choice between SRhigh T and SRlow T for each scan

point is made solely by choosing the region with the larger event yield. Signal models

with lower temperatures, larger mϕ/T ratios, and hadronically dominated decays tend to
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choose the SRlow T. All signal yields are shown in Table C.1 of Appendix C. The selected

region is annotated with bold text on the event yields.

15.3 Combine fit and postfit plots

We perform maximum likelihood template fits between the data and the MC pre-

diction. All the systematic uncertainties are included in the form of nuisance parameters

in the fit. The relevant likelihood has the form

L = ∏
years

∏
regions

∏
bins

Poiss(nobs; nexp(r, ν⃗)) · ∏
nuisances

p(ν; y), (15.1)

where r is the signal strength parameter, ν⃗ is the vector of all the nuisance parameters,

p(ν; y) is the probability density for the nuisance ν given some previous observation y.

The parameter of interest (POI) in this case is the signal strength parameter, r, that is just

a free parameter that scales the signal processes multiplicatively.

The Combine cards include three histograms: CRQCD, CRDY, and either SRlow T or

SRhigh T. For SRlow T and SRhigh T, only the discovery bins are included, so they are single-

bin histograms. All the systematics listed in Section 14 are also included in the datacards.

The luminosity systematics are included as log-normal scaling systematics affecting only

the normalization, and all other systematics are treated as shape systematics that use

Combine’s shape morphing method to interpolate the shapes. For the two dominant

MC processes, QCD and DY, their normalizations are left to float freely by introducing

the rate parameters kQCD and kDY to the fit. The control regions have decently isolated

samples of the two processes, permitting the determination of the normalizations by the
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fit. For the statistical uncertainties of the MC in the CRs, the Barlow-Beeston method [218],

which introduces nuisance parameters for the bins of the MC templates, is employed

by using Combine’s autoMCStats option. For bins with total yields larger than 5

events, the Barlow-Beeston lite approach [219] is used by introducing one nuisance

parameter covering all MC processes. Bins with total yields of less than 5 events use

the full Barlow-Beeston, which introduces one nuisance for each MC process in the

bin. For the uncertainties in the signal regions, the autoMCStats is also used, but the

Gaussian constraint is forced regardless of the event yields. This is done because the bin

errors of the background histograms in the SRs contain the uncertainty predicted by the

extrapolation method, which is a combination of the MC statistical uncertainty and the

systematic uncertainty introduced by the fit, as explained in Section 13.2.

The postfit plot for the Run 2-only fit for signal point: mS = 125 GeV, mϕ = 8 GeV,

T = 32 GeV, mA′ = 0.5 GeV (mostly leptonic decays to SM) is shown in Figure 15.2. The

MC templates match the data very well after the fit. The signal region is blinded. The

exact values of the fitted parameters are estimated using the command [220]:

combine -M FitDiagnostics workspace.root --rMin -1 --rMax 5 \

--robustFit 1 --cminDefaultMinimizerStrategy 1

and they are presented in Table 15.1. The k-factors for QCD and DY are kQCD = 0.6971 ±

0.0002 and kDY = 0.993 ± 0.004.
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Figure 15.2: The postfit nmuon distributions for the CRs and blinded SRhigh T for the Run
2-only fit. The MC matches very well the data in the bins with many entries, because
they have the statistical power to constrain the fit.

15.4 Impact plots

The likelihoods of all the fitted parameters (nuisance parameters and k-factors) are

profiled, and their 1-σ postfit uncertainties are determined. Then, all parameters are

shifted up and down according to their postfit uncertainties to determine the impact on

the parameter of interest (POI), which in this case is the signal strength r.

The following commands are used to create impact plots using the Asimov dataset [220]:
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combineTool.py -M Impacts -d workspace.root -m 125 --rMin -5 \

--rMax 20 --robustFit 1 --cminDefaultMinimizerStrategy 0 \

-t -1 --expectSignal 0 --doInitialFit

combineTool.py -M Impacts -d workspace.root -m 125 --rMin -5 \

--rMax 20 --robustFit 1 --cminDefaultMinimizerStrategy 0 \

-t -1 --expectSignal 0 --doFits

combineTool.py -M Impacts -d workspace.root -m 125 --rMin -5 \

--rMax 20 --robustFit 1 --cminDefaultMinimizerStrategy 0 \

-t -1 --expectSignal 0 --output impacts.json

plotImpacts.py -i impacts.json -o impacts

The impact plot using the Asimov dataset with expected signal strength, r, set to 0,

is shown in Figure 15.3 for the Run 2 fit. The same plot but for r = 1 is shown in

Figure 15.4. The impact plot using data in the CRs and blinded SR is shown in Figure 15.5

for the Run 2 fit. In this case, the -t -1 --expectSignal 0 options are replaced with

--setParameters k_QCD=0.7,k_DY=0.9, which is an initial guess for the values of

the free parameters, and it is needed for the fit to converge successfully.

The impact plots for fits with the Asimov dataset for r = 0 and r = 1 show correct

fit values for the parameter of interest (POI). No shifts or pulls from the nominal values

are observed, as is expected for these fits. The systematic uncertainties with the highest

impacts are the MC nuisances for the SR in the case with r = 0, and MuonSF in the

case with r = 1. In the case of the fit with data in the CRs and blinded SR with data

yield set to 0 events, there are strong pulls away from the nominal values, with the
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Figure 15.3: Impact plot with top 30 nuisances for Run 2 fit with Asimov dataset and
signal strength set to r = 0.

most notable examples being LHEScaleMuR, ISR, FSR, and some of the MC template

nuisance parameters.

15.4.1 Expected limits

The expected %95CL limits are calculated using the Asymptotic approximation

method [221]. The exact command used has the form [220]:

combine workspace.root -M AsymptoticLimits --cl 0.95 --run blind

The expected 95% upper limits for the SUEP production cross section at center-of-mass
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Figure 15.4: Impact plot with top 30 nuisances for Run 2 fit with Asimov dataset and
signal strength set to r = 1.

energy
√

s = 13 TeV are presented in Figure 15.6 using both Run 2 (118 fb−1 at 13 TeV)

for signal points with mϕ = 2 GeV and T = 2 GeV (top left), mϕ = 4 GeV and T = 1 GeV

(top right), mϕ = 4 GeV and T = 4 GeV (bottom left), and mϕ = 8 GeV and T = 32 GeV

(bottom right) as a function of the entire scanned range of mS. The limits are plotted with

blue color for the leptonically dominated decays (mA′ = 0.5 GeV) and with red color for

the hadronically dominated decays (mA′ = 0.7 GeV). The theoretical prediction for the

cross section of the production of a scalar boson via gluon-gluon fusion as a function is

also plotted as a dashed black line. The upper limits are also presented in terms of the
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Figure 15.5: Impact plot for fit with data and blinded SRs. Fit is only for Run 2. The data
yields have been set to 0 in the SRs.

dimensionless signal strength parameter, r, in Figure 15.7. The signal strength parameter

is independent of the center-of-mass energy.

The expected upper limits are three to four orders of magnitude tighter than the

theory predictions along the entire scalar mediator mass range, with the limits for the

leptonically dominated decay scenario being stronger by one to two orders of magnitude

compared to the semi-hadronic decay scenario. Only the limits for models with very low

temperatures (T = 0.25 GeV − 0.35 GeV) do not exclude the entire scalar mediator mass

range since the signal MC is statistically depleted because of poor triggering efficiency.
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Figure 15.6: Expected 95% upper limits for the SUEP production cross section at
√

s =
13 TeV using the asymptotic approximation method as a function of the scalar mediator’s
mass, mS, with mϕ = 4 GeV and T = 4 GeV (left) and mϕ = 8 GeV and T = 32 GeV (right)
both for hadronically(red) and leptonically(blue) dominated decay scenarios.

