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Abstract

“ You summoned me, Odin,
to tell what I recall
of the oldest deeds
of gods and men.”

Unknown, Poetic Edda

The standard model (SM) of particle physics represents our most fundamental knowledge of nature.
The model leaves several pressing questions unanswered, hinting at the existence of new physics. This
dissertation is a small part of the large CMS Collaboration effort to answer these questions.

Three distinct searches for undiscovered processes in 13 TeV proton-proton collision data collected
with the CMS detector at the CERN LHC are presented. The searches target diverse physics, but
are experimentally closely related. All of the searches use events with multiple charged leptons in the
final state, with a particular focus on events with three leptons.

The first search being presented is a search for sterile Majorana neutrinos in events with three
charged light leptons, electrons or muons. It is the first sterile neutrino search in the multilepton
final state at the LHC. This final state enables the study of sterile neutrinos in the mass range below
40 GeV, a first at a hadron collider. The sensitivity extends downwards to sterile neutrino masses of
1GeV. In addition, the search marks the first time an analysis is able to probe sterile neutrino masses
beyond 500 GeV, achieving sensitivity all the way up to 1.2 TeV. No excess over the SM hypothesis is
found, and mass-dependent exclusion limits are placed on the square of the mixing parameter between
sterile neutrinos and electron and muon neutrinos. The limits range from 1.2-107° to 1 in the sterile
neutrino mass range 1 GeV—-1.2 TeV.

Second is a search for single top quark production in association with a Z boson (tZq), an extremely
rare SM process with an extraordinary sensitivity to new physics. Being about 50 times more rare
than Higgs boson production in 13 TeV proton-proton collisions, tZq production remained undiscovered
prior to the work presented here. The search analyzes events with three light leptons and at least
one jet identified as originating from a b hadron decay. The use of a machine learning based lepton
identification algorithm and a redesigned analysis strategy massively increase the sensitivity of the
search compared to those that came before. This results in the first observation of tZq production
with an observed (expected) significance of 8.2 (7.7) standard deviations over the background-only
hypothesis. The tZq production cross section is measured with a relative uncertainty of 15%, more
than twice as precise as any earlier measurement.

Lastly, a search for the direct electroweak production of charginos and neutralinos, superpartners
of the electroweak gauge and Higgs bosons, is presented. The range of possible chargino and neutralino
production and decay modes is vast. Events with three or more leptons, including up to two hadroni-
cally decaying 7 leptons, as well as events with two light leptons of the same sign are analyzed. Events
are divided into a large number of orthogonal categories by their lepton flavor and sign content. Each
event category is sensitive to particular manifestations of supersymmetry. Events with three light
leptons, at least two of which form an opposite-sign and same-flavor pair, provide the bulk of the
search sensitivity to several important signal models. Unfortunately, the majority of SM background
events also falls under this category. Several parametric neural networks are used to separate signal



and background events in this region, vastly increasing the reach of the search over earlier results.
This is the first time parametric neural networks are used in such a search. The signal extraction
strategy in other event categories is also entirely redesigned compared to earlier work in CMS, result-
ing in a far greater sensitivity to all studied models of superpartner production. No excess of events
over the SM expectation is observed, and chargino masses up to 1450 GeV are excluded under certain
conditions. This is currently the overall highest excluded mass for an electroweak superpartner, under
any production or decay hypothesis.



Samenvatting

Het standaardmodel van de deeltjesfysica geeft onze meest fundamentele kennis van de natuur weer.
Desalniettemin blijven verschillende belangrijke vraagstukken onbeantwoord in het standaardmodel,
wat doet vermoeden dat er nieuwe fysica bestaat. Dit proefschrift maakt een deel uit van een groter
geheel: de poging van het CMS samenwerkingsverband tot het ontdekken van fysica buiten het stan-
daardmodel.

Drie verschillende onderzoeken naar heden onontdekte processen in data van 13TeV proton-
protonbotsingen, verzameld met de CMS detector aan de CERN LHC, worden gepresenteerd. De
onderzoeken richten zich op diverse fysische processen, maar zijn experimenteel nauw met elkaar
verwant. Elk van de drie onderzoeken gebruikt protonbotsingen die resulteren in meerdere geladen
leptonen, met een bijzondere focus op botsingsevenementen met drie leptonen.

Ten eerste wordt een zoektocht naar steriele Majorananeutrino’s in botsingsevenementen met drie
lichte leptonen, elektronen of muonen, getoond. Dit is het eerste onderzoek aan de LHC dat botsing-
sevenementen met drie leptonen gebruikt om het bestaan van steriele neutrino’s na te gaan. Dit maakt
het mogelijk om voor de allereerste keer het bestaan van steriele neutrino’s met massa’s kleiner dan
40 GeV te onderzoeken in een hadronversneller. Massa’s zo klein als 1 GeV kunnen worden bestudeerd.
Bovendien is dit het eerste resultaat dat in staat is om steriele neutrino’s met massa’s groter dan
500 GeV te verkennen. Het bereik van de zoektocht loopt tot steriele neutrino massa’s van 1.2 TeV.
Geen teveel aan evenementen over de veronderstelling dat enkel het standaard model bestaat wordt
geobserveerd. De resultaten worden bijgevolg gebruikt om massa-afhankelijke bovenlimieten te plaat-
sen op de eventuele vermenging van steriele neutrino’s met elektron- en muonneutrino’s. De limieten
variéren van 1.2 - 1075 tot 1 voor steriele neutrino massa’s in het interval 1 GeV-1.2 TeV.

Hierna wordt een onderzoek naar de simultane productie van een enkel topquark met een Z-boson
(tZq) gepresenteerd. Dit is een extreem zeldzaam standaardmodelproces, ongeveer 50 keer zeldzamer
dan de productie van een Higgsboson in 13 TeV protonbotsingen. Vanwege zijn zeldzaamheid bleef
tZq productie onontdekt voorafgaand aan de resultaten die in dit proefschrift uiteengezet worden.
Botsingsevenementen met drie lichte leptonen en minstens één jet die geidentificeerd is als komende
van een b-hadron, worden geanalyseerd. Door gebruik te maken van artifici€le intelligentie voor het
identificeren van leptonen, en de strategie van de analyse te herontwikkelen, wordt het bereik van het
onderzoek enorm vergroot ten opzichte van eerdere resultaten. Voor de eerste keer wordt tZq productie
geobserveerd, met een geobserveerde (verwachte) sigificantie van 8.2 (7.7) standaardafwijkingen boven
de veronderstelling dat er enkel een achtergrond is. De werkzame doorsnede van tZq productie wordt
gemeten met een relatieve onzekerheid van 15%, meer dan twee keer kleiner dan de onzekerheid in alle
eerdere metingen.

Ten slotte wordt een zoektocht naar de directe elektrozwakke productie van chargino’s en neu-
tralino’s, superpartners van de elektrozwakke ijk- en Higgsbosonen, gepresenteerd. Het aantal mogeli-
jke manieren waarop chargino’s en neutralino’s kunnen vervallen is enorm. Daarom worden evene-
menten met drie of meer leptonen, ook deze die tot twee hadronisch vervallende 7-leptonen bevatten,
en evenementen met twee lichte leptonen met dezelde lading geanalyseerd. De botsingsevenementen
worden onderverdeeld in een groot aantal orthogonale categorieén aan de hand van de leptontypes
en ladingen die ze bevatten. Elke categorie is gevoelig aan bepaalde mogelijke manifestaties van su-
persymmetrie. Evenementen met drie geladen leptonen, waarvan er minstens twee een paar vormen
met tegengestelde ladingen en hetzelfde leptontype, verschaffen het merendeel van gevoeligheid van



de zoektocht aan een aantal belangrijke modellen. Helaas vallen de meeste achtergrondevenementen
van het standaardmodel ook onder deze categorie. Daarom worden hier verschillende parametrische
neurale netwerken gebruikt om het signaal van de achtergrond te onderscheiden, hetgeen het bereik
van de zoektocht enorm uitbreidt. Dit is de eerste keer dat parametrische neurale netwerken worden
gebruikt in dit soort onderzoek. De methodes om het signaal van de achtergrond te onderscheiden
worden ook in alle andere categorieén van botsingsevenementen herontwikkeld ten opzichte van eerder
werk. Dit brengt een veel groter bereik met betrekking tot alle onderzochte modellen van superpart-
nerproductie met zich mee. Nogmaals wordt er geen teveel aan evenementen gevonden, dus worden
limieten gezet op de productie van chargino’s en neutralino’s. Onder bepaalde voorwaarden worden
charginomassa’s tot 1450 GeV uitgesloten, tot op heden de globaal hoogst uitgesloten massa voor
elektrozwakke superpartners onder welke hypothese dan ook.
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Notations and conventions

“Most basic ideas of science are essentially
simple and can usually be expressed in a
language that everyone understands.”

Albert Einstein

Several conventions are used throughout this dissertation and are listed here. Natural units in
which the speed of light and the reduced Planck constant are set to unity are used without exception.
This greatly simplifies the notation when presenting particle masses and momenta.

Neutrinos are technically leptons, but the text often uses the term lepton while solely referring
to charged leptons. This is a pragmatic stance driven by the fact that the dissertation puts a heavy
emphasis on experimental signatures with multiple charged leptons, while neutrinos can not be directly
detected with the CMS detector. When statements are made that also regard neutrinos, this is clearly
indicated. In every other case the reader should interpret the word lepton as referring to charged
leptons.

In a similar fashion, particle names such as electron or muon are used as umbrella terms that
implicitly cover charge conjugation. This means that a positron also falls under the term “electron”,
unless it is clear from the context that it is not so. The same holds for antimuons, 7 antileptons, and
antiquarks. The charge of a particle is also often called its “sign”, the reason being that only the signs
of particle charges are directly measured by the CMS detector.

Throughout the dissertation particles names might refer to a particular physical state or to a
reconstructed particle candidate. For instance when using the term “muon” this might mean a muon
in the physical sense, or a particle that is reconstructed in a collision event and identified to be a muon
with high probability. Which of the two is meant will be clear from the context. Virtual particles are
represented by a *x superscript, and brackets indicate that a particle might be either real or virtual.
For example the notation W) covers both real and virtual W bosons.

All figures in the dissertation have references unless they were made by me or a colleague that took
part in the publication process of one of the presented analyses. Figures which I did not produce myself
are clearly indicated as such in the acknowledgement sections of each chapter. All figures displaying
numeric quantities are made in either ROOT [1}, [2] or MATPLOTLIB [3]. Illustrations, including Feynman
diagrams, are made using the TIKZ [4] package. All histograms included in the dissertation that do
not come from work published by others, with the exception of Fig. and [7.4] include overflow bins.
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Chapter 1

Introduction

“The words unfreeze in my mouth
and the phrases are tumbling
upon my tongue they scramble
along my teeth they scatter.”

Elias Lonnrot, Kalevala

The standard model of particle physics (SM) is the culmination of a centuries old drive to under-
stand the fundamental laws of nature. The theory describes the smallest constituents of matter and
their interactions. It is the most fundamental theory of physics that has been experimentally verified.
While the SM is often lauded as one of the greatest achievements of modern science, it is unlikely to be
the final word in fundamental physics. Observations in astronomy, cosmology, and high energy physics
itself, as well as theoretical arguments, indicate that there must be a deeper and more general theory
than the SM. The quest to solve this puzzle and find physics beyond the SM has involved several
generations of physicists over the last decades. This dissertation is a wave in an ocean of results that
aim to shed light on the open questions in the SM. Chapter [ briefly introduces the SM and brushes
over the loose ends left by the theory.

Testing the SM at high precision and having the possibility to find what is beyond requires the
measurement of a vast amount of particle interactions at the highest possible energies. At the time
of writing the European Organization for Nuclear Research (CERN) Large Hadron Collider (LHC) is
the foremost source of high energy particle interactions, colliding protons at the energy and intensity
frontier. In recent years, the LHC delivered an unprecedented volume of proton-proton (pp) collision
data at a center of mass energy of 13TeV. This is the highest collision energy ever achieved in a
laboratory, almost an order of magnitude higher than the energies realized with any other machine.
The LHC is the ideal tool for exploring the SM and what might be beyond. The LHC itself, and the
need for such a machine are described in Chapter

Just having high energy particle interactions is not enough, they must be measured with great
accuracy in the harsh environment of the intense LHC collisions. This is the job of the Compact
Muon Solenoid (CMS) detector, one of two general purpose physics detectors that surrounds a point
where the LHC beams collide. The work in this dissertation is a part of the larger CMS Collaboration
effort to search for new physics and to thoroughly test the SM. All of the collision data used in this work
was collected with the CMS detector. Chapter 4] describes the CMS detector and its characteristic
features.