All the 1D expected limits (all model parameters fixed except mS) are included in the

Appendix D.
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Figure 15.7: Expected 95% upper limits for the signal strength parameter, r, using the
asymptotic approximation method as a function of the scalar mediator’s mass, mS, with
mϕ = 4 GeV and T = 4 GeV (left) and mϕ = 8 GeV and T = 32 GeV (right) both for
hadronically(red) and leptonically(blue) dominated decay scenarios.
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Table 15.1: Result for b-only fit for Run 2 with data in the CRs and blinded SRhigh T with
yields set to 0. The initial value for all nuisance parameters is 0. The k-factors have initial
value 1.

Floating Parameter Final Value ± Error
FSR 13TeV −1.2873 ± 0.714
ISR 13TeV −1.7174 ± 0.130
L1PreFire 13TeV 2016 +0.0354 ± 0.170
L1PreFire 13TeV 2017 +1.0743 ± 0.019
L1PreFire 13TeV 2018 +0.0116 ± 0.444
LHEScaleMuF 13TeV +1.4515 ± 0.0028
LHEScaleMuR 13TeV +2.4494 ± 0.0074
MuonSF 13TeV 2016 −1.0994 ± 0.144
MuonSF 13TeV 2017 +0.0714 ± 0.183
MuonSF 13TeV 2018 −0.1409 ± 0.266
PUReweight 13TeV −0.2710 ± 0.111
k DY 13TeV +0.9930 ± 0.0044
k QCD 13TeV +0.6971 ± 0.000196
lumi 13TeV 2016 −0.5417 ± 0.0629
lumi 13TeV 201620172018 +0.1006 ± 0.0266
lumi 13TeV 2017 +0.1932 ± 0.0120
lumi 13TeV 20172018 +0.0952 ± 0.0843
lumi 13TeV 2018 +0.2532 ± 0.0135
prop binCR DY 13TeV 2016 bin0 +1.1098 ± 0.468
prop binCR DY 13TeV 2016 bin1 −1.7354 ± 0.538
prop binCR DY 13TeV 2016 bin2 +0.4037 ± 0.525
prop binCR DY 13TeV 2016 bin3 +0.0907 ± 0.575
prop binCR DY 13TeV 2017 bin0 +1.9254 ± 0.495
prop binCR DY 13TeV 2017 bin1 −1.1052 ± 0.503
prop binCR DY 13TeV 2017 bin2 −1.4146 ± 0.526
prop binCR DY 13TeV 2017 bin3 +0.4571 ± 0.537
prop binCR DY 13TeV 2018 bin0 −0.8197 ± 0.575
prop binCR DY 13TeV 2018 bin1 −0.3649 ± 0.534
prop binCR DY 13TeV 2018 bin2 −0.8522 ± 0.474
prop binCR DY 13TeV 2018 bin3 +0.5654 ± 0.452
prop binCR QCD 13TeV 2016 bin0 +2.1161 ± 0.0557
prop binCR QCD 13TeV 2016 bin1 −2.4825 ± 0.0428
prop binCR QCD 13TeV 2016 bin2 −2.3473 ± 0.0518
prop binCR QCD 13TeV 2016 bin3 −1.5096 ± 0.0431
prop binCR QCD 13TeV 2017 bin0 −2.0529 ± 0.0607
prop binCR QCD 13TeV 2017 bin1 −2.9321 ± 0.0437
prop binCR QCD 13TeV 2017 bin2 +2.7287 ± 0.0413
prop binCR QCD 13TeV 2017 bin3 −1.6275 ± 0.0413
prop binCR QCD 13TeV 2018 bin0 +2.9460 ± 0.0606
prop binCR QCD 13TeV 2018 bin1 −0.8701 ± 0.0490
prop binCR QCD 13TeV 2018 bin2 +2.3034 ± 0.0237
prop binCR QCD 13TeV 2018 bin3 +1.2716 ± 0.0499
prop binSR high temp 13TeV 2016 bin0 −0.0054 ± 0.693
prop binSR high temp 13TeV 2017 bin0 −0.0182 ± 0.693
prop binSR high temp 13TeV 2018 bin0 −0.1095 ± 0.693
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Final remarks
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Chapter 16: Summary and conclusions

This dissertation presented two studies on the effects of radiation damage in plastic

scintillator, and a search for a signature called Soft Unclustered Energy Patterns (SUEP)

using data from LHC collisions collected by the CMS experiment.

The first study, shown in Chapter 5, examined the effects of ionizing radiation on the

scintillation signal produced by plastic scintillators. The scintillation light yield reduction

was quantified using the concept of the dose constant, D. Several different concentrations

of fluors and antioxidants were tested. The manufacturer’s default values were found to

be optimal for use in detectors in hadron colliders. It was found that D scales linearly

with the logarithm of the dose rate for dose rates < 100 Gy/h. For PVT-based scintillator,

D continues to scale linearly even at higher dose rates, while for PS-based scintillator, the

dose constant plateaus at higher dose rates. Therefore, PVT scintillator is more resistant

only at higher dose rates. Furthermore, the results from samples of varying thickness

and different dopants indicate that damage to the initial light output is the dominant

effect for samples with thickness ≤ 1 cm compared to color center formation.

The plastic scintillator studies, summarized above, contribute to our understanding

of the aging effects of a material that is ubiquitous in modern particle physics experiments.

Performing scintillator irradiations at very low dose rates is necessary for building a
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realistic picture of the radiation damage mechanism relevant to the conditions at hadron

colliders. Given the time and the precision needed to perform such irradiations, it

is evident that such studies can easily become prohibitively complex and costly. The

analysis presented in this thesis represents a significant step in this direction; however,

further irradiations at even lower dose rates are necessary to corroborate its findings.

The second study of Part II, presented in Chapter 6, studied the effects of oxidation

on the optical properties of plastic scintillators during irradiation and annealing. Two

models of oxygen diffusion in polymers were investigated and solved numerically. The

results indicate that the reactivity can experience a significant change from approximately

100% to almost 0% at a certain depth of the material, which can be varied depending on

the model parameters. This change matches our visual observations of irradiated plastic

scintillator samples, which have both a green-colored inner region and a sharp change in

the refractive index at specific depths depending on the dose rate.

Those depths were measured for the refractive index boundary, and they seem to be

compatible with an inverse square root of dose rate dependence, which is in accordance

with the predictions of the models. The depths of the inner green-colored regions increase

during annealing after the irradiation, until the colored regions disappear. The evolution

of the depths of the colored region during annealing was measured for an irradiated

PS sample. These measurements can be explained by the diffusion of oxygen inside the

sample during annealing. The simulation of one of the diffusion models agrees with the

experimental data.

Additionally, the refractive indices of both the internal and the external regions

were measured using a photography-based technique. The internal regions have elevated
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values of the index of refraction compared to the outer ones. The indices of the outer

regions match the index of unirradiated samples. These results suggest that the irradiation

affects primarily the substrate material, and in the absence of oxygen, the substrate can

experience chemical changes that can affect its refractive index. The refractive indices

generally do not show a dose rate dependence, except for the inner region of PS, which

shows a descending trend with increasing dose rate. More studies are needed to confirm

this effect.

This study highlights the connections between oxidation and radiation damage

through the visible effects on the irradiated material. Such studies are deemed critical

given the current push for plastic scintillators in hypoxic environments with the presence

of ionizing radiation, like the High Granularity Calorimeter in CMS. Our understanding

of those effects can be further solidified with further experiments with low-dose rate

irradiations of samples of varying shapes, sizes, and thicknesses.

Lastly, a search for soft unclustered energy patterns using decays to muons was

presented in Part III of this dissertation. The triple-muon triggers are used to select events

during data taking. Further offline selections are applied to form two control regions,

targeting events from QCD and DY, and two signal regions with ≥ 7 muons, focusing

on events from signal models with low and high temperatures. The MC background in

the signal regions is obtained by fitting a power law in extended versions of the regions

and extrapolating them to the regions of interest. The expected background is 0.2 events

or lower in the signal regions. The final histograms for the control regions and the

extrapolated signal regions are used to fit with data and extract the 95% CL upper limits.

The expected limits appear to be between 3 and 5 orders of magnitude lower than the
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theory predictions. Once unblinded, this search is expected to be able to exclude almost

all proposed signal models.

This analysis nicely complements the existing efforts in CMS for SUEP searches,

and it offers unprecedented sensitivity for a considerable part of the model’s parametric

space. Significant improvements in the searches for SUEP can be realized after the Phase

2 upgrade of the CMS detector. The addition of tracking to the L1 trigger will offer the

ability to trigger on events with high multiplicities of soft objects that follow specific

distributions and patterns. A first step in this direction would be the development of an

HLT path specialized for SUEP signatures.
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Chapter A: List of scintillator samples

This appendix contains lists of the samples used throughout the paper. For the

samples with varying fluor concentrations, the scintillator label in the first column has

the form “<scintillator color><substrate>”. The scintillator color can be either “EJ200”

or “EJ260”. The substrate can be PS or PVT, where PS in the name means the matrix is

polystyrene, and PVT means it is polyvinyltoluene. The fluor concentrations are shown

as “NXMP”, where “N” refers to the multiplication factor for the secondary fluor and

“M” to the primary fluor. For the samples with varying antioxidant concentrations, the

scintillator label in the first column has the form “<scintillator color><antioxidant

concentrations>”, where antioxidant concentrations are expressed by numbers 0, 1, 2

which represent 0.5, 1, and 2 times the nominal value.

8There are 3 samples for this irradiation.
9There are 2 samples for this irradiation.
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Scintillator type Dose (kGy) Dose rate R (Gy/hr) Irr. end date Irr. facility

EJ200PS-1X1P

13.2 2.2 2018/10/26 GIF++
12.6 3.1 2018/11/30 GSFC REF8

42.0 9.8 2018/12/06 GSFC REF
70.0 80.6 2017/04/12 NIST
70.0 85.3 2016/11/09 NIST
69.0 130.0 2021/09/24 NIST9

70.0 460.0 2021/10/14 NIST9

70.0 744.0 2016/12/02 NIST
70.0 3380.0 2017/11/07 NIST
70.0 3640.0 2017/04/13 NIST
70.0 3900.0 2016/10/04 NIST

EJ200PS-1X2P

13.2 2.2 2018/10/26 GIF++
12.6 3.1 2018/11/30 GSFC REF
42.0 9.8 2018/12/06 GSFC REF
70.0 85.3 2016/11/09 NIST
70.0 744.0 2016/12/02 NIST
70.0 3900.0 2016/10/04 NIST

EJ200PS-2X1P

13.2 2.2 2018/10/26 GIF++
70.0 83.4 2017/01/11 NIST
70.0 2570.0 2020/02/14 NIST
70.0 3900.0 2016/10/05 NIST

Table A.1: List of EJ200PS samples.

Scintillator type Dose (kGy) Dose rate R (Gy/hr) Irr. end date Irr. facility

EJ200PVT-1X1P

13.2 2.2 2018/10/26 GIF++
17.1 3.0 2019/12/04 GSFC REF
12.6 3.1 2018/11/30 GSFC REF8

42.0 9.8 2018/12/06 GSFC REF
70.0 81.9 2017/03/01 NIST
70.0 85.3 2016/11/09 NIST
70.0 744.0 2016/12/02 NIST
70.0 2380.0 2020/09/17 NIST9

60.0 2930.0 2019/02/22 NIST
70.0 3700.0 2017/03/02 NIST
70.0 3900.0 2016/10/04 NIST

EJ200PVT-1X2P

13.2 2.2 2018/10/26 GIF++
12.6 3.1 2018/11/30 GSFC REF
42.0 9.8 2018/12/06 GSFC REF
70.0 85.3 2016/11/09 NIST
70.0 744.0 2016/12/02 NIST
70.0 3900.0 2018/10/04 NIST

EJ200PVT-2X1P
13.2 2.2 2018/10/26 GIF++
70.0 83.4 2017/01/11 NIST
70.0 3900.0 2016/10/05 NIST

Table A.2: List of EJ200PVT samples.
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Scintillator type Dose (kGy) Dose rate R (Gy/hr) Irr. end date Irr. facility

EJ260PS-1X1P

13.2 2.2 2018/10/26 GIF++
12.6 3.1 2018/11/30 GSFC REF
42.0 9.8 2018/12/06 GSFC REF
70.0 83.4 2017/01/11 NIST
70.0 460.0 2020/12/20 NIST
70.0 3900.0 2016/10/05 NIST

EJ260PVT-1X1P

13.2 2.2 2018/10/26 GIF++
12.6 3.1 2018/11/30 GSFC REF
42.0 9.8 2018/12/06 GSFC REF
70.0 83.4 2017/01/11 NIST
70.0 460.0 2020/12/20 NIST
70.0 3900.0 2016/10/05 NIST

Table A.3: List of EJ260PS and EJ260PVT samples.

Scintillator type Dose (kGy) Dose rate R (Gy/hr) Irr. end date Irr. facility

EJ200AO-0 17.1 3.0 2019/12/04 GSFC REF
60.0 2930 2019/02/22 NIST

EJ200AO-1
17.1 3.0 2019/12/04 GSFC REF
70.0 2380 2020/09/17 NIST
60.0 2930 2019/02/22 NIST

EJ200AO-2 17.1 3.0 2019/12/04 GSFC REF
60.0 2930 2019/02/22 NIST

Table A.4: List of varying antioxidant samples.
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Chapter B: N − 1 plots

This appendix contains all the N − 1 plots. In these plots, all the cuts are applied

except for the cut on the variable displayed on the horizontal axis. They are tools helpful

in evaluating whether our cut working points are at the optimal values. Additionally,

these plots are also shown for the MC background broken down by the muon source.

B.1 N − 1 plots for CRQCD
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Figure B.1: N − 1 plot for CRQCD muon dxy.
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B.2 N − 1 plots for CRDY
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Figure B.2: N − 1 plot for CRDY dimuon mass.

211



0 20 40 60 80 100
prompt muon pT (GeV)

100

101

102

103

104

105

106

107

108

m
uo

ns

CRDY

59.8 fb 1 (13 TeV)CMSPreliminary

Higgs
TTV
ST
WJets
VV+VVV

TT
DY
QCD
Stat. Unc.

mS = 125GeV,m = 8GeV,
T = 8GeV, lep. decays
mS = 125GeV,m = 4GeV,
T = 16GeV, lep. decays
mS = 125GeV,m = 8GeV,
T = 16GeV, lep. decays
mS = 125GeV,m = 8GeV,
T = 32GeV, lep. decays

0 20 40 60 80 100
prompt muon pT (GeV)

101

102

103

104

105

106

107

108

m
uo

ns

CRDY

59.8 fb 1 (13 TeV)CMSPreliminary

tau
unmatched
light
prompt

c
b
Stat. Unc.