Translating the complex signals generated by a modern detector like CMS into a coherent picture
of particle collisions requires advanced reconstruction and particle identification algorithms. The
essential parts of the reconstruction and identification procedures relevant to this dissertation are laid
out in Chapter [5| Starting at this chapter, the text purposefully dives into a deeper level of technical
detail compared to the earlier chapters. This is motivated by the fact that the dissertation is focused on
the analysis of the CMS data set, rather than on the design of the detector itself. After Chapter[5] the
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2 CHAPTER 1. INTRODUCTION

more general overview of CMS physics ends and the text becomes focused on the particular research
topics of the dissertation.

This dissertation is the end product of several years of my research as a member of the CMS
collaboration. During this time I had a major involvement in four publications. In three out of
these I was the main analyzer, the main editor of the paper, and the main author of the internal
CMS documentation on the results. I made contributions to several more publications, mostly in the
form of software frameworks which are still heavily used at the time of writing. Analyses where my
contributions are minor or restricted to software are omitted from this dissertation. The presented
analyses focus on collision events with multiple charged leptons in the final state. Leptons can be
reconstructed and identified with outstanding precision because they do not hadronize. The starting
point of the work towards this dissertation was a search for the direct electroweak production of
supersymmetric particles in the 2016 pp collision data set collected with CMS [5]:

e CMS Collaboration. “Search for electroweak production of charginos and neutralinos in mul-
tilepton final states in proton-proton collisions at /s = 13TeV”. JHEP 03 (2018), p. 166.
doi:10.1007/JHEP03(2018)166. arXiv:1709.05406 [hep-ex].

The contributions I made in this search were largely a continuation of the work I did during my
master thesis. They revolved around providing a precise data-driven prediction of the main irreducible
background to the search, SM WZ production. The most important work, such as the design of the
general analysis strategy and producing the final results, was performed by others. Hereafter, 1
worked on three more searches in which I was the main analyzer. In the last two I was also the
contact person. First came a search for the production of heavy sterile neutrinos in events with three
charged leptons [6]:

e CMS Collaboration. “Search for heavy neutral leptons in events with three charged leptons
in proton-proton collisions at /s = 13TeV”. Phys. Rev. Lett. 120 (2018), p. 221801.
doi:10.1103/PhysRevLett.120.221801. arXiv:1802.02965 [hep-ex].

This was the first search for sterile neutrinos in the three lepton final state at the LHC, and the
first search at a hadron collider sensitive to sterile neutrinos in the mass range below 40 GeV. Sterile
neutrino masses beyond 500 GeV were experimentally probed for the first time, with the sensitive range
of the analysis going all the way up to 1.2 TeV. The search was highlighted in the CERN Courier [7],
and I had the opportunity to present the work at two conferences, one of them the major Rencontres
de Moriond session on electroweak interactions and unified theories [8].

After completing this project I worked on a search, and eventual measurement, of single top quark
production in association with a Z boson (tZq):

e CMS Collaboration. “Observation of single top quark production in association with a Z bo-
son in proton-proton collisions at /s = 13TeV”. Phys. Rev. Lett. 122 (2019), p. 132003.
doi:10.1103 /PhysRevLett.122.132003. arXiv:1812.05900 [hep-ex].

The tZq process is about 50 times more rare than H boson production in 13 TeV pp collisions and
had never been observed at the time of the search. The analysis presented in this dissertation marked
the first ever observation of the process. In this analysis I was the only analyzer. I designed the analysis
strategy from beginning to end, though I had the benefit of hindsight from earlier CMS analyses and
some advice from other researchers. The search was the headline of the CMS Collaboration news page
for several months [9], and I presented this analysis and several others in a plenary presentation at
the Rencontres de Moriond session on quantum chromodynamics and high energy interactions [10].
In addition I presented the results as a poster at the European Physical Society conference on high
energy physics [11].

The final analysis performed for this dissertation is an updated version of the first one: A new
search for the electroweak production of supersymmetric particles, this time using the entire Run 2
pp collision data set collected by CMS from 2016 to 2018 [12]:



e CMS Collaboration. “Search for electroweak production of charginos and neutralinos in proton-
proton collisions at /s = 13TeV”. JHEP 04 (2022), p. 147. doi:10.1007/JHEP04(2022)147.
arXiv: 2106.14246 [hep-ex].

The analysis was the first to use parametric neural networks to search for the production of
supersymmetric particles. This increased the sensitivity of the search compared to the earlier iteration
by a greater extent than the four times larger data set did. Like the sterile neutrino search, this search
was featured in the CERN Courier [13]. Here I was one of two main analyzers and designed the novel
neural network based search strategy. This analysis fully supersedes the results in the first search
mentioned in this chapter, and my contribution was far greater. For this reason, the older version of
the search is not described in the dissertation.

Although the target physics of the analyses described in this text is markedly different, all of them
use collision events containing multiple leptons in the final state. They therefore share a large degree
of similarity. Common techniques and considerations that are applicable to the different analyses
are described thoroughly in Chapter [f] The following three chapters give detailed descriptions of
the specific analyses, while referring back to previous chapters where necessary. The analyses are
presented in chronological order, as listed above. Chapter [7] describes the search for sterile neutrinos,
Chapter [§] the search tZq, and finally Chapter [J] presents the search for direct electroweak production
of supersymmetry. The technical sophistication increases in each chapter, reflecting my increased
experience as time went on. The search in Chapter [7] uses fairly classical analysis methods, while the
search in Chapter [J] is vastly more complex and uses techniques that were never used before in such
a search. Chapter [§] falls somewhere in the middle in terms of complexity.

The descriptions of each of the analyses contains a higher level of detail than the corresponding
journal publications. This is particularly the case for the sterile neutrino and tZq searches which
were published in Physical Review Letters, necessitating short and dense analysis descriptions. This
text aims to make the analyses reproducible to the extent possible, and the hope is that much of the
description can be used as a template by other analyzers for doing similar searches in the future. To
achieve these goals the content is often intentionally dense.

Each of the analysis chapters includes a short summary at the end. General conclusions and an
outlook are given in Chapter
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Chapter 2

Standard model of particle physics and
beyond

“The Sciences do not try to explain, they
hardly even try to interpret, they mainly
make models. By a model is meant a
mathematical construct which, with the
addition of certain verbal interpretations,
describes observed phenomena. The
Justification of such a mathematical
construct is solely and precisely that it is
expected to work.”

John Von Neumann

Our current knowledge of fundamental particles and their interactions is encapsulated in the SM,
the fundamental theory of particle physics. The SM is enormously successful: Its predictions match
the data in experiments carried out by generations of physicists. The current incarnation of the theory
has been around since the 1970s, although it took until 2012 for the last piece in its particle puzzle,
the Higgs boson, to be discovered at the LHC [14, |15].

This chapter gives a superficial panorama of the SM. An overview of the particle content of the
theory is given in Section [2.1] The theoretical foundations of the SM as a renormalizable quantum
field theory are introduced in Section

As it stands today, the SM unfortunately leaves a number fundamental questions unanswered.
Some of these are theoretical in nature, while others are experimental observations in both astronomy
and high energy particle physics that seem incompatible with the SM. These open questions are
briefly presented in Section and are the motivation behind the analyses done in the context of this
dissertation and the dissertation itself. The work presented in this dissertation covers subjects with
highly similar experimental signatures, but very different theoretical backgrounds. The theoretical
discussion relating to each of the publications covered in the dissertation is therefore kept relatively
short in this chapter. More details about each topic are included in the chapters that describe the
corresponding analyses (chapters [7| to @

Section summarizes where the work presented in this dissertation fits into the larger context
of addressing the incompleteness of the SM.
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2.1 Standard model particle zoo

“If I would remember the names of all these
particles, I'd be a botanist.”

Enrico Fermi

All atoms are made up out of neutrons, protons (p), and electrons (e). In turn, neutrons and
protons are composite particles consisting of three quarks [16, 17] encased in a cloud of gluons (g) and
quark-antiquark pairs. These particles interact with each other via four forces: The strong force that
holds nuclei together, the weak force that is responsible for radioactive decays, and the well-known
forces electromagnetism and gravity. The weak and electromagnetic interactions are each parts of the
unified electroweak interaction.

The quarks that make up protons and neutrons, and thus all everyday matter, are the lightest two.
These are called the up (u) and down (d) quarks. Two heavier sets of quarks with otherwise similar
properties to the u and d quarks exist: The strange (s) and charm (c) quarks, and the bottom (b)
and top (t) quarks. Each of these sets of two quarks is called a generation, and the individual quark
types are called flavors. The t quark is the heaviest particle in the SM, with a mass of approximately
172.8 GeV, similar to the atomic masses of heavy elements. Quarks are susceptible to all four of the
fundamental interactions.

To the best of our current understanding electrons are fundamental particles. They belong to a
class of particles called leptons. Unlike quarks, leptons do not feel the strong interaction. Heavier
copies of the electron exist. They are in order of mass, the muon (u) and the tau lepton (7). These
charged leptons are closely related to the three flavors of neutrinos, the e neutrino (v,), the p neutrino
(v,) and the 7 neutrino (v;). In similar fashion to what is done for quarks, the three leptons types
and their corresponding neutrinos are often referred to as generations. The neutrinos are electrically
neutral, they only feel the weak interaction and gravity. This makes them incredibly hard to detect, as
they mostly pass through matter without interacting. They are the lightest fermions in the SM, with
masses so small they have not been measured. Only upper limits have been set on their masses. The
phenomenon of neutrino oscillations in which one neutrino flavor turns into another while in flight |18,
19], indicates a nonzero mixing matrix between the neutrino flavor and mass eigenstates. In other
words, neutrinos are massive particles. In what follows we take on the convention that the word lepton
only refers to charged leptons. This is motivated by the fact that the experimental signatures focused
on throughout this work always contain multiple charged leptons, while the CMS detector is unable
to detect neutrinos.

Leptons, neutrinos, and quarks all have spin values of 1/2, meaning they are fermions and obey
Fermi-Dirac statistics. The SM fermions have antiparticles sharing almost all of their properties, but
with inverted charges. Particles and antiparticles are not completely equal however: Both the charge
conjugation (C) [20] and charge conjugation parity (CP) [21, 22] symmetries are broken in the SM.
Some more has to be said on this topic in Section in the context of open problems in the SM.

Massless photons are the carriers of the electromagnetic interaction and are themselves electrically
neutral. The electrically charged W and W~ bosons (collectively called W bosons), and the neutral
7 boson transmit the weak interaction. These gauge bosons are among the most massive particles,
making the weak interaction very short ranged. Another defining property of the weak interaction
is that interactions via W bosons violate parity (P) symmetry and change the flavor of the particles
involved. Eight massless gluons carry the strong interaction. The gluons, W, and Z bosons bear the
charges of their respective forces, meaning they are self-interacting. This is not the case for photons.
All of the force carries are spin 1 bosons, hence Bose-Einstein statistics is applicable to them. More
information about the gauge bosons and their interactions is given in Section

The Higgs (H) boson [23-25] is a particle like no other. It is a heavy spin 0 scalar particle [26, 27],
necessary for the preservation of gauge invariance in the SM given that the weak gauge bosons are
massive. The fundamental fermions also acquire their masses through their couplings to the H boson,
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although some possible caveats are discussed in Section A bit more information on the nature
of the H boson is given in Section [2.2.4
An overview of the fundamental particles, the latest estimates of their masses, and their charges

and spins is given in Fig.

2.2 Theoretical fundamentals

The SM is mathematically formulated in the framework of quantum field theory [30} 31]. The basic
objects in the framework are complex fields whose value depends on their position in space-time.
Particles are excitations of the fields, and the central properties of each field are its behaviors under
different transformations.

The Lorentz group represents the set of transformations that leave the space-time intervals defined
with the Minkowski metric tensor invariant. Angular momenta determine the transformation behavior
of fields under the Lorentz group. Fields can be categorized into scalars (spin 0), left-, and right-handed
spinors (spin 1/2), vectors (spin 1), and higher spin states. Each type of particle is an excitation of
a particular field, and the spin statistics theorem [32] links their spin to their nature as a boson or
a fermion. Particles with half-integer spin values are fermions and obey Fermi-Dirac statistics, while
integer spin particles are bosons that follow Bose-Einstein statistics.

The equations of motion for fields can be expressed in terms of a Lagrangian density, simply called
Lagrangian in what follows. The link between the Lagrangian and the equations of motion is the
principle of least action. The principle dictates that the action integral is stationary over the possible
paths taken by the field in space-time. The action integral is written as:

S = /cd%. (2.1)

For free fermions a Lorentz invariant Lagrangian can be written as:

Leree fermions = Z@&W - m@% (22)

in which %) is a spinor under the Lorentz group, @ = 0, with «* the four gamma matrices, and
1 = 1T~0. The Dirac equation that describes the relativistic motion of noninteracting fermions results
from finding a stationary state in the action integral of Equation after inserting the Lagrangian

The Lagrangian does not include any interaction terms between fermions. To introduce these,
one forces the Lagrangian to be invariant under one or more local gauge transformations. Local in this
context means that the phase shift of the gauge transformation depends on the position x in space-
time. We start by deriving the Lagrangian of quantum electrodynamics (QED) by introducing gauge
symmetry under the simple Abelian U(1) group. We then generalize this principle to nonabelian groups
in Section and use the result to derive the Lagrangians of the strong and unified electroweak
interactions in sections [2.2.3] and [2.2.4] respectively.