Figure B.3: N − 1 plot for CRDY cand muon pt.
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Figure B.4: N − 1 plot for CRDY cand muon iso.
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Figure B.5: N − 1 plot for CRDY cand muon ip3d.
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Figure B.6: N − 1 plot for CRDY cand muon dxy.
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Figure B.7: N − 1 plot for CRDY cand muon dz.

10 1 100 101

muon isolation
100

101

102

103

104

105

106

107

108

m
uo

ns

CRDY

59.8 fb 1 (13 TeV)CMSPreliminary

Higgs
TTV
ST
WJets
VV+VVV

TT
DY
QCD
Stat. Unc.

mS = 125GeV,m = 8GeV,
T = 8GeV, lep. decays
mS = 125GeV,m = 4GeV,
T = 16GeV, lep. decays
mS = 125GeV,m = 8GeV,
T = 16GeV, lep. decays
mS = 125GeV,m = 8GeV,
T = 32GeV, lep. decays

10 1 100 101

muon isolation
101

102

103

104

105

106

107

m
uo

ns

CRDY

59.8 fb 1 (13 TeV)CMSPreliminary

tau
unmatched
light
prompt

c
b
Stat. Unc.

Figure B.8: N − 1 plot for CRDY muon iso.
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Figure B.9: N − 1 plot for CRDY muon ip3d.
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Figure B.10: N − 1 plot for CRDY muon dxy.
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Figure B.11: N − 1 plot for CRDY muon dz.
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B.3 N − 1 plots for SRlow T
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Figure B.12: N − 1 plot for SRtight
low T muon pt.
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Figure B.13: N − 1 plot for SRloose
low T muon pt.
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Figure B.14: N − 1 plot for SRtight
low T muon ip3d.
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Figure B.15: N − 1 plot for SRloose
low T muon ip3d.
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Figure B.16: N − 1 plot for SRtight
low T dimuon mass.
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Figure B.17: N − 1 plot for SRloose
low T dimuon mass.
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Figure B.19: N − 1 plot for SRloose
low T sph1.

221



B.4 N − 1 plots for SRhigh T
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Figure B.20: N − 1 plot for SRtight
high T muon ip3d.
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Figure B.21: N − 1 plot for SRloose
high T muon ip3d.
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Figure B.22: N − 1 plot for SRtight
high T muon iso.
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Figure B.23: N − 1 plot for SRloose
high T muon iso.
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Figure B.24: N − 1 plot for SRtight
high T muon neutral iso.
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Figure B.25: N − 1 plot for SRloose
high T muon neutral iso.
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Figure B.26: N − 1 plot for SRtight
high T dimuon mass.
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Figure B.27: N − 1 plot for SRloose
high T dimuon mass.
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Chapter C: SR signal yields

The event yields of all signal models in the discovery bins of the two signal regions

are presented in Table C.1. The largest event yield for each model is highlighted using

bold text. These are used to pick the signal regions for each signal scan point. A small

number of points from the very low T models have 0 yields in both SRs. We don’t run

Combine for these points.

Table C.1: SR signal yields for all years in Run 2 (2016,

2017, and 2018)

SUEP model SRhigh T SRlow T

mS = 125, mϕ = 1, T = 0.25, leptonic 0 ± 0 177 ± 97
mS = 200, mϕ = 1, T = 0.25, leptonic 0 ± 0 16 ± 16
mS = 300, mϕ = 1, T = 0.25, leptonic 0 ± 0 0 ± 0
mS = 400, mϕ = 1, T = 0.25, leptonic 0 ± 0 0 ± 0
mS = 500, mϕ = 1, T = 0.25, leptonic 0 ± 0 0 ± 0
mS = 600, mϕ = 1, T = 0.25, leptonic 0 ± 0 0 ± 0
mS = 1000, mϕ = 1, T = 0.25, leptonic 0 ± 0 0 ± 0
mS = 125, mϕ = 1.4, T = 0.35, hadronic 0 ± 0 496 ± 133
mS = 200, mϕ = 1.4, T = 0.35, hadronic 0 ± 0 12 ± 12
mS = 300, mϕ = 1.4, T = 0.35, hadronic 0 ± 0 5.1 ± 5.1
mS = 400, mϕ = 1.4, T = 0.35, hadronic 0 ± 0 2.3 ± 2.2
mS = 500, mϕ = 1.4, T = 0.35, hadronic 0 ± 0 0 ± 0
mS = 600, mϕ = 1.4, T = 0.35, hadronic 0 ± 0 0.027 ± 0.027
mS = 800, mϕ = 1.4, T = 0.35, hadronic 0 ± 0 0 ± 0
mS = 1000, mϕ = 1.4, T = 0.35, hadronic 0 ± 0 0 ± 0
mS = 125, mϕ = 1.4, T = 1.4, hadronic 0 ± 0 3984 ± 409
mS = 200, mϕ = 1.4, T = 1.4, hadronic 0 ± 0 2731 ± 228
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SUEP model SRhigh T SRlow T

mS = 300, mϕ = 1.4, T = 1.4, hadronic 0 ± 0 1606 ± 137
mS = 400, mϕ = 1.4, T = 1.4, hadronic 0 ± 0 1001 ± 88
mS = 500, mϕ = 1.4, T = 1.4, hadronic 0 ± 0 451 ± 47
mS = 600, mϕ = 1.4, T = 1.4, hadronic 0 ± 0 353 ± 38
mS = 800, mϕ = 1.4, T = 1.4, hadronic 0 ± 0 143 ± 14
mS = 1000, mϕ = 1.4, T = 1.4, hadronic 0 ± 0 66.1 ± 7.2
mS = 125, mϕ = 1.4, T = 2.8, hadronic 32 ± 32 5660 ± 471
mS = 200, mϕ = 1.4, T = 2.8, hadronic 24 ± 24 6922 ± 391
mS = 300, mϕ = 1.4, T = 2.8, hadronic 7.7 ± 7.7 6531 ± 245
mS = 400, mϕ = 1.4, T = 2.8, hadronic 5.7 ± 4.1 6301 ± 213
mS = 500, mϕ = 1.4, T = 2.8, hadronic 11.4 ± 9.0 5778 ± 206
mS = 600, mϕ = 1.4, T = 2.8, hadronic 1.2 ± 1.2 4941 ± 128
mS = 800, mϕ = 1.4, T = 2.8, hadronic 2.0 ± 1.1 3454 ± 60
mS = 1000, mϕ = 1.4, T = 2.8, hadronic 0.20 ± 0.20 2151 ± 39
mS = 125, mϕ = 1.4, T = 5.6, hadronic 388 ± 137 2283 ± 327
mS = 200, mϕ = 1.4, T = 5.6, hadronic 380 ± 82 6154 ± 350
mS = 300, mϕ = 1.4, T = 5.6, hadronic 401 ± 69 11320 ± 370
mS = 400, mϕ = 1.4, T = 5.6, hadronic 350 ± 53 14376 ± 344
mS = 500, mϕ = 1.4, T = 5.6, hadronic 204 ± 28 14522 ± 245
mS = 600, mϕ = 1.4, T = 5.6, hadronic 171 ± 19 12825 ± 168
mS = 800, mϕ = 1.4, T = 5.6, hadronic 93.3 ± 8.8 8280 ± 85
mS = 1000, mϕ = 1.4, T = 5.6, hadronic 43.0 ± 4.2 4609 ± 46
mS = 125, mϕ = 2, T = 2, leptonic 9320 ± 542 85703 ± 1762
mS = 200, mϕ = 2, T = 2, leptonic 13756 ± 423 76317 ± 1059
mS = 300, mϕ = 2, T = 2, leptonic 12263 ± 319 63933 ± 786
mS = 400, mϕ = 2, T = 2, leptonic 8908 ± 209 48301 ± 530
mS = 500, mϕ = 2, T = 2, leptonic 4960 ± 130 34323 ± 388
mS = 600, mϕ = 2, T = 2, leptonic 2942 ± 73 22501 ± 235
mS = 800, mϕ = 2, T = 2, leptonic 822 ± 28 9742 ± 115
mS = 1000, mϕ = 2, T = 2, leptonic 222.2 ± 8.5 4342 ± 45
mS = 125, mϕ = 2, T = 2, hadronic 30 ± 30 6520 ± 436
mS = 200, mϕ = 2, T = 2, hadronic 63 ± 31 6369 ± 321
mS = 300, mϕ = 2, T = 2, hadronic 21 ± 14 5364 ± 239
mS = 400, mϕ = 2, T = 2, hadronic 16.4 ± 7.6 4566 ± 144
mS = 500, mϕ = 2, T = 2, hadronic 24.7 ± 8.8 3547 ± 112
mS = 600, mϕ = 2, T = 2, hadronic 5.0 ± 2.6 3185 ± 75
mS = 800, mϕ = 2, T = 2, hadronic 0.020 ± 0.020 2207 ± 46
mS = 1000, mϕ = 2, T = 2, hadronic 0.007 ± 0.007 1442 ± 28
mS = 125, mϕ = 2, T = 4, leptonic 97827 ± 1748 81947 ± 1622
mS = 200, mϕ = 2, T = 4, leptonic 154582 ± 1611 123881 ± 1460
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SUEP model SRhigh T SRlow T

mS = 300, mϕ = 2, T = 4, leptonic 149356 ± 1092 113468 ± 968
mS = 400, mϕ = 2, T = 4, leptonic 112584 ± 819 76730 ± 691
mS = 500, mϕ = 2, T = 4, leptonic 77300 ± 529 46471 ± 423
mS = 600, mϕ = 2, T = 4, leptonic 51320 ± 366 27906 ± 273
mS = 800, mϕ = 2, T = 4, leptonic 22901 ± 150 10890 ± 112
mS = 1000, mϕ = 2, T = 4, leptonic 10408 ± 77 4737 ± 54
mS = 125, mϕ = 2, T = 4, hadronic 665 ± 162 3684 ± 387
mS = 200, mϕ = 2, T = 4, hadronic 1122 ± 146 7995 ± 390
mS = 300, mϕ = 2, T = 4, hadronic 1170 ± 104 11491 ± 327
mS = 400, mϕ = 2, T = 4, hadronic 1069 ± 76 13363 ± 271
mS = 500, mϕ = 2, T = 4, hadronic 891 ± 59 13018 ± 227
mS = 600, mϕ = 2, T = 4, hadronic 486 ± 36 11452 ± 183
mS = 800, mϕ = 2, T = 4, hadronic 265 ± 15 7429 ± 79
mS = 1000, mϕ = 2, T = 4, hadronic 91.9 ± 7.4 4045 ± 53
mS = 125, mϕ = 2, T = 8, leptonic 134896 ± 2586 30740 ± 1256
mS = 200, mϕ = 2, T = 8, leptonic 212628 ± 2071 51671 ± 1022
mS = 300, mϕ = 2, T = 8, leptonic 209633 ± 1503 51679 ± 754
mS = 400, mϕ = 2, T = 8, leptonic 162588 ± 1046 35276 ± 494
mS = 500, mϕ = 2, T = 8, leptonic 113582 ± 700 21266 ± 306
mS = 600, mϕ = 2, T = 8, leptonic 76209 ± 404 11451 ± 158
mS = 800, mϕ = 2, T = 8, leptonic 34399 ± 185 3370 ± 59
mS = 1000, mϕ = 2, T = 8, leptonic 16237 ± 90 1022 ± 23
mS = 125, mϕ = 2, T = 8, hadronic 1165 ± 244 1495 ± 288
mS = 200, mϕ = 2, T = 8, hadronic 1768 ± 199 3092 ± 262
mS = 300, mϕ = 2, T = 8, hadronic 2508 ± 162 6329 ± 260
mS = 400, mϕ = 2, T = 8, hadronic 2896 ± 133 8671 ± 228
mS = 500, mϕ = 2, T = 8, hadronic 2272 ± 95 8689 ± 193
mS = 600, mϕ = 2, T = 8, hadronic 2177 ± 72 8348 ± 140
mS = 800, mϕ = 2, T = 8, hadronic 1437 ± 38 5407 ± 73
mS = 1000, mϕ = 2, T = 8, hadronic 899 ± 20 3027 ± 37
mS = 125, mϕ = 4, T = 1.0, leptonic 1481 ± 233 91296 ± 1896
mS = 200, mϕ = 4, T = 1.0, leptonic 853 ± 97 52034 ± 837
mS = 300, mϕ = 4, T = 1.0, leptonic 680 ± 74 31236 ± 582
mS = 400, mϕ = 4, T = 1.0, leptonic 490 ± 42 22676 ± 325
mS = 500, mϕ = 4, T = 1.0, leptonic 254 ± 25 17422 ± 252
mS = 600, mϕ = 4, T = 1.0, leptonic 139 ± 14 13370 ± 164
mS = 800, mϕ = 4, T = 1.0, leptonic 41.7 ± 4.3 8689 ± 78
mS = 1000, mϕ = 4, T = 1.0, leptonic 8.6 ± 1.5 5385 ± 51
mS = 125, mϕ = 4, T = 1.0, hadronic 0 ± 0 9058 ± 565
mS = 200, mϕ = 4, T = 1.0, hadronic 0 ± 0 6809 ± 292
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SUEP model SRhigh T SRlow T