2.2.1 Quantum electrodynamics

The theory of QED that describes electromagnetic interactions between particles can be formulated
by constructing a Lagrangian that is invariant under local U(1) gauge transformations [33-36]. The
fermion spinors transform under the U(1) group as:

¥ — exp [igx ()] (2.3)
¥ — exp [~igx (2)]¢, (2.4)
where the phase factor y is a scalar that depends on the space-time coordinate x, and we have

explicitly factored out g which is a multiple of the fundamental electric charge e. Because of the
x-dependence of x, a transformation of the Lagrangian under the U(1) group results in:
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Figure 2.1: Overview of the particles in the SM. The figure is based on a template provided in [28§].
Each square box corresponds to a particle and lists its name in the bottom and the corresponding
symbol in the center. The symbols defined here are used throughout this dissertation to refer to each
of the particles. All of the listed masses are the latest values from Particle Data Group [29] under the
assumption of charge conjugation parity time (CPT) symmetry. This symmetry implies that particles
and antiparticles have identical masses. For neutrinos no mass measurements are available so upper
limits are given. Neutrinos might be either Dirac or Majorana fermions (Section . If the latter
is true there are no antineutrinos. For the massless gluons and the photon no mass is indicated.
Particle spins are given in the lower right of each box, marked in orange. The top right corner of each
box contains the electric (color) charge of each particle in green (purple) if it is nonzero. Fermions
are listed on the left, and bosons on the right. Each column of fermions corresponds to a particular
generation, marked on top of the column. The figure is subdivided into three areas, indicating the
interactions felt or carried by the particles.
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£free fermions —7 Efree fermions — qawaX(x) (25)

So the Lagrangian for noninteracting fermions is not invariant under local U(1) gauge transforma-
tions. In classical electromagnetism the field equations can be written in terms of the electromagnetic
four-potential A*, and the theory is invariant under the transformation:

Ay — Ay — 0ux(x). (2.6)

_ We can introduce a vector field A, that satisfies the same property. If we then introduce a term
q A4 into Lagrangian we obtain:

Esymmetric = Z@éy@/} - m%/f - QJA@/} = 1@121? - m@w (27)

Here we have introduced the gauge-covariant derivative D,, = 0, +igA,. The new term added to
the Lagrangian to preserve gauge symmetry describes interactions between the fermion fields and the
vector field A,,. The latter can be associated to photons, the force carriers of electromagnetism, and the
term gt Av) can thus account for interactions between charged particles. To complete the Lagrangian
the electromagnetic field tensor is introduced, which accounts for the equations of motion of free
photons. In classical electromagnetism this tensor can be formulated in terms of the four-potential as:

Fuy = 0,4, — 0,A,. (2.8)

Using the concepts introduced above we can write down the Lagrangian of QED as:

Lapn =i PY —mfy — {F* Fu, (29)

where the factor 1/4 ensures Maxwell’s equations can be retrieved from this Lagrangian. La-
grangian forms the basis of QED, the theory that describes all electromagnetic interactions between
particles. These interactions are the origin of chemistry. Because of the lack of interactions between
photons themselves and the small electromagnetic coupling constant, extremely precise predictions
can be made with QED.

Practical QED calculations are done with perturbation theory. Each term in a perturbative ex-
pansion of a particle interaction can be pictorially represented by a Feynman diagram. Each diagram
represents the amplitude of a process, and a set of rules link parts of each Feynman diagram to certain
terms in the amplitude. The coupling constant of QED, directly linked to the fundamental charge e, is
smaller than one. This makes perturbative calculations convergent, with higher order terms providing
ever smaller corrections. Some more will be said about this in the context of the strong interaction in
Section [2.2.3] where the practical circumstances are unfortunately less favorable.

While Feynman diagrams can be used as mathematical tools for calculations in perturbation theory,
they are used throughout this dissertation as aides to represent the particles involved in a certain
process.

2.2.2 Nonabelian gauge transformations

To introduce the strong and weak interactions into a Lagrangian, the procedure introduced in Sec-
tion to make a Lagrangian gauge invariant must be extended to the nonabelian SU(N) groups
with N larger than one [37]. The group SU(N) consists of the transformations that can be repre-
sented by unitary N x N matrices. To be able to apply an SU(V) transformation to the Lagrangian
we arrange the fermion spinors into multiplets as follows:
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Ysumy = | . | (2.10)
(NG
and replace the spinors in Lagrangian by such multiplets. The resulting Lagrangian is not

invariant under local SU(NN) gauge transformations. Invariance can be restored by replacing the
derivative by the following gauge covariant derivative:

Dy =0, + igTaAZ, (2.11)

where each 7¢ is a generator of the SU(NN) group, an implicit summation over all N?—1 generators is
assumed, g is the coupling constant of the interaction being described, and the factor 1/2 is introduced
by convention. Instead of the one gauge field in QED, one gauge field Aj, is introduced for each
generator.

Because SU(N) gauge transformations do not commute, the transformation properties of the gauge
fields necessary for a gauge invariant fermionic part of the Lagrangian become more complex. Each
field must transform as:

Al = A = 9,x* () — g [ orx () A, (2.12)

with 2% the structure constants of the SU(N) group. For each of the N? — 1 gauge fields we
must introduce a bosonic term like the one describing free photons in Equation 2.9 But given the
transformation in Equation the equivalent of the field tensor F),, for the new gauge fields must
become:

G, = 0, AL — 0,A% + gf " Ab A, (2.13)

to retain gauge invariance. The final term in Equation [2.13] includes different vector fields and
represents interactions between the gauge bosons that were introduced to enforce the gauge symmetry.
This is a notable difference with the Lagrangian obtained for QED through the Abelian U(1) group,
which contains no such term. Photons do not couple to each other, but gauge bosons of an SU(N)
gauge theory do.

2.2.3 Quantum chromodynamics

The theory of the strong interaction, quantum chromodynamics (QCD), can be formulated in terms
of a gauge symmetry of the Lagrangian of quarks under the SU(3) gauge group. Quark spinors are
organized into triplets that transform under the SU(3) group. The different entries in the triplet are
referred to as colors of a certain quark flavor. The gauge-covariant derivative of QCD is directly given
by Equation [2.11] in which eight gauge fields appear. The gauge fields that are introduced are the
gluons that carry the strong interaction [38, 39].

Like photons, gluons are massless particles. But unlike photons, gluons interact among themselves
following Equation [2.13] Gluon self interactions make QCD vastly more complex than QED. Not only
does the presence of self interactions lead to far more terms at each order of a perturbative expansion,
it results in a large effective coupling constant ag at low energy scales. This makes perturbative
calculations in low energy QCD impossible. A theoretical treatment of this effect is beyond the scope
of this dissertation, but some intuition is provided below. The coupling constant « of a force is defined
in terms of the charge g appearing in Equation [2.11] as:

a=2L (2.14)
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The coupling constant of each interaction depends on the square momentum transfer scale Q2 of
the interaction. In the simplest case, QED, the evolution of the coupling constant can be understood
by the fact that each vertex in a Feynman diagram has an infinite series of higher order correction
terms. In QED higher order terms increase the scattering amplitude, and the contribution of the higher
order terms becomes larger at larger Q2. The QED coupling constant can be measured indirectly by
experimentally determining the cross section of a process. The measured cross section includes all
terms in the perturbative expansion of the process. One can define an effective coupling constant at
the Q? value of the measurement, which absorbs the effects of all higher order diagrams. Interactions
occurring at larger momentum transfer scales have higher effective coupling constant values because
the contribution of higher order terms grows with Q2.

A more intuitive way to understand this is by imagining a measurement of the electron charge
by scattering charged particles off an electron. Electron-positron pairs spontaneously appear and
annihilate in a quantum field theory vacuum. An electron polarizes these pairs, and the positive
charges of the vacuum fluctuations are on average closer to the electron than the negative charges.
This effect screens the electron charge. The higher the energy of the scattering probe, the closer it
can get to the electron and the smaller the screening effect is. With a higher energy probe particle a
larger electron charge, or equivalently QED coupling constant, is measured.

Gluon self interactions make the evolution of the QCD coupling constant as a function of Q2
fundamentally different to that of the QED coupling constant. It can be shown that vector boson
loop diagrams give contributions to scattering amplitudes that are of opposite sign to those given by
fermion loops. In QED only fermion loops are present, while QCD has both fermion and boson loops
because of gluon self interactions. This gluon antiscreening effect is larger than the screening effect of
quarks, and the QCD coupling constant decreases as a function of Q2. At sufficiently low Q2 values
ag becomes larger than one, and perturbative calculations stop converging. Measurements of ag as
a function of the momentum transfer scale are shown in Fig. The large QCD coupling constant
makes low energy QCD calculations enormously complex. Phenomenological methods are needed in
this regime since calculations from first principles are too complex [40].

Free quarks have never been observed. For this reason it is hypothesized that only color neutral
states can appear as free particles. Quarks must either be bound in mesons, which consist of quark-
antiquark pairs or baryons made up of three (anti)quarks of different colors. Mesons and baryons are
collectively called hadrons. The fact that no free colored states exist causes the strong interaction
to be short-ranged, as opposed to electromagnetism which has an infinite range. No analytic proof
for this exists as of now. The energy needed to separate quarks is found to approximately increase
linearly with the distance between them. At a certain distance between two quarks, the gluon field
between them contains sufficient energy to produce new quark-antiquark pairs, which bind to the
original quarks. This process is known as hadronization. In collider experiments this manifests itself
by the appearance of jets of hadrons in the detector. Quarks produced in a collision can travel away
from each other until new quark-antiquark pairs are produced from the energy between them. This
process cascades to create more hadrons until there is no longer sufficient energy to produce additional
quark-antiquark pairs. More details about this are given in Section

2.2.4 Electroweak unification and spontaneous symmetry breaking

In addition to the strong and electromagnetic forces, the SM also describes the weak interaction.
Experimentally, the weak interactions is found to violate parity [20], and to contain both flavor-
changing charged current interactions and flavor-conserving neutral current interactions [42]. The
short range of the weak interaction hints at the responsible gauge bosons being massive. These
properties make the weak interaction conceptually rather different from the strong and electromagnetic
interactions, both of which are mediated by massless gauge bosons which can not change the flavor of
a particle.

The interaction terms in the QED and QCD Lagrangians transform as vectors under Lorentz
transformations. Only a few possible forms of interaction terms are allowed by Lorentz invariance,



12 CHAPTER 2. STANDARD MODEL OF PARTICLE PHYSICS AND BEYOND

CMS
@ 0.24— —— CMsiinclJet, Vs = 8TeV, agy(M,) = 0.1164"0 0>
5 C —e— CMS Incl.Jet, Vs = 8TeV '
0.22— —=— CMSR,,, Is=7TeV
- CMS Incl.Jet, Vs =7TeV
0.2— —— CMSti, s =7TeV
— CMS 3-Jet Mass , Vs = 7TeV
0.18— —o— DO Incl.Jet
— DO Angular Correlation
0.16— H1
C —&— ZEUS
0.14 - World Avg ag(M,) = 0.1185 + 0.0006
0.12—
0.1—
0.08—
: 1 1 111 | 1 1 1 1 1 111 | 1 1 1 1 1 111 | 1
678 10 20 30 40 100 200 300 1000 2000
Q (GeV)

Figure 2.2: The strong coupling constant ag as a function of the momentum transfer scale (). The
black line and yellow band represent g and its associated uncertainty as measured by CMS [41]. A
number of measurements from different experiments are also included in the figure.

and it turns out that the parity violation of the charged-current weak interaction is well modeled by
an interaction term which has a vector component and a negative axial vector component [43, |44].
Such an interaction term can be obtained by splitting fermion spinors into their left and right chiral
components as:

o= 1 Ty gy g, (215)

and having only the left-handed components take part in the interaction. We used the chirality
operator s, which is defined as 75 = iy%y1y243.

The charged-current weak interaction changes left-handed leptons into left-handed neutrinos and
left-handed up-type quarks into left-handed down-type quarks and vice versa. This can be explained

by arranging left-handed particles into doublets that transform under the SU(2) gauge group [45], 46):

-l/

\I/L lepton — ;;:| (216)
—ll

vy quark — di:| (217)

It turns out that for a complete picture of the weak interaction only introducing an SU(2) gauge
symmetry is not enough, and a unification with the electromagnetic interaction is required. We
therefore impose both an SU(2) and U(1) symmetry on the Lagrangian. Right-handed fermions are
taken to transform trivially under the SU(2) gauge transformations, while all fermions are susceptible
to the U(1) gauge transformations. Following Equation we introduce a SU(2) ® U(1) gauge-
covariant derivative:
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Lot Y

D,=0,+ ngWu +ig EB“’ (2.18)
in which o are the three Pauli matrices that are the generators of the SU(2) group, and a quantity
Y called the weak hypercharge is introduced. The covariant derivative brings with it four gauge fields:
Three W fields, one for each generator of SU(2), and one field B, originating from the U(1) gauge
symmetry. Linear combinations of two of the W gauge fields represent charged-current interactions
that change the flavor of the particles involved. These correspond to the physical W' and W™~ bosons.
The third W field and the By, field conserve the flavor of the interacting particles and correspond to

the Z boson and the photon in a way that becomes clear below.

The electroweak gauge bosons are massive, but bare mass terms of the form mzA“AM for a gauge
field A* are not gauge invariant considering Equation A mechanism for making a U(1) gauge field
massive while still retaining gauge invariance was introduced in [23-25]. It requires the introduction
of a complex scalar field with a nonzero vacuum expectation value. This facilitates the introduction
of massive gauge fields without loss of gauge symmetry, at the cost of inserting a scalar field into the
theory. By extending this procedure to an SU(2) doublet of complex scalars, a consistent theory of
electroweak interactions can be formulated [47]. The scalar doublet and the corresponding terms in
the Lagrangian are written as:

_ 1 |o1+ige
Locatar = (D, @)1 (DP®) — 12010 — X (qﬂ @)2 : (2.20)

where A > 0 and p? < 0. The former condition ensures that the potential term in the Lagrangian
is bounded from below, while the latter results in a nonzero minimum. The minima of the potential
are the points on the hypersurface that satisfies:

ote = 1 =0 (2.21)

in which we introduced the vacuum expectation value v. Without loss of generality a direction
for the vacuum state of the field can be chosen, causing the spontaneous breaking of the SU(2) gauge
symmetry. The scalar doublet ® can be rewritten in terms of excitations of the vacuum state. There
are four scalar fields, but it can be shown that only that scalar field corresponding to the direction
of the nonzero vacuum state is physical. The other three fields can be gauged away. We call the
physical field h, and choose the nonzero vacuum state along the real component of the lower entry in
the doublet ®. The h field corresponds to a massive neutral scalar boson, the H boson. Using the
representation of the Pauli matrices used in [31], the first term in Lagrangian becomes:

(D! (D) = (8,h)' (0"h)
+ g; (Wit +iW2) (W —iW) (v + h)® (2.22)
+ é (QWS — g'B#) (gW3“ — g/B”) (v+ h)2 .

This equation contains several mass terms in which the gauge fields couple to themselves. Diag-
onalization of the mass terms reveals two massive charged gauge bosons: W' and W~. These are
linear combinations of two of the SU(2) gauge fields. Two neutral mass eigenstates are formed from
linear combinations of the third SU(2) gauge field and the U(1) gauge field. One of them is massless
and corresponds to the photon, while the other one is massive and represents the Z boson [48, 49].
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Figure 2.3: Observed and expected event yields in the CMS H boson search as a function of the
four lepton invariant mass in events with four leptons. An excess of events over the background-only
hypothesis, compatible with a SM H boson with a mass of 125 GeV, can be seen [15].

In summary, a gauge symmetry under SU(2) ® U(1) transformations and an SU(2) doublet of
scalar fields with a nonzero vacuum expectation value are introduced in the Lagrangian. This results
in a unified theory of the weak and electromagnetic interactions, collectively electroweak interactions.
Massive gauge bosons are present in this theory without gauge symmetry being violated, and a massive
scalar boson is introduced. The theory holds up to experiment, with all predicted particles having
been discovered. The W [50, [51] and Z [52, 53] bosons were discovered in the 1980s at the CERN
Super Proton Synchrotron (SPS). The H boson was the last particle in the SM to be discovered, and
its observation is currently the crowning achievement of the LHC physics program |14} |15]. Fig.
and show the results of two of the most important channels in the CMS discovery of the H boson.
Several more decay channels were analyzed and combined to make the discovery.

2.2.5 Fermion masses

While introducing the Lagrangians for free fermions and QED in equations and bare mass
terms m1p were included without further consideration. After grouping the left-handed fermion
components into SU(2) doublets, such mass terms violate gauge symmetry and can no longer be
included in the Lagrangian. Quarks and charged leptons are experimentally known to be massive, so
alternative mass terms need to be introduced into the SM Lagrangian. The solution is once again
provided by the scalar doublet introduced in Equation [2.19, For leptons and down-type quarks we
can write gauge invariant mass terms as:

Elepton and down-type quark masses — _y‘lliL(I)wR - y*%(I)T‘I]La (2‘23)

where the mass of each fermion is determined by the coupling constant y. To obtain a gauge
invariant mass term for up-type quarks, ® = io?®* is introduced, which lets us write the following:

»Cup—type quark mass — _y\I’iL(AI;wR - y*%E)T\I’L‘ (2‘24)

The scalar doublet introduced to allow for massive gauge bosons in the electroweak Lagrangian
also provides gauge invariant fermion mass terms. The fermion mass terms written above are called
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Figure 2.4: Observed and expected weighted event yields in the CMS H boson search as a function of
the diphoton invariant mass in events with two photons. An excess of events over the background-only
hypothesis, compatible with a SM H boson with a mass of 125 GeV, can be seen [15].

Yukawa couplings. While the electroweak theory gives a prediction for the W and Z boson masses
in terms of the vacuum expectation value and the coupling constants of the electroweak forces, it
contains no predictive power for fermion masses. The fermion masses, or equivalently their Yukawa
coupling constants y, are free parameters of the theory and have to be measured.

Mass terms of the form predicted here imply that heavier fermions have stronger coupling to the
H boson. This provides an experimental means for probing the correctness of the mass terms that
were introduced: The decay rates of the H boson must be higher to heavier fermions. Measurements
of the H boson production cross section in its decay modes to b quarks [54, [55] and 7 leptons [56-59]
are compatible with the SM fermion mass terms.

Given the large top quark mass, H bosons can not decay to the top quark, but measurements of
the production cross section of top quark pair production in association with an H boson (ttH) also
indicate that the top quark owes its mass to the Yukawa couplings as predicted by the SM [60H63].

Note that there was no mention of neutrino masses in this section, even though it has been
experimentally established that neutrinos do in fact have masses. More on this in Section [2.3.5]

2.2.6 Mixing matrices

Thus far, it was left open which up-type and down-type quark states actually appear in the SU(2)
doublets of Equation It turns out that these are not the mass eigenstates which we identify
as the different quark flavors, but admixtures of them. This mixing is described in the unitary
Cabibbo—Kobayashi-Maskawa (CKM) matrix |64} 65]. The couplings between different generations of
quarks are relatively small, but nonzero. This means that an s quark can decay to an u quark, a c
quark to a d quark and so on. Aside from mixing the weak interaction doublets and mass eigenstates
the CKM matrix also introduces CP violation into the quark sector of the SM through complex
phases [65].

The Pontecorvo-Maki-Nakagawa—Sakata (PMNS) matrix [66, 67] is a similar unitary mixing ma-
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trix for the leptonic sector of the SM. It describes the mixing of the different neutrino mass eigenstates
into the states appearing in the weak interaction doublet of Equation The fact that there is such
a mixing was observed through neutrino oscillations [18, 19|, which also imply that neutrinos are
massive particles.

2.3 Open problems

The SM, briefly introduced in the preceding sections, has proven itself to be remarkably successful
over the years. The predictions of the theory have been found to match experimental observations
in particle physics in countless experiments and at great precision. Despite its monumental success,
many clues point towards the conclusion that the SM is not a complete theory of nature. A host
of phenomena and experimental observations can not be explained adequately, or at all, by the SM.
Some of the most pressing questions that are left unanswered by the SM are succinctly summarized in
sections to Each section gives a brief indication of the relationship between the presented
problem and the work in this dissertation.

2.3.1 Gravity

Perhaps the most blatant hole in the SM is that it describes only three of the four known fundamental
forces. Gravity is not accounted for in any way. General relativity, the modern theory of gravity, is
formulated in the framework of classical physics and seems to be fundamentally incompatible with the
quantum mechanical SM. General relativity itself also seems to be incomplete as it predicts singularities
in curvature of space-time at the center of black holes. Singularities in a model are a strong indication
of its inadequacy in a particular regime. As of now there is no universally accepted quantum theory
of gravitation. Because of the weakness of the gravitational force, quantum gravity effects are only
expected to become relevant at the Planck energy scales of about 102®eV. This is far out of reach
of the highest energy colliders, and will in all likelihood be for many generations to come. The
Planck energy scale is also orders of magnitude higher than the highest energy cosmic rays that have
been observed [68]. Experimental evidence on quantum gravity is unlikely to become available in the
foreseeable future, and this topic is not addressed further in this dissertation.

2.3.2 Dark matter

Other strong hints at the incompleteness of the SM come from astronomical and cosmological obser-
vations. Known stable matter consists of the light SM fermions, but mounting evidence suggests the
existence of prodigious quantities of matter that interacts via neither the electromagnetic nor strong
interactions. This hypothetical matter is called dark matter and is not accounted for in the SM. Given
their low masses, SM neutrinos alone can not make up this weakly interacting matter. Early hints at
the existence of unobserved matter in the universe came from studies of stellar velocity dispersion [69-
73] and galactic rotation curves |74-77].

The aforementioned results might also be addressed by theories of modified dynamics |78], but
observational evidence for dark matter has since emerged from a variety of other sources. The mass
distributions of galaxies and clusters can be estimated by their gravitational lensing of light, and
the observed mass distributions are not compatible with that of the luminous matter alone [79].
A particularly striking example is the Bullet Cluster, two colliding galaxies in which a large mass
component is found not to overlap with the gas or stars visible in either galaxy [80]. Surveys of the
cosmic microwave background also give strong indications for the existence of dark matter. Ordinary
and dark matter affect the cosmic microwave background differently. In the early universe the former
interacted strongly with radiation while the latter only affected it through gravity. A decomposition
of the anisotropies in the cosmic microwave background into their angular power spectrum can be
used to estimate the dark matter density of the universe |81} 82]. The observed spectrum is difficult
to reconcile with theories of modified dynamics. All in all dark matter is thought to make up more
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than 84% of the total matter density of the universe [29, [83]. The SM only accounts for the remaining
fraction.

All current evidence for dark matter is indirect. Dark matter is presumably made up out of as
of yet undiscovered particles. Experiments of many kinds have sought to provide direct evidence for
dark matter, but so far without success. Several types of dark matter searches are common. Searches
for the production of dark matter particles at colliders try to identify collision events compatible with
one or more dark matter models [29, |84]. Direct detection experiments try to observe the scattering
of galactic dark matter off atomic nuclei [29, 85]. Finally, there are a host of searches for axions, a
hypothetical particle introduced to explain the CP symmetry of QCD [86, 87]. Axions are possible
dark matter candidates, and most dedicated searches try to detect them in strong magnetic fields via
their expected coupling to photons [88].

Two of the publications exhibited in this dissertation try to address the question of the origin of
dark matter. Chapters [7] and [9] both present direct searches for hypothetical particles, and each of
them could have provided answers to the dark matter riddle. In the first analysis, an unstable heavy
sterile neutrino is sought. This heavy sterile neutrino itself is not a dark matter candidate, but its
existence might indicate it is one of several sterile neutrinos. The lightest sterile neutrino could make
up much of the dark matter in the universe [89]. The other search for new physics aims to unearth
the direct electroweak production of supersymmetric particles. In many of the targeted models the
lightest supersymmetric particle is an excellent dark matter candidate.

2.3.3 Dark energy

Observational evidence suggests that the universe is expanding and that the rate of expansion is
accelerating. The first indications came from type-Ia supernovae |90, 91|, which are standard candles
for cosmic distance measurements because of their consistent peak luminosity. Since then, many
cosmological observations have confirmed the accelerating expansion of the universe [92]. The fact
that the expansion accelerates despite the force of gravity either implies that the vacuum has a nonzero
energy density, or that general relativity must be modified at cosmological scales [93].

Current estimates indicate that if the vacuum energy density is to explain the acceleration, it
must make up about 70% of the energy density in the universe |29, 81, 82]. While this value seems
large, and dark energy appears to be the dominant component of the universe, the value can not be
reconciled with the far greater one predicted by the SM. The vacuum energy density can be computed
in quantum field theory, and the result is a value about 120 orders of magnitude larger than that
necessary to match cosmological observations [94].