mS = 300, mϕ = 4, T = 1.0, hadronic 3.2 ± 3.2 4065 ± 171
mS = 400, mϕ = 4, T = 1.0, hadronic 2.0 ± 2.0 2722 ± 109
mS = 500, mϕ = 4, T = 1.0, hadronic 1.3 ± 1.3 2022 ± 81
mS = 600, mϕ = 4, T = 1.0, hadronic 1.7 ± 1.7 1444 ± 51
mS = 800, mϕ = 4, T = 1.0, hadronic 0 ± 0 945 ± 25
mS = 1000, mϕ = 4, T = 1.0, hadronic 0 ± 0 682 ± 16
mS = 125, mϕ = 4, T = 4, leptonic 171631 ± 2627 102768 ± 2048
mS = 200, mϕ = 4, T = 4, leptonic 264953 ± 2275 161496 ± 1801
mS = 300, mϕ = 4, T = 4, leptonic 242496 ± 1575 139524 ± 1221
mS = 400, mϕ = 4, T = 4, leptonic 172260 ± 904 90995 ± 674
mS = 500, mϕ = 4, T = 4, leptonic 112459 ± 640 54860 ± 452
mS = 600, mϕ = 4, T = 4, leptonic 73571 ± 385 32813 ± 265
mS = 800, mϕ = 4, T = 4, leptonic 32219 ± 203 12767 ± 135
mS = 1000, mϕ = 4, T = 4, leptonic 15087 ± 84 5472 ± 56
mS = 125, mϕ = 4, T = 4, hadronic 1913 ± 270 3953 ± 409
mS = 200, mϕ = 4, T = 4, hadronic 4842 ± 300 9085 ± 418
mS = 300, mϕ = 4, T = 4, hadronic 6896 ± 272 14110 ± 394
mS = 400, mϕ = 4, T = 4, hadronic 6778 ± 173 17236 ± 279
mS = 500, mϕ = 4, T = 4, hadronic 5640 ± 141 17712 ± 252
mS = 600, mϕ = 4, T = 4, hadronic 4135 ± 87 14906 ± 167
mS = 800, mϕ = 4, T = 4, hadronic 2077 ± 55 9423 ± 118
mS = 1000, mϕ = 4, T = 4, hadronic 893 ± 20 5227 ± 50
mS = 125, mϕ = 4, T = 8, leptonic 202152 ± 2736 36186 ± 1163
mS = 200, mϕ = 4, T = 8, leptonic 328813 ± 2601 63971 ± 1159
mS = 300, mϕ = 4, T = 8, leptonic 302089 ± 1755 55421 ± 760
mS = 400, mϕ = 4, T = 8, leptonic 215858 ± 1147 36589 ± 475
mS = 500, mϕ = 4, T = 8, leptonic 137769 ± 819 20210 ± 315
mS = 600, mϕ = 4, T = 8, leptonic 87704 ± 443 10930 ± 157
mS = 800, mϕ = 4, T = 8, leptonic 36707 ± 217 3047 ± 63
mS = 1000, mϕ = 4, T = 8, leptonic 16515 ± 87 832 ± 20
mS = 125, mϕ = 4, T = 8, hadronic 3294 ± 409 939 ± 223
mS = 200, mϕ = 4, T = 8, hadronic 7918 ± 396 3446 ± 267
mS = 300, mϕ = 4, T = 8, hadronic 11391 ± 317 5961 ± 232
mS = 400, mϕ = 4, T = 8, hadronic 12682 ± 306 7661 ± 237
mS = 500, mϕ = 4, T = 8, hadronic 11511 ± 239 8155 ± 202
mS = 600, mϕ = 4, T = 8, hadronic 9642 ± 163 7211 ± 142
mS = 800, mϕ = 4, T = 8, hadronic 6395 ± 84 4869 ± 74
mS = 1000, mϕ = 4, T = 8, hadronic 3880 ± 43 2698 ± 36
mS = 125, mϕ = 4, T = 16, leptonic 90738 ± 1928 5382 ± 464
mS = 200, mϕ = 4, T = 16, leptonic 149490 ± 1867 7099 ± 407

230



SUEP model SRhigh T SRlow T

mS = 300, mϕ = 4, T = 16, leptonic 149775 ± 1272 5794 ± 252
mS = 400, mϕ = 4, T = 16, leptonic 118430 ± 910 3729 ± 166
mS = 500, mϕ = 4, T = 16, leptonic 81548 ± 606 2061 ± 96
mS = 600, mϕ = 4, T = 16, leptonic 54351 ± 360 1109 ± 51
mS = 800, mϕ = 4, T = 16, leptonic 22354 ± 162 242 ± 17
mS = 1000, mϕ = 4, T = 16, leptonic 9037 ± 63 49.4 ± 4.7
mS = 125, mϕ = 4, T = 16, hadronic 1585 ± 278 32 ± 32
mS = 200, mϕ = 4, T = 16, hadronic 2845 ± 236 327 ± 76
mS = 300, mϕ = 4, T = 16, hadronic 3499 ± 195 549 ± 77
mS = 400, mϕ = 4, T = 16, hadronic 4229 ± 148 691 ± 61
mS = 500, mϕ = 4, T = 16, hadronic 4266 ± 169 793 ± 75
mS = 600, mϕ = 4, T = 16, hadronic 3684 ± 87 682 ± 37
mS = 800, mϕ = 4, T = 16, hadronic 2779 ± 48 553 ± 22
mS = 1000, mϕ = 4, T = 16, hadronic 1914 ± 30 314 ± 12
mS = 125, mϕ = 6, T = 3.0, leptonic 145539 ± 2347 147080 ± 2383
mS = 200, mϕ = 6, T = 3.0, leptonic 218966 ± 1917 210201 ± 1903
mS = 300, mϕ = 6, T = 3.0, leptonic 204841 ± 1368 177012 ± 1292
mS = 400, mϕ = 6, T = 3.0, leptonic 148040 ± 988 114787 ± 894
mS = 500, mϕ = 6, T = 3.0, leptonic 98308 ± 632 69013 ± 556
mS = 600, mϕ = 6, T = 3.0, leptonic 64576 ± 496 41710 ± 414
mS = 800, mϕ = 6, T = 3.0, leptonic 28561 ± 189 17018 ± 157
mS = 1000, mϕ = 6, T = 3.0, leptonic 13395 ± 88 7789 ± 76
mS = 125, mϕ = 6, T = 3.0, hadronic 1672 ± 286 7385 ± 616
mS = 200, mϕ = 6, T = 3.0, hadronic 4174 ± 310 12149 ± 530
mS = 300, mϕ = 6, T = 3.0, hadronic 5453 ± 228 18970 ± 429
mS = 400, mϕ = 6, T = 3.0, hadronic 5562 ± 203 20955 ± 388
mS = 500, mϕ = 6, T = 3.0, hadronic 4456 ± 141 21089 ± 308
mS = 600, mϕ = 6, T = 3.0, hadronic 3148 ± 90 17878 ± 222
mS = 800, mϕ = 6, T = 3.0, hadronic 1460 ± 40 11714 ± 115
mS = 1000, mϕ = 6, T = 3.0, hadronic 659 ± 18 6792 ± 61
mS = 125, mϕ = 6, T = 6, leptonic 237637 ± 3002 75519 ± 1706
mS = 200, mϕ = 6, T = 6, leptonic 377047 ± 2693 124270 ± 1553
mS = 300, mϕ = 6, T = 6, leptonic 334289 ± 2083 111189 ± 1215
mS = 400, mϕ = 6, T = 6, leptonic 230468 ± 1199 72353 ± 685
mS = 500, mϕ = 6, T = 6, leptonic 143983 ± 792 40428 ± 426
mS = 600, mϕ = 6, T = 6, leptonic 90048 ± 480 22951 ± 247
mS = 800, mϕ = 6, T = 6, leptonic 37631 ± 240 7425 ± 111
mS = 1000, mϕ = 6, T = 6, leptonic 17131 ± 99 2567 ± 39
mS = 125, mϕ = 6, T = 6, hadronic 4049 ± 397 2025 ± 293
mS = 200, mϕ = 6, T = 6, hadronic 9585 ± 443 6584 ± 368
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SUEP model SRhigh T SRlow T