Supersymmetry might resolve the cosmological constant problem of the SM. The theory extends
the SM by predicting a fermionic partner to every SM boson and vice versa for SM fermions. These
superpartners give contributions to the vacuum energy density that are equal and opposite to those
of their SM counterparts, if superpartners and SM particles have identical masses [95]. Unfortunately
no superpartners have yet been discovered, which means that if they exist they are almost certainly
more massive than their SM equivalents. More details about supersymmetry are given in Chapter [9]
where a dedicated search for supersymmetry is presented. Through this search the dissertation tries
to at least indirectly contribute to addressing the mystery of the vacuum energy of the universe.

2.3.4 Matter-antimatter asymmetry

The observable universe appears to have an abundance of matter and an almost complete lack of
antimatter [96]. The reason for this is not yet understood, and the SM offers no suitable explana-
tion. Several conditions must have held true in the early universe for matter to become ample, and
antimatter to disappear [97].

Firstly, baryon number conservation must be violated [98]. Quarks have a positive baryon number,
antiquarks a negative one, and that of all other particles is zero. The SM strictly conserves baryon
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number. There is no known interaction that converts a quark into an antiquark or into any other state
with a different baryon number. The SM therefore clearly does not fulfill this first condition.

In addition to baryon number violation, C and CP violation are necessary criteria [98]. Without
violation of C symmetry, any process that violates baryon number to create additional quarks would
be counteracted by a process creating antiquarks. Similarly, CP symmetry would imply that the
production rate of left-handed quarks and right-handed antiquarks would be equal, and vice versa for
the opposite handedness. The SM violates both C [20] and CP symmetry [21} 22]. Current limits on
the violation of baryon number are however too stringent for the known CP violation rate of the SM
to be able to explain the matter-antimatter asymmetry in the universe [99-101].

To address the problem of the matter-antimatter asymmetry in the universe, a source of baryon
number violation and additional sources of CP violation are needed. The existence of sterile neutrinos
might provide an answer to this question [89, [102H104]. Chapter [7| searches for these particles and
slightly more details are provided there.

2.3.5 Neutrino masses

In the SM, fermions obtain their masses through the Yukawa couplings introduced in equations
and A priori, the SM only includes fermion states that transform nontrivially under at least one
of its gauge symmetries. States that only undergo trivial transformations do not interact with any of
the SM forces and would be virtually impossible to detect. The weak interaction SU(2) doublet in
Equation does not include right-handed neutrinos or leptons. Unlike right-handed leptons, right-
handed neutrinos also transform trivially under the SM U(1) gauge transformations. Right-handed
neutrinos are therefore not present in the SM. This directly implies that the SM contains no neutrino
mass terms of the form of Equation Loop level neutrino mass terms necessarily violate lepton
number and are consequently not allowed in the SM [29]. Meanwhile, the observation of neutrino
oscillations establishes that neutrinos have nonzero masses (18, |19} |105].

Extensions of the SM that add additional neutrinos must add sterile neutrinos, meaning they do
not interact via the SM forces. The Z boson decay width to neutrinos can be measured as the difference
between the total Z boson decay width and the observed Z boson decay widths to charged leptons and
hadrons. The ratio of the Z boson decay width to leptons and neutrinos then gives a precise estimate
of the number of neutrinos taking part in electroweak interactions. The Z boson decay width has been
precisely measured in electron-positron collisions at the Z boson resonance provided by the Large
Electron-Positron Collider (LEP). The result is that there must be exactly three neutrinos interacting
with the SM electroweak force, the known SM neutrinos ve, v, and v, [106].

The simplest way to extend the SM with a sterile neutrino would be to introduce a right-handed
neutrino as a component of a Dirac spinor field which also includes a left-handed SM neutrino. This
would allow one to write a mass term similar to that in Equation Right-handed neutrinos would
be singlets under all the SM gauge groups and therefore feel none of the SM forces. Their only
interaction with the SM would be through potential mixing with other neutrino flavors (Section
and their exceptionally weak coupling to the H boson.

This approach is not the only solution and leaves loose ends. First of all, there is no particular
reason for Equation to be the only mass term. If sterile neutrinos are introduced one could write
a bare mass term that does not involve the scalar field ® in the Lagrangian without violating gauge
symmetry. Such a mass term would have to involve neutrino fields that are equal to their charge
conjugate. These are known as Majorana neutrinos. A bare neutrino mass term would violate lepton
number. Hypothesizing that no such mass term is present, and thus only allowing massive Dirac
neutrinos, would be equivalent to introducing an ad hoc requirement for lepton number conservation
into the theory. In the SM the situation is notably different, lepton number is conserved as a direct
consequence of gauge invariance if no gauge singlets are present [29).

A second problem with only having a Yukawa mass term with a sterile Dirac neutrino is that
neutrino masses are eerily small. Neutrino masses have never been directly measured, but there are
upper limits from several sources. Direct measurements of beta decays in tritium nuclei indicate that
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the 7, mass F_-I must be below 1.1eV [29,|107]. Direct limits on the mass of v, are the least stringent,
namely 18.2MeV [29, |10§]. Cosmological observations and the hot big bang model place indirect
constraints on the neutrino masses: The sum of the SM neutrino masses must be below 0.12eV. All
limits are given at 95% confidence level.

Measuring about 173 GeV, the top quark mass is at least twelve orders of magnitude larger than
the lowest upper limits on the SM neutrino masses. As mentioned in Section [2.2.5]experimental results
indicate that top quarks and other relatively heavy fermions do in fact get their masses from Yukawa
couplings as predicted by the SM. If right-handed Dirac neutrinos were to be introduced in the SM,
it still provides no indication of why the Yukawa couplings of neutrinos would be so small compared
to those of other SM fermions.

The existence of sterile Majorana neutrinos could address these problems. No artificial symmetries
would have to be introduced in the SM to accommodate neutrino masses, and the small mass values
would have an explanation: It turns out that if a Majorana mass term with a mass far exceeding
the electroweak symmetry breaking scale is introduced into the SM, diagonalization of the neutrino
mass terms results in three very light neutrinos. This effect is known as the seesaw mechanism [105]
109-11§].

Chapter |7] describes a search for sterile Majorana neutrinos that tries to directly address the open
question of the origin of neutrino masses.

2.3.6 Hierarchy problem

At the time of writing, the combination of the available H boson mass measurements results in a value
of 125.25 £ 0.17GeV [29]. In the SM, the H boson mass is highly sensitive to quantum corrections
from any particle that interacts with the Higgs field. The loop correction terms to the square of the
H boson mass are proportional to the square of the ultraviolet energy cutoff scale of the theory. This
cutoff scale is in practice the energy scale in which the SM is superseded by a more fundamental
theory. In the worst case it might be the Planck scale in which quantum gravity effects are expected
to become relevant (Section , but it could also be the energy scale of grand unification or another
yet unknown model [119].

All of these scenarios have in common that the measured H boson mass seems to be too light. The
bare H boson mass term p in Equation must cancel the gigantic mass corrections with immense
precision to result in the measured H boson mass that is many orders of magnitude smaller than the
correction terms. If the Planck scale is the cutoff scale of the model, this implies that the cancellation
must be exact up to 30 digits behind the comma, a miraculous coincidence at face value. This question
is referred to as the hierarchy problem. The hierarchy problem can also be formulated as the question
of why the weak interaction is so many orders of magnitude stronger than gravity, and why their mass
scales lie so far apart.

Supersymmetry is one of the potential solutions to the hierarchy problem. The H boson mass
correction terms for bosons and fermions have opposite signs. If supersymmetry is unbroken, then
each boson has a fermionic partner of equal mass and vice versa. All correction terms to the H
boson mass would cancel exactly, and the hierarchy problem is resolved. The condition of unbroken
supersymmetry does not seem to hold in practice since no superpartners have been observed, and the
exclusion limits on the masses of many of them have been pushed into the TeV regime. Nonetheless,
supersymmetry would still make the degree of fine tuning needed to obtain the measured H boson
mass vastly smaller. More details are given in Chapter [9] where we search for the direct production of
electroweak superpartners.

2.3.7 Discrepancies in high energy physics measurements

The problems in the SM laid out over the previous sections are all either theoretical in nature, or
based on indirect measurements from astronomy and cosmology. There are a few recent instances in

f CPT symmetry is not conserved, neutrinos and antineutrinos might have different masses.
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which direct high energy physics measurements have resulted in tensions with the SM.

Firstly, the best measurement of the anomalous magnetic dipole moment of the muon seems at
odds with the SM. The anomalous magnetic dipole moment of a particle is defined as the total sum
of higher order corrections to the tree-level magnetic dipole moment. New measurements of the
anomalous muon magnetic dipole moment have pushed down the uncertainty to about half a part per
million, revealing a discrepancy with the SM at a significance of 4.2 standard deviations [120]. This
is the largest discrepancy that has yet been observed between a direct SM prediction and a single
measurement.

The definite origin of the discrepancy remains unclear. One source could be corrections to the muon
anomalous magnetic dipole moment that involve currently undiscovered particles. One of the candidate
theories is supersymmetry [121]. Alternatively, and perhaps more likely, systematic uncertainties in
the theoretical computations might be the culprit, and the SM might in fact be able to accurately
predict the anomalous muon magnetic dipole moment [122].

Another source of tension with the SM are measurements of b hadron decays to leptons. Some of
those decays seem to violate the lepton universality of the SM, which dictates that electrons, muons,
and 7 leptons are identical aside from their mass. Whenever a particle decays into leptons, the
SM expectation is therefore that all lepton flavors occur at about the same rate in the final state.
Differences arising from the lepton masses can be significant in meson decays, but are well predicted
by the SM. Ratios of the measured decay rates of B mesons (mesons containing a b quark and a
lighter flavor (anti)quark) to different lepton flavors do not match the SM expectations. In decays of
B mesons to excited D mesons (mesons containing a c¢ quark and a lighter flavor (anti)quark), leptons,
and neutrinos, too many events with 7 leptons are observed. This excess is reported by three different
experiments [123-125], and when the results are combined the significance of the discrepancy with the
SM expectation might be more than five standard deviations [126]. More recently, measurements of
B meson decays to kaons, leptons, and neutrinos have also revealed a violation of lepton universality
with a significance of 3.1 standard deviations [127]. These observed violations of lepton universality,
which strictly holds in the SM, might indicate that b meson decay rates are modified by new physics.

Recently, the mass of the W boson has been measured with a relative uncertainty of a bit more
than one part in ten thousand in data from Tevatron proton-antiproton collisions [128]. This is the
most precise measurement of the W boson mass to date, and the measurement seems to be at odds
with the SM. The mass of the W boson can be computed in the SM given the measurements of a
number of other quantities, and the uncertainty in this prediction is of a similar size to that in the
measurement mentioned above [29]. The measured W boson mass is larger than the SM prediction,
and the significance of the discrepancy between the values amounts to 7.0 standard deviations. This
indicates that the SM prediction of the W boson mass must be reevaluated, or that the mass is modified
by new physics effects [129]. Here it must be noted that older, less precise, W boson mass measurements
are compatible with the SM prediction [130-132]. Supersymmetric scenarios with light superpartners
might provide an explanation for the high W boson mass |133|. Searches in the multilepton final state,
such as the one presented in Chapter [ could be ideal to probe these scenarios.

None of the issues related to the anomalous muon magnetic dipole moment, b meson decays, or
the W boson mass are directly addressed in this dissertation.

2.4 This work in context

It is in the context of the incompleteness of the SM that the work presented in this dissertation finds
its place. Three separate publications are covered in this work. The first (Chapter|[7)) is a search for the
production of sterile neutrinos. The particles whose existence is probed in the aforementioned analysis
might provide answers to three of the open problems of the SM: The matter-antimatter asymmetry in
the universe, the smallness of neutrino masses, and the origins of dark matter. More details are given
in Chapter [7]

The last publication described in the dissertation (Chapter @ describes a search for the direct
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electroweak production of supersymmetric particles. Supersymmetry is one of the most well-studied
extensions of the SM and has the potential to provide a dark matter candidate, solve the hierarchy
problem, unify the coupling constants of the SM gauge groups, and perhaps even address the large
vacuum energy of the SM. The introduction of Chapter [9] goes into more detail about supersymmetry.

Chapter [§]does not discuss a search for new physics, but a search and measurement of a SM process
that remained unobserved at the time the presented analysis was carried out. The production of a
single top quark in association with a Z boson is about 50 times more rare than the production of an
H boson in 13 TeV pp collisions, and the process extraordinarily sensitive to modifications to the SM.
This analysis does not attempt to directly address any questions left open by the SM, but could have
yielded another experimental discrepancy with the SM. In that sense the aim of the publication at its
outset was similar to some of the measurements discussed in Section but the results match the
SM expectation.
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Chapter 3

Large Hadron Collider

“The cabin was built aright
the shelter put in its place:

a hundred men joined the walls
a thousand worked on the roof
building this cabin

laying down the floor.”

Elias Lonnrot, Kalevala

3.1 Necessity of colliders

The majority of the particles introduced in Section [2.1]do not exist under earthly conditions. Studying
these heavy particles and their interactions requires a source of such particles. For an interaction
between light particles to produce massive particles, the invariant mass of the interacting system
needs to exceed the sum of the masses of the heavy particles being produced. The invariant mass of
a system of n particles with momenta p; and energies Fj; is a Lorentz invariant quantity given by:

n 2 n 2
m = <ZE> —<Z@> =./s. (3.1)
=1 i=1

The invariant mass is equivalent to the energy in the center of momentum frame, and its square
is often called s.

In the early days of particle physics research particles were discovered in experiments with cosmic
rays. More recently cosmic rays with tremendous energies have been observed, sometimes exceeding
several EeV [134,135]. Such occurrences are however exceedingly rare. If an incoming particle collides
with another particle at rest the square of the center of momentum energy is given by :

s =m2 +mi + 2mpE, ~ 2myE,, (3.2)

with a referring the incoming particle, and b to the target particle. The last approximation is valid
if the energy of the incoming particle is much larger than the masses of both interacting particles.
Reaching the LHC center of momentum energy of 13TeV in a laboratory frame collision between
protons, would require an incoming proton with an energy of close to 10'7eV. On Earth only several
tens of thousands of cosmic rays with an equal or larger energy are expected per square kilometer per
year [29]. Only a minute fraction of these collisions lead to interesting interactions in which heavy
particles are produced. The rate of cosmic rays is thus by far insufficient to study most SM processes,
let alone search for new physics at the TeV scale and beyond.

23
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To increase the rate of incoming particles of a particular type or energy beyond what can be found
in cosmic rays, artificial particle accelerators are necessary. If the accelerated beam is used in a fixed
target experiment, i.e. made to collide with material at rest, the resulting center of mass energy rises
as the square root of the beam energy following Equation The highest beam energy currently
achieved is 6.5 TeV in the LHC, which would lead to a center of mass energy of about 116 GeV on a
proton target. This is not enough to produce many of the heavy SM particles.

To achieve the highest possible energies in a laboratory, particle colliders in which beams are
accelerated in opposite directions and made to collide head on, are used. For such collisions the center
of momentum energy is given by:

s = (B, + Ep)? = 4E?, (3.3)

where the last equality only holds for two beams of the same energy. Far higher center of momentum
energies can be achieved in this way than in fixed target collisions because of the linear increase of /s
with the beam energy. To perform accurate measurements of the properties of heavy SM particles,
or to discover new massive particles, colliders are the tool of choice. They allow us to achieve high
center of mass energies, while also allowing for a far higher collision intensity at a given energy than
can be observed in high energy cosmic rays [49, |136].

In the rest of this dissertation we will use the terms center of momentum and center of mass
energy interchangeably. This is motivated by the implicit assumption that all mentioned collisions are
between particles of the same mass.

3.2 Cross sections and luminosity

To produce a particle or state with a certain mass we require a high enough center of mass energy
as discussed in the preceding section. However, only achieving a certain center of mass energy is
not enough to study heavy particles and their interactions. In order for a process to be studied in a
collider, it has to occur with a nonnegligible rate. The number of events from a particular physical
process expected to occur in a collider over a period of time is given by:

N = [ Mod =L, (.9

with o the cross section of the process, and A and L respectively standing for the instantaneous
and integrated luminosity. A cross section represents the quantum mechanical probability that a
certain interaction will occur, and is a fundamental property of the process itself. The instantaneous
luminosity, on the other hand, is related to the flux of incoming beam particles, and is a characteristic
of the collider. The quantity that ultimately decides the expected number of events at a given cross
section is the instantaneous luminosity integrated over the time a collider operates, the integrated
luminosity. Many SM processes, such as the production of an H boson or even more so single top
quark production in association with a Z boson, discussed in Chapter 8 have very small cross sections.
They are expected only to occur a handful of times in billions of high energy pp collisions, or even
less. The cross sections of the mentioned processes, and many others in pp collisions, can be found in
Fig. later in this dissertation. To be able to study such processes a collider with a high luminosity
is required.

In summary, the luminosity and center of mass energy are the two most important traits of a
collider. The center of mass energy determines what particles or processes can be produced in the
collider, while the luminosity determines if the process will occur at a sufficient rate, if at all, to be
studied.

Particle beams in colliders are typically composed of several bunches of particles that travel through
the machine. The instantaneous luminosity of two colliding beams in a circular collider is given by:
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NN rev
A= 1Nz freuts FW, (3.5)

2 2 2 2
21y /81, + s%\/sly + 53,

where 1 and 2 refer to the interacting beams, N represents the number of particles in a bunch,
np the number of bunches, f,., the revolution frequency of a bunch around the collider, and s the
extent of a bunch in the horizontal (z) or vertical (y) direction perpendicular to the beam axis (the
coordinate system is defined in detail in Section . The luminosity is reduced by a factor F' due
to the crossing angle at the interaction point and a W due to the transverse offset at the collision
point [137} |138].

3.3 Particle colliders

Particle accelerators ordinarily consist of a vacuum pipe, which can be either circular or linear, with
accelerating cavities that boost particles. Circular accelerators require a magnetic field to bend the
particle paths along the trajectory of the accelerator. Linear accelerators, on the other hand, are
limited by their length and can not reuse the same beam of particles.

The type of particle being accelerated largely determines the sort of measurements and discoveries
that can be made. The practical candidates are protons, electrons, and their antiparticles because
they are stable. More recently the idea of muon colliders has been introduced [139], but this goes
beyond the scope of this dissertation.

Electron-positron colliders provide a clean collision environment. The colliding particles annihilate
and have a well determined center of mass energy, the sum of the beam energies. This type of
collider led to many important discoveries such as one of the two J/¢ meson discoveries [140] and the
observation of the 7 lepton [141]. Despite the past success with electron-positron colliders, pursuing
the ever higher collision energies needed for new discoveries hits a wall with this kind of accelerator.
In circular accelerators the energy loss due to synchrotron radiation rises with the fourth power of the
beam energy, and the inverse of the bending radius of the accelerator. The energy loss is also inversely
proportional to the fourth power of the mass of the particle being accelerated. Because of the low
electron mass, the beam energy that can be practically achieved in an electron-positron collider is
limited by the power of the accelerating cavities [137]. In this case building larger circular accelerators
only leads to meager increases in center of mass energy. Linear accelerators do not suffer from this
problem, but have other constraints. Their collision energy is limited by their length, and it is harder
to sustain high intensity collisions.

Because of the inverse proportionality of the synchrotron radiation energy loss with the fourth
power of the particle mass, heavier particles allow for higher beam energies. A proton is roughly 2000
times more massive than an electron and as a result the accelerating cavities are not a limiting factor
in proton or antiproton acceleration. The momentum of an accelerated particle and the strength of
the magnetic field in the accelerator determine the radius of the particle trajectory. The accelerator
size and the magnetic field strength are therefore the limiting factors in hadron accelerators. To
achieve the highest possible collision energies one would want a collider as large as possible, with
a bending magnetic field as strong as possible |137]. Historically hadron accelerators have become
bigger and bigger, with increasingly powerful magnetic fields. The LHC is the current culmination of
this trend. An overview of different particle accelerators and their center of mass energies is given in
Fig.[3.1] While linear accelerators present certain advantages for electron-positron collisions, they are
not practical for colliding hadrons.

While proton-proton, or proton-antiproton colliders allow for much higher center of mass energies
than electron-positron colliders, they have the added complication that hadrons are composite particles
consisting of valence and sea quarks, as well as gluons. In inelastic hadron collisions, two partons,
each carrying a fraction of the momentum of their parent hadron, interact as depicted in Fig. The
interaction between the partons takes place at a center of mass energy:
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Figure 3.1: Center of mass energy of particle accelerators over time. Hadron colliders can be seen to
achieve far higher center of mass energies than lepton colliders [142].

Vs = \aiass, (3.6)

in which s is the center of mass energy of the hadron collision and x1 and 2 are the momentum
fractions carried by the two interacting partons. This means that only particles with masses up to
Vs" can be produced in this collision. The effective center of mass energy of the interacting partons
in a hadron collision is a priori unknown, and depends on the parton distribution functions (PDFs)
that describe the probability density that a certain type of parton carries a particular fraction of
the total hadron momentum [143]. The PDFs are experimentally determined from a combination of
measurements, primarily using deep-inelastic scattering [29].

In Proton-antiproton collisions the valence (anti)quarks, which tend to carry a larger momentum
fraction than the other hadron components, can annihilate to form heavy particles. Following the
effective center of mass energy in Equation [3.6] this presents a significant advantage compared to
proton-proton collisions where particle production requires gluons or sea quarks. Proton-antiproton
machines lie at the basis of important discoveries such as the first observations of the W[50/ 51]
and Z bosons [52, 53] at the Super Proton-Antiproton Collider, and the discovery of the top quark
at the Tevatron [144) [145]. Unfortunately producing large amounts of antiprotons is challenging, so
proton-proton colliders can reach much higher collision luminosities and might be the better option
to discover rare processes.

Hadron colliders are often tentatively dubbed “discovery machines” because of the properties
listed above. They achieve the highest possible center of mass energies, and produce parton collisions
covering a continuum of different masses. Such colliders have the potential to discover heavy new
particles of unknown mass, while operating at a fixed center of mass energy.
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Figure 3.2: Diagram depicting an inelastic hadron-hadron collision. Two partons, respectively carrying
fractions 1 and x9 of the momentum of their parent hadron interact. This results in a parton collision
at a center of mass energy of Vs = \/T1x28, in which /s the center of mass energy of the hadron
collision.

3.4 Large Hadron Collider

The LHC is a 26.7km long hadron collider, located in the old LEP tunnel. It is the largest hadron
collider ever built, and is used for both pp and heavy ion collisions. This dissertation is based on data
from LHC pp collisions, so this collision configuration is the only focus in what follows.

The collider was designed to collide protons at a center of mass energy of 14 TeV with a luminosity
of 1034 ecm2s7!, adequate for the discovery of a SM-like H boson with a mass up to 1TeV, and
possibly to unearth physics beyond the SM at the TeV scale. This is the highest center of mass energy
ever reached in a collider, and the highest luminosity reached in a hadron collider. The LHC operates
at both the energy and intensity frontier of laboratory based particle physics experiments.

Before protons are injected into the LHC they are accelerated by a sequence of pre-accelerators at
the CERN accelerator complex, shown in Fig. The protons start as hydrogen atoms of which the
electrons are stripped by an electric field. Acceleration of the protons begins in a linear accelerator
called Linac 2. The protons are subsequently injected into the Booster, after which they are further
accelerated by the circular Proton Synchrotron (PS), and at a later stage the SPS. When proton
beams reach an energy of 450 GeV they are finally injected into the LHC.

The LHC is made up of eight arcs and eight straight sections. Four of the straight sections contain
beam crossings and experimental installations. Two general purpose high luminosity experiments,
CMS and A Toroidal LHC ApparatuS (ATLAS), are located at two diametrically opposed straight
sections. Two other straight sections contain the LHC beauty (LHCb) and A Large Ion Collider
Experiment (ALICE) experiments, as well as the injection points for proton beams coming from the
SPS [137, [13§].

The dipole magnets that keep protons in orbit determine the maximum beam energy that can
be reached within the confines of the LHC tunnel. To reach the design center of mass energy of
14 TeV, the LHC is equipped with superconducting magnets cooled down with superfluid helium to
temperatures of 1.9 K, colder than intergalactic space. These magnets have a peak dipole strength
of 8.33 T, slightly in excess of what would strictly be required. Two proton beams are accelerated in
opposite directions in the LHC. The same magnet system and vacuum can not be used for both beams.
This problem is solved within the limited size of the available tunnel by using twin bore magnets with
two sets of magnetic coils and beam channels contained in a single cryostat and mechanical encasement.
This structure is shown in Fig. and the LHC contains 1232 such magnets for bending the beam.
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Figure 3.3: Accelerator complex at CERN. Starting at Linac 2, protons travel through the drawn
chain of accelerators before finally being injected into the LHC [146].
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Figure 3.4: Cross section of an LHC dipole magnet \|

Aside from the dipole magnets, the LHC contains many other multipole magnets for correcting and
stabilizing the beams 138].