mS = 300, mϕ = 6, T = 6, hadronic 14588 ± 413 10932 ± 361
mS = 400, mϕ = 6, T = 6, hadronic 16102 ± 302 14829 ± 293
mS = 500, mϕ = 6, T = 6, hadronic 15141 ± 292 15143 ± 292
mS = 600, mϕ = 6, T = 6, hadronic 11990 ± 159 13202 ± 168
mS = 800, mϕ = 6, T = 6, hadronic 7201 ± 94 8572 ± 105
mS = 1000, mϕ = 6, T = 6, hadronic 4003 ± 44 4612 ± 47
mS = 125, mϕ = 6, T = 12, leptonic 149884 ± 2459 16798 ± 832
mS = 200, mϕ = 6, T = 12, leptonic 259213 ± 2362 23029 ± 706
mS = 300, mϕ = 6, T = 12, leptonic 255592 ± 1592 19774 ± 448
mS = 400, mϕ = 6, T = 12, leptonic 188501 ± 1139 12238 ± 291
mS = 500, mϕ = 6, T = 12, leptonic 124264 ± 748 6555 ± 172
mS = 600, mϕ = 6, T = 12, leptonic 78456 ± 490 3235 ± 100
mS = 800, mϕ = 6, T = 12, leptonic 31729 ± 182 714 ± 27
mS = 1000, mϕ = 6, T = 12, leptonic 13394 ± 89 125.1 ± 8.7
mS = 125, mϕ = 6, T = 12, hadronic 2947 ± 367 281 ± 124
mS = 200, mϕ = 6, T = 12, hadronic 7635 ± 387 936 ± 133
mS = 300, mϕ = 6, T = 12, hadronic 11465 ± 339 2276 ± 153
mS = 400, mϕ = 6, T = 12, hadronic 11787 ± 274 2334 ± 124
mS = 500, mϕ = 6, T = 12, hadronic 12038 ± 218 2415 ± 98
mS = 600, mϕ = 6, T = 12, hadronic 10438 ± 160 2296 ± 76
mS = 800, mϕ = 6, T = 12, hadronic 7336 ± 82 1673 ± 39
mS = 1000, mϕ = 6, T = 12, hadronic 4756 ± 49 902 ± 21
mS = 125, mϕ = 6, T = 24, leptonic 52490 ± 1575 1583 ± 267
mS = 200, mϕ = 6, T = 24, leptonic 81537 ± 1216 1799 ± 182
mS = 300, mϕ = 6, T = 24, leptonic 78391 ± 911 1242 ± 116
mS = 400, mϕ = 6, T = 24, leptonic 59986 ± 630 801 ± 72
mS = 500, mϕ = 6, T = 24, leptonic 41089 ± 360 498 ± 39
mS = 600, mϕ = 6, T = 24, leptonic 26458 ± 266 259 ± 26
mS = 800, mϕ = 6, T = 24, leptonic 10188 ± 99 89.1 ± 9.0
mS = 1000, mϕ = 6, T = 24, leptonic 3734 ± 46 15.7 ± 2.9
mS = 125, mϕ = 6, T = 24, hadronic 915 ± 196 66 ± 66
mS = 200, mϕ = 6, T = 24, hadronic 1771 ± 214 52 ± 38
mS = 300, mϕ = 6, T = 24, hadronic 2268 ± 152 140 ± 39
mS = 400, mϕ = 6, T = 24, hadronic 2349 ± 119 76 ± 22
mS = 500, mϕ = 6, T = 24, hadronic 2140 ± 92 85 ± 19
mS = 600, mϕ = 6, T = 24, hadronic 1943 ± 73 123 ± 20
mS = 800, mϕ = 6, T = 24, hadronic 1475 ± 40 74.5 ± 8.8
mS = 1000, mϕ = 6, T = 24, hadronic 960 ± 21 47.2 ± 4.7
mS = 125, mϕ = 8, T = 2.0, leptonic 119966 ± 2073 194067 ± 2672
mS = 200, mϕ = 8, T = 2.0, leptonic 158352 ± 1766 223890 ± 2146
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SUEP model SRhigh T SRlow T

mS = 300, mϕ = 8, T = 2.0, leptonic 150184 ± 1197 191391 ± 1397
mS = 400, mϕ = 8, T = 2.0, leptonic 114370 ± 791 128927 ± 878
mS = 500, mϕ = 8, T = 2.0, leptonic 75728 ± 505 77857 ± 539
mS = 600, mϕ = 8, T = 2.0, leptonic 49966 ± 312 48798 ± 331
mS = 800, mϕ = 8, T = 2.0, leptonic 22307 ± 140 20782 ± 155
mS = 1000, mϕ = 8, T = 2.0, leptonic 10235 ± 72 10040 ± 87
mS = 125, mϕ = 8, T = 2.0, hadronic 1407 ± 226 9683 ± 595
mS = 200, mϕ = 8, T = 2.0, hadronic 2409 ± 217 14548 ± 546
mS = 300, mϕ = 8, T = 2.0, hadronic 3060 ± 159 19332 ± 406
mS = 400, mϕ = 8, T = 2.0, hadronic 3421 ± 112 22217 ± 288
mS = 500, mϕ = 8, T = 2.0, hadronic 2685 ± 89 21893 ± 259
mS = 600, mϕ = 8, T = 2.0, hadronic 1888 ± 75 19641 ± 245
mS = 800, mϕ = 8, T = 2.0, hadronic 924 ± 28 13325 ± 108
mS = 1000, mϕ = 8, T = 2.0, hadronic 354 ± 11 8079 ± 57
mS = 125, mϕ = 8, T = 4.0, leptonic 233122 ± 2837 136912 ± 2189
mS = 200, mϕ = 8, T = 4.0, leptonic 353052 ± 2545 214422 ± 2005
mS = 300, mϕ = 8, T = 4.0, leptonic 311584 ± 1498 180067 ± 1146
mS = 400, mϕ = 8, T = 4.0, leptonic 213570 ± 1052 114043 ± 780
mS = 500, mϕ = 8, T = 4.0, leptonic 135724 ± 624 65976 ± 445
mS = 600, mϕ = 8, T = 4.0, leptonic 86054 ± 434 39629 ± 306
mS = 800, mϕ = 8, T = 4.0, leptonic 36839 ± 175 15413 ± 116
mS = 1000, mϕ = 8, T = 4.0, leptonic 17178 ± 108 6529 ± 68
mS = 125, mϕ = 8, T = 4.0, hadronic 3448 ± 374 4441 ± 418
mS = 200, mϕ = 8, T = 4.0, hadronic 8829 ± 382 11176 ± 434
mS = 300, mϕ = 8, T = 4.0, hadronic 12240 ± 375 19915 ± 484
mS = 400, mϕ = 8, T = 4.0, hadronic 13078 ± 252 23813 ± 344
mS = 500, mϕ = 8, T = 4.0, hadronic 11440 ± 204 24191 ± 298
mS = 600, mϕ = 8, T = 4.0, hadronic 9002 ± 144 20345 ± 217
mS = 800, mϕ = 8, T = 4.0, hadronic 5238 ± 66 12763 ± 105
mS = 1000, mϕ = 8, T = 4.0, hadronic 2744 ± 35 7193 ± 59
mS = 125, mϕ = 8, T = 8, leptonic 226495 ± 3103 51739 ± 1482
mS = 200, mϕ = 8, T = 8, leptonic 369591 ± 2891 81278 ± 1360
mS = 300, mϕ = 8, T = 8, leptonic 332955 ± 2027 70553 ± 938
mS = 400, mϕ = 8, T = 8, leptonic 232641 ± 1129 43699 ± 491
mS = 500, mϕ = 8, T = 8, leptonic 145744 ± 767 23641 ± 313
mS = 600, mϕ = 8, T = 8, leptonic 90523 ± 508 12047 ± 187
mS = 800, mϕ = 8, T = 8, leptonic 36861 ± 185 3092 ± 54
mS = 1000, mϕ = 8, T = 8, leptonic 16392 ± 80 854 ± 18
mS = 125, mϕ = 8, T = 8, hadronic 4809 ± 441 1307 ± 234
mS = 200, mϕ = 8, T = 8, hadronic 11378 ± 461 4089 ± 278
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SUEP model SRhigh T SRlow T