The LHC design luminosity of 103* cm™2s~! is what is necessary to discover a 1TeV SM-like H
boson. This requirement forced the LHC to be a pp collider, as reaching the prerequisite antiproton
intensity for such a luminosity is currently not feasible. By design, the accelerated protons would be
grouped into 2808 bunches of 1.15 - 10! protons, separated by approximately 7.5m. This means a
bunch crossing occurs every 25ns at the interaction points .

In practice protons were collided at energies of 7 and 8 TeV in 2011 and 2012 respectively. The
center of mass energy was increased to 13TeV for pp collisions taking place from 2015 to 2018,
collectively called Run 2. The data used for the results presented in this dissertation are all collected
at 13 TeV collision energies. During Run 2 luminosities of above 2 - 103*ecm™2s7!, twice the design
value, were achieved as shown in Fig. [3.5] The LHC luminosity is so high that each bunch crossing
tends to lead to multiple inelastic pp collisions. The mean number of interactions per bunch crossing
is given by:

<n> — ). O_inelastic pp . At, (37)

where At is the time between bunches, 25ns, and the inelastic pp interaction cross section
ginelastic pp at /5 — 13 TeV is 68.6 mb . At a luminosity of 2-103*cm™2s7! this gives a mean of
about 34 interactions per bunch crossing. The distribution of the mean number of interactions per
bunch crossing observed in the CMS detector for each year of Run 2 data taking is shown in Fig. [3.6

The instantaneous luminosity in the LHC is not constant during operation, but drops gradually
after the beams start colliding H The main source of luminosity loss comes from the collisions in
the two high luminosity experiments ATLAS and CMS. Other sources of decreasing luminosity are
particle losses due to intrabeam scattering, and a build up of emittance due to intrabeam scattering
and collisions with residual gas. The expected time it takes for the luminosity to reduce by a factor
1/e is about 15 hours , and in practice LHC fills during Run 2 lasted about this long in the
absence of hiccups. After the beams are dumped, the LHC magnets have to be ramped down and new
beams can be injected. The full LHC beam injection takes several cycles of beam acceleration by the
PS and SPS. Once the beam is injected into the LHC its energy is ramped up to the nominal collision

!Technically the instantaneous luminosity is often kept constant for a while by not operating at the maximum
instantaneous luminosity right away. This is called luminosity leveling.
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Figure 3.5: Peak instantaneous luminosity delivered by the LHC as recorded by the CMS detector
through the years of operation [149].
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data taking [149].
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energy. The theoretical minimum time between fills is 70 minutes. In practice the time between fills
often lasts several hours because not every proton injection is successful. During Run 2 the LHC
steadily delivered collisions as shown in Fig. amounting to a total integrated luminosity of 160
fb~!. This is an unprecedented data volume for hadron collisions and enables the study of very rare
SM processes, as well as searches for new physics with far greater sensitivity than those that came
before the LHC. The analyses presented in this work are examples of this. These analyses use parts or
all of the data collected by the CMS detector from 2016 to 2018, corresponding to a total integrated
luminosity of 137fb~!. The integrated luminosity of the CMS data set used for analysis is smaller
than what the LHC delivered because not all parts of the CMS detector are always operating at peak
performance. Only the parts of the data set in which all CMS subdetectors performed adequately are
used in the analyses presented here.

3.5 Simulating collision events

The precise simulation of collision events is a crucial ingredient in modern collider experiments. Simu-
lation is necessary both for modeling SM expectations, and the expectations of new physics to design
targeted analyses. Additionally, simulations are used to make future projections, predicting the sen-
sitivity of next generation colliders or detectors in various measurements and searches. The analyses
in this dissertation all heavily use simulation to estimate the event yields from irreducible background
sources, to optimize the analysis strategies, and even to design data-driven background estimation
processes. This section gives a superficial overview of the simulation of collision events and lists the
software packages and tools used throughout the dissertation. Here we are only concerned with the
simulation of a particle collision before the collision products interact with a detector. The simulation
of a detector and the particles traversing it is another essential aspect of making realistic predictions
and is succinctly covered in Section For simplicity, we keep the text focused on pp collisions, but
most of the discussion also applies to other types of particle collisions.

The vast majority of LHC pp collisions have a low momentum transfer between partons and do
not result in physics of interest. Physics analyses at the LHC typically only focus on a particular final
state in which a process of interest occurs. The final state of interest often occurs only once in millions
or billions of pp interactions. The analyzed data set therefore only contains a minute and heavily
biased sample of pp collisions. This is manifestly the case in this dissertation in which we focus on
events with three or more leptons from the decay of electroweak bosons. The CMS pp collision data
set collected in three years of 13 TeV operation contains several tens of thousands of these events, while
the LHC provides more than a billion inelastic pp interactions per second. It is therefore unpractical
to simulate general pp collision events with all possible final states and interpret the results. This
would require simulating an amount of collisions that is computationally intractable and can also not
be stored. Instead, different physics processes are simulated separately so that those relevant to a
particular analysis can be modeled with small statistical uncertainties. To estimate the total expected
event yields, simulated events of all relevant processes are normalized by their corresponding cross
sections and then added together.

The simulation of a single collision event can be subdivided into several distinct stages [150]. These
stages are illustrated in Fig. and described below. In most analyses, including those presented in
this dissertation, events of interest contain a high momentum transfer between two of the partons in the
colliding protons. This is called a hard scattering process, and often results in the creation of massive
particles such as electroweak bosons or top quarks, which promptly decay into lighter particles. At high
interaction energies, or equivalently small distances, QCD is perturbative (Section . This implies
that hard scattering interactions between the partons can be modeled with fixed order computations
in perturbation theory. Simulating the hard scattering process is the first step of collision event
generation.

Perturbative calculations of hard scattering processes in hadron collisions can use the following
factorization equation for computing the cross section to obtain a final state of interest n:
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Figure 3.7: Ilustration of the different stages of a pp collision resulting in the associated production
of a top quark pair and an H boson. Two incoming protons from the particle beam, drawn as green
ovals, collide. Interactions occur between constituent partons of the protons, drawn in blue. Two of
the partons interact with a high momentum transfer, producing two top quarks and an H boson. The
top quarks radiate gluons, drawn as red helices, before decaying via the emission of W bosons, the red
sine waves. Quarks and gluons, drawn as red solid lines, continue to radiate more and more gluons,
resulting in an extensive parton shower. The parton shower ends locally wherever photons, leptons, or
neutrinos, all drawn in yellow, are created. When quarks and gluons in the parton shower reach the
nonperturbative QCD energy regime, they hadronize. The resulting heavy hadrons, drawn as light
green ovals, undergo decays until only photons, leptons, neutrinos, and light hadrons are left. Hadrons
are represented as ovals instead of circles to illustrate the effects of time dilation in the laboratory
reference frame where the collision is observed. Aside from the red hard scattering, the constituent
partons of the initial protons undergo several softer interactions which are drawn in purple. This is
the underlying event, which alters the observed kinematics of the hard scattering and produces soft
final state particles that might overlap with those originating from the hard scattering .
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Here a and b represent the possible initial state particle types in each colliding hadron h; and
ho, x the momentum fraction of the mother hadron carried by a parton, f the parton distribution
functions of the hadrons, pr and pr the QCD factorization and renormalization scales, and do’, .
the fully differential parton level cross section for producing the final state n from the initial state
partons a and b. In the second step the equation is rewritten in terms of the differential phase space
element d®,, and the matrix element M;_,, of the interaction, which can be obtained by summing
all Feynman diagrams up to a desired order. The matrix element itself can be split into sub matrix

elements for different parton helicities h; and colors ¢; as:

’Mab—>n|2 ((I)ny HE, NR) = Z |Mab—>n|2 ((I)n, hia CishF, MR) . (310)

hi,cj

When simulating collision events one typically samples random initial state parton types, helicities,
and color states [152].

Depending on their nature, the final state particles from a hard scatter interaction continue to
radiate photons and gluons after their creation. Unlike photons, gluons have self interactions because
of the nonabelian nature of QCD (Section. This implies that radiated gluons themselves continue
to radiate gluons in a rapidly expanding cascade. This phenomenon is known as a parton-shower, an
evolution from a high energy scale to lower and lower energies through the radiation of an increasing
number of gluons. The modeling the parton shower is the second stage in the simulation of collision
events.

Showering continues until the nonperturbative regime of QCD is reached. At this point colored
gluons and quarks in the collision hadronize into colorless hadrons. Predictions can no longer be
directly made from first principles in this regime, and phenomenological models must be used. The
work presented here exclusively uses different versions of the PYTHIA program to simulate the parton
showering and hadronization stages of collision events. To describe hadronization, PYTHIA uses a
string model in which the potential between two quarks increases linearly with their distance. This
is motivated by the fact that the QCD field lines between two quarks attract each other because of
gluon self interactions. When two quarks travel apart with relatively high momentum, they can reach
a point where the energy stored in the gluon string is large enough to create a new quark-antiquark
pair. This eventually results in the formation of hadrons [40]. Many of the hadrons resulting from the
hadronization of high energy quarks and gluons are heavy and unstable. These hadrons decay, and
their decay products might in turn decay as well. This chain of decays continues until all hadrons in
the collision event are relatively light and stable on the timescale of interactions with the detector.
The modeling of the hadronization and the subsequent decays of the formed hadrons is the third
essential step in simulating collision events.

In the hard scattering process typically only two partons interact with a high momentum transfer.
This leaves behind colored proton remnants. These fragments also undergo hadronization. In addi-
tion, other partons inside the proton often undergo interactions, albeit usually with a lower momentum
transfer than the hard scattering interaction. The combination of the hadronization of proton frag-
ments and secondary interactions between partons in the protons is called the underlying event. The
underlying event alters the kinematics of the particles from the hard scattering process. In addition, it
results in low momentum particles that can have small spatial separations from those originating from
the hard scattering. An accurate simulation of the underlying event is yet another crucial ingredient
in simulating realistic collisions events [153].
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The generation of a complete pp collision is in essence a Markov chain. Each stage in the simulation
chain depends on the one that came before it, and at each step random numbers are generated with
Monte Carlo (MC) methods to decide what happens. The extensive use of MC techniques in collision
event generation is the reason simulated events are often referred to as MC events.

In this dissertation all samples of simulated collision events are produced by using a dedicated
program to do the matrix element computations of the hard scattering interactions. All important
SM processes are simulated at next-to-leading order (NLO) in perturbative QCD. An overview of
SM processes that are of particular relevance to the work in this dissertation is given in Section [6.3
Diboson production processes are simulated with the POWHEG v2 generator [154-157]. The only
exception to this is the gluon fusion process resulting in two Z bosons, which is simulated with
MCFM [158]. The simulation of all other SM processes uses the MADGRAPH5_aMC@NLO program [159,
160]. Version 2.2.2 (2.4.2) of MADGRAPH5_aMC@NLO is used to simulate collision events corresponding
to 2016 (2017 and 2018) data-taking conditions. Some minor backgrounds that make up less than
1% of the total background in each of the presented analyses, are simulated at leading order (LO) in
perturbative QCD. The same versions of the MADGRAPH5_aMC@NLO generator as listed above are
used in these simulations.

The modeling of the parton shower and hadronization stages of collision events under 2016 (2017
and 2018) data-taking conditions is handled by the pyTHIA 8.212 (8.230) [161] generator with the
CUETP8M1 [162,|163] (CP5 [164]) underlying event tune. When combining dedicated matrix element
computations with a parton shower simulator, double counting of partons must be eliminated. This
is resolved with the FxFx [165] (MLM [166]) matching scheme in simulation samples generated at
NLO (LO) precision in perturbative QCD. The parton distribution function sets used in the simulated
collision events are NNPDF 3.0 [167] (3.1 [168]) at NLO (next-to-NLO) for simulated collisions under
2016 (2017 and 2018) data-taking circumstances.



Chapter 4

CMS detector

“When one relies on sight to perceive the
world, it is like trying to stare at the galaxy
through a crack in the door.”

Kreia, Knights of the Old Republic II: The
Sith Lords

An ambitious high luminosity and high energy collider like the LHC requires equally advanced
detectors to achieve its physics goals. The CMS detector is a general-purpose particle detector sur-
rounding one of the interaction points where the LHC’s beams collide [169]. It has a cylindrical design,
consisting of a barrel section and two endcaps, to cover as much of the solid angle around the LHC
collisions as possible. The detector is structured as a series of concentric layers of subdetectors around
the interaction point. Each layer aims to provide detailed measurements of the properties of particular
types of particles emerging from the interaction point. The tracking detector is situated closest to
the interaction point, followed by the calorimeters, and the muon system [137, [143]. The combined
information of all these subdetectors is used to identify and reconstruct the particles that traverse the
detector, the topic of Chapter [5

Several characteristic features allow CMS to accomplish the physics goals of the LHC. The detec-
tor has a superconducting solenoid magnet providing a 3.8 T axial magnetic field. This facilitates the
precise measurement of the momenta of muons and other charged particles. Fully silicon based inner
tracking detectors make the efficient reconstruction of charged hadrons in the dense collision envi-
ronment possible. Meanwhile, an electromagnetic calorimeter based on scintillating crystals provides
a good energy resolution for photons and electrons [169]. A schematic representation of the CMS
detector is shown in Fig.