mS = 300, mϕ = 8, T = 8, hadronic 17419 ± 486 6947 ± 313
mS = 400, mϕ = 8, T = 8, hadronic 18388 ± 302 9216 ± 214
mS = 500, mϕ = 8, T = 8, hadronic 17124 ± 276 9097 ± 200
mS = 600, mϕ = 8, T = 8, hadronic 15311 ± 192 8397 ± 143
mS = 800, mϕ = 8, T = 8, hadronic 9652 ± 97 5399 ± 73
mS = 1000, mϕ = 8, T = 8, hadronic 5807 ± 54 2945 ± 39
mS = 125, mϕ = 8, T = 16, leptonic 106404 ± 2269 8638 ± 644
mS = 200, mϕ = 8, T = 16, leptonic 185391 ± 1979 9895 ± 458
mS = 300, mϕ = 8, T = 16, leptonic 191416 ± 1391 7184 ± 269
mS = 400, mϕ = 8, T = 16, leptonic 144488 ± 1156 4772 ± 213
mS = 500, mϕ = 8, T = 16, leptonic 95861 ± 630 2754 ± 107
mS = 600, mϕ = 8, T = 16, leptonic 60396 ± 432 1288 ± 64
mS = 800, mϕ = 8, T = 16, leptonic 23154 ± 151 266 ± 16
mS = 1000, mϕ = 8, T = 16, leptonic 9013 ± 76 50.0 ± 5.8
mS = 125, mϕ = 8, T = 16, hadronic 2075 ± 294 110 ± 63
mS = 200, mϕ = 8, T = 16, hadronic 5128 ± 316 375 ± 86
mS = 300, mϕ = 8, T = 16, hadronic 8109 ± 284 636 ± 84
mS = 400, mϕ = 8, T = 16, hadronic 9073 ± 241 881 ± 75
mS = 500, mϕ = 8, T = 16, hadronic 8744 ± 165 655 ± 45
mS = 600, mϕ = 8, T = 16, hadronic 8237 ± 140 782 ± 43
mS = 800, mϕ = 8, T = 16, hadronic 5829 ± 76 522 ± 23
mS = 1000, mϕ = 8, T = 16, hadronic 3764 ± 37 342 ± 11
mS = 125, mϕ = 8, T = 32, leptonic 35486 ± 1147 742 ± 164
mS = 200, mϕ = 8, T = 32, leptonic 45120 ± 913 573 ± 104
mS = 300, mϕ = 8, T = 32, leptonic 39739 ± 673 473 ± 75
mS = 400, mϕ = 8, T = 32, leptonic 30297 ± 492 311 ± 51
mS = 500, mϕ = 8, T = 32, leptonic 21128 ± 303 156 ± 26
mS = 600, mϕ = 8, T = 32, leptonic 13768 ± 181 96 ± 15
mS = 800, mϕ = 8, T = 32, leptonic 5392 ± 82 34.9 ± 6.7
mS = 1000, mϕ = 8, T = 32, leptonic 1996 ± 33 8.3 ± 2.4
mS = 125, mϕ = 8, T = 32, hadronic 506 ± 148 0 ± 0
mS = 200, mϕ = 8, T = 32, hadronic 1132 ± 160 0 ± 0
mS = 300, mϕ = 8, T = 32, hadronic 1215 ± 124 0 ± 0
mS = 400, mϕ = 8, T = 32, hadronic 1428 ± 98 12.3 ± 9.2
mS = 500, mϕ = 8, T = 32, hadronic 1231 ± 75 0 ± 0
mS = 600, mϕ = 8, T = 32, hadronic 1014 ± 43 17.1 ± 5.5
mS = 800, mϕ = 8, T = 32, hadronic 707 ± 27 13.1 ± 3.7
mS = 1000, mϕ = 8, T = 32, hadronic 462 ± 15 9.7 ± 2.2
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Chapter D: Limits
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Figure D.1: 1D limit for mϕ = 1 GeV, T = 0.25 GeV (both decay modes) as a function of
mS.
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Figure D.2: 1D limit for mϕ = 1.4 GeV, T = 0.35 GeV (both decay modes) as a function of
mS.
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Figure D.3: 1D limit for mϕ = 4 GeV, T = 1 GeV (both decay modes) as a function of mS.
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Figure D.4: 1D limit for mϕ = 1.4 GeV, T = 1.4 GeV (both decay modes) as a function of
mS.
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Figure D.5: 1D limit for mϕ = 2 GeV, T = 2 GeV (both decay modes) as a function of mS.
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Figure D.6: 1D limit for mϕ = 8 GeV, T = 2 GeV (both decay modes) as a function of mS.
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Figure D.7: 1D limit for mϕ = 1.4 GeV, T = 2.8 GeV (both decay modes) as a function of
mS.
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Figure D.8: 1D limit for mϕ = 6 GeV, T = 3 GeV (both decay modes) as a function of mS.
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Figure D.9: 1D limit for mϕ = 2 GeV, T = 4 GeV (both decay modes) as a function of mS.
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Figure D.10: 1D limit for mϕ = 4 GeV, T = 4 GeV (both decay modes) as a function of mS.

200 400 600 800 1000
mS (GeV)

10 6

10 5

10 4

10 3

10 2

10 1

100

101

102

103

(√ s
=

13
Te

V)
 (p

b)

118 fb 1 (13TeV)CMSPreliminary

GluGluToSUEP
m = 8GeV, T = 4GeV

Theory
Median exp. mA = 0.5GeV
B(A + ) = 40%
Median exp. mA = 0.7GeV
B(A + ) = 15%
68% expected
95% expected

Figure D.11: 1D limit for mϕ = 8 GeV, T = 4 GeV (both decay modes) as a function of mS.
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Figure D.12: 1D limit for mϕ = 1.4 GeV, T = 5.6 GeV (both decay modes) as a function of
mS.
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Figure D.13: 1D limit for mϕ = 6 GeV, T = 6 GeV (both decay modes) as a function of mS.
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Figure D.14: 1D limit for mϕ = 2 GeV, T = 8 GeV (both decay modes) as a function of mS.
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Figure D.15: 1D limit for mϕ = 4 GeV, T = 8 GeV (both decay modes) as a function of mS.
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Figure D.16: 1D limit for mϕ = 8 GeV, T = 8 GeV (both decay modes) as a function of mS.
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Figure D.17: 1D limit for mϕ = 6 GeV, T = 12 GeV (both decay modes) as a function of
mS.
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Figure D.18: 1D limit for mϕ = 4 GeV, T = 16 GeV (both decay modes) as a function of
mS.
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Figure D.19: 1D limit for mϕ = 8 GeV, T = 16 GeV (both decay modes) as a function of
mS.
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Figure D.20: 1D limit for mϕ = 6 GeV, T = 24 GeV (both decay modes) as a function of
mS.
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Figure D.21: 1D limit for mϕ = 8 GeV, T = 32 GeV (both decay modes) as a function of
mS.
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