Given the pp inelastic cross section [148|, more than one billion such interactions are expected to
occur each second while the LHC is colliding protons at a luminosity of 2 - 103* cm=2s~! [149] and
a center of mass energy of 13 TeV. This event rate has to be reduced to the order of 1000 events
per second to make storage and subsequent analysis of the data possible. This poses a formidable
challenge which CMS tackles with a two-tiered trigger system [169].

Section {4.1]introduces the coordinate system typically used at CMS, and throughout this disserta-
tion. Section [£.2] defines two important quantities used to describe collision events. A brief description
of each of the subsystems of the CMS detector follows. Section [4.3] introduces the superconducting
magnet, Section [£.4] covers the tracking detectors, sections and [4.6] respectively describe the elec-
tromagnetic and hadronic calorimeters, and the muon system is presented in Section The trigger
system is introduced in Section[4.8] Lastly, the simulation of the CMS detector is succinctly presented.

35
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Figure 4.1: View of the CMS detector showing the different subdetectors \|
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Figure 4.2: Coordinate system used in the measurement of particles traversing the CMS detector. The
vector p represents the momentum of a particle originating from the center of the CMS detector. All
coordinate symbols are defined in Section

4.1 Coordinate system

An appropriate coordinate system in which particles crossing the CMS detector are measured must
be defined. Here we introduce the coordinate system commonly used in the analysis of CMS data,
and throughout this dissertation. An illustration of the coordinate system is given in Fig. [1.2]

The origin of the coordinate system is defined as the nominal beam interaction point at the center
of CMS. The z axis points from CMS to the center of the LHC, the y axis points upwards from the
center of the earth towards the sky, and the z axis is tangential to the direction of the beam at the
interaction point. The coordinate system is right-handed. The azimuthal angle ¢ is defined from
the positive x axis around the beam direction, and the polar angle 6 is measured starting from the
positive z axis. Vector components in the xy plane are called “transverse”, while “longitudinal” refers
to vector components along the Z direction. The transverse (pr) and longitudinal (pr,) momenta of a
particle are given by:

pr =p-sinf (4.1)
pL = p - cosb. (4.2)

When the term transverse momentum is used in the rest of the dissertation this might refer to the
scalar pr introduced above, or a vector in the transverse plane. The meaning will be clear from the
context.

The center of momentum frame of partons that interact in an inelastic pp collision is a priori
unknown. The coordinate system must make it easy to handle boosts along the proton beam axis.
The rapidity of a particle, defined as:

1 E+pL
yzfln 3
2 E-pL

(4.3)

with energy F, is suitable for this purpose. Differences in rapidity have the convenient property
of being invariant under longitudinal transformations. Additionally, the particle production rate in
hadron colliders does not drastically change as a function of the particle rapidity [171]. The rapidity of
a particle however depends on its energy, making it impractical as a coordinate for expressing particle
directions. Instead, the approximation of rapidity in the massless limit, pseudorapidity, is used:

n= Ly ot [tan <§>] (4.4)

2 \ﬁ]—PL
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Pseudorapidity only depends on the polar angle, and given the large collision energies at the
LHC, the massless limit holds well for final state particles. Consequently, pseudorapidity ranges are
approximately invariant under longitudinal boosts. Purely transverse particles have n = 0, while
In| approaches infinity as particles become aligned with the direction of the LHC beams. Angular
separations between particles are usually expressed in terms of the quantity AR:

AR = /A2 + A2, (4.5)

which is nearly invariant under longitudinal boosts. The kinematics of particles are typically given
in therms of their pr, 1, ¢, and energy.

4.2 Missing transverse momentum and impact parameters

Before starting the description of the CMS detector, some concepts which are used repeatedly in the
rest of the dissertation are introduced. A good handle on these quantities is an important design
consideration for the detector.

Collisions events of interest typically involve a high degree of momentum transfer between two
partons (Section . These partons generally do not have equal momentum. When neutrinos or
hypothetical particles that only interact weakly are produced in a collision event, they almost invariably
escape detection. It is therefore impossible to know what the center of momentum of an observed
collision is in the longitudinal direction because weakly interacting particles might have been produced.
In the transverse direction however, the total momentum is approximately zero since the transverse
momenta of interacting partons are negligibly small compared to their longitudinal momenta. This
means that the momentum balance in the transverse plane can be used to infer the presence of escaping
particles. The negative vectorial sum of the transverse momentum components of all observed particles

in an event is called the missing transverse momentum (pp™"):

P = — > pi (z)] - (4.6)

r€observed particles in event

Fig. illustrates the concept. The magnitude of the missing transverse momentum is referred
to as pPF’iSS. It is an important quantity in the search for many hypothetical particles, as well as in
the measurement of SM processes, particularly those that involve leptonically decaying W bosons.
All of the analyses presented in this dissertation use p1™ and other quantities that depend on it.
Equation in the next chapter introduces a refined version of the simple p™ definition given in
Equation The correction ensures that the detector response to hadronic jets is properly taken
into account.

Another important notion is that of an impact parameter. The impact parameter of a particle
with respect to a collision vertex is the closest approach of the extrapolated particle trajectory to the
vertex. It can be used to identify the decay products of particles that have a significant lifetime. If
a particle travels a macroscopic distance through the detector and decays, its decay products usually
have positive impact parameter values. Impact parameters are, among other things, used in the
identification of b quark jets and leptons that do not originate from the decay of electroweak bosons.

For an illustration we refer to Fig. [5.5]in Chapter

4.3 Superconducting magnet

The CMS detector is named after its superconducting solenoid magnet. The magnet provides a
homogeneous axial magnetic field of 3.8 T inside of its coil. It is 12m long, with a diameter of 6 m,
and stores up to 2.6 - 10° J of energy. The tracking detectors and calorimeters are housed inside the
solenoid. The magnetic flux is returned through a 107 kg steel return yoke, which simultaneously serves
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Figure 4.3: Tllustration in the transverse plane of the missing transverse momentum vector p1™° in

an event with two observed charged particles x1 and x5 (blue solid lines), and two neutrinos that
escape detection (black dashed lines). The negative vectorial sum of the transverse momenta of the
two charged particles (blue dotted lines) forms p7™ (red solid line). From momentum conservation
in the transverse plane it can be inferred that escaping particles, the two neutrinos, were present in

the event.
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Figure 4.4: Layout of one quarter of the CMS tracking detector as of 2017 data taking. The pixel
detector is shown in green, and single- and double-sided strip modules in red and blue. Prior to 2017,
the pixel detector consisted of three layers in the barrel and two disks in the endcap [173].

as the absorber material for the muon system which is located outside of the solenoid. The return
yoke ensures a magnetic field strength in the muon system that is sufficient for a good momentum
resolution. A detailed description of the CMS magnet can be found in [169].

4.4 'Tracking detector

The tracking detector is the first part of the CMS detector encountered by a particle traveling from
the beam interaction point. This subdetector aims to provide a set of space point measurements that
probe the trajectory of charged particles, enabling a precise reconstruction of their path through the
detector. Because the solenoid magnet provides a uniform magnetic field across the volume of the
tracking detector, a precise measurement of the charge and momentum of a particle can be derived
from its reconstructed track. At luminosities of 2 - 103*ecm™2?s~!, more than 1000 particle tracks
are expected per bunch crossing, with a new bunch crossing occurring every 25ns. To cope with
this immense particle flux, the tracking detector is highly granular, has a fast response time, and
is resistant to the intense radiation environment. These goals are achieved in CMS by having the
largest all-silicon tracking detector in the world at the time of writing. The amount of material
used is as small as possible to limit the effects from multiple scattering, bremsstrahlung, and photon
conversions [169) [172]. The tracking detector consists of a pixel detector and silicon strip tracker, both
schematically drawn in Fig. 4.4 More details about these two components of the tracking detector
are provided below in sections [4.4.1] and [4.4.2l The reconstruction of particle trajectories from the
spatial measurements provided by the tracking detector is discussed in Section [5.1.1

4.4.1 Pixel detector

Given the large particle flux at small radii the innermost part of the tracking detector must be pixelated
in order for the occupancy to remain low. The pixel detector consists of pixel cells of size 100 x 150 pm?,
chosen to achieve a similar track resolution in both the (r,¢) and z coordinates. The small pixel size
makes for a typical occupancy of 10™* per cell.

The proximity of the pixel detector to the interaction point minimizes the effects of multiple
scattering and extrapolation uncertainties in reconstructed particle trajectories. The measurements
from the pixel detector are therefore essential for seeding tracks that are to be reconstructed, and for
identifying secondary vertices from long lived particles such as b hadrons. The pixel detector covers
the longitudinal range |n| < 2.5, and extended from radial distances of 4.4 cm to 10.2 cm prior to 2017
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data taking. Back then it consisted of three layers in the barrel and two disks in each endcap. In this
way the pixel detector provided three high precision space point measurements per particle [169].

The original pixel detector was designed to operate at a luminosity up to just 1-103 cm=2?s~!, half
of what the LHC managed to attain during Run 2. For this reason a new, lighter, pixel detector was
installed after 2016 data taking. The size of the pixels remained identical, but the amount of pixels
in the detector was roughly doubled. Meanwhile, the amount of material in the tracking detector
volume was approximately halved. The new detector has four layers in the barrel and three disks in
each endcap, and extends up to a radial distance 16.0 (16.1) cm in the barrel (endcap) region. The
reduced material budget and additional measurement layers increase the resolution of all parameters
of reconstructed particle tracks. A direct result is more efficient vertex and track reconstruction, with
lower misidentification rates [174]. At a luminosity of 2 - 103 cm™2, the first pixel layer in the barrel
has a hit efficiency of 97.5%, while other layers have a hit efficiency surpassing 99%. The spatial
resolution of the pixel detector is about one tenth of the size of the individual pixels [175]. More
details on this are given in Section

4.4.2 Silicon strip tracker

The hit rate density in the tracking detector decreases with the square of the distance from the
interaction point. This makes it feasible to use silicon strips instead of pixels at a sufficient distance
from the interaction point. The silicon strip detector extends from radii of 20 to 116 cm, and has
the same longitudinal coverage as the pixel detector, up to |n| < 2.5. In the barrel, the silicon strips
run parallel to the beam axis and provide measurements of the r and ¢ coordinates of traversing
particles. The endcaps hold concentric rings of strips that go radially outwards along their long axis.
In this way each strip provides a measurement of the ¢ and z coordinates of traversing particles. This
configuration is illustrated in Fig. Strip modules partially overlap each other and the distance
between them, or “pitch”, is always 25% of the width of a strip. The strip tracker consists of several
distinct parts, succinctly described below [176].

The Tracker Inner Barrel (TIB) and Tracker Inner Disks (TID) consist of four layers in the barrel
and four disks in each detector endcap, extending up to radial distances of 55 cm from the interaction
point. Strips with a length of about 117 mm and a pitch of 80 to 120 ym (100 to 141 um) are used in
TIB (TID). With these strip dimensions the maximal occupancy is 2-3%. The TIB and TID provide up
to four position measurements along the trajectory of a traversing particle, with a resolution ranging
from 13 to 38 um. The resolution decreases with increasing strip pitch [169, 177].

The Tracker Outer Barrel (TOB) has six layers of strips, reaching up to a radial distance of 116 cm
from the interaction point, and up to 118 cm in the longitudinal direction. A larger strip pitch, 122
to 180 um, and length, 183 mm, are used here. Nevertheless, the resulting occupancy is only about
1%, due to the reduced hit density further from the interaction point. Six (7, ¢) measurements are
provided by TOB per traversing particle, with a resolution of about 18 to 47 um [169, |176|, 177].

The Tracker EndCaps (TEC) cover both forward regions at 124 < |z| < 282 cm and radial distances
of 22.5 to 113.5cm. They consist of nine disks in each endcap, every disk made up of 7 concentric
rings of radial silicon strips. The TEC strips have pitches ranging from 97 to 184 um, and lengths of
85 to 200 mm. Up to nine (z, ¢) measurements per traversing particle are provided by the TEC, with
a resolution that is almost identical to that of the TOB [169, [177].

The first two layers of TIB and of TOB, as well as rings one, two, and three of TEC consist of
double-sided strip modules. In such a double-sided strip module, the second module is rotated with
respect to the first in the plane of the module. The rotated module layer provides a measurement
of z (r) coordinate in the barrel (disks). The resolution in the additional coordinate measurement is
one order of magnitude worse than the resolution in the primary coordinate. Each particle track is
expected to be sampled at least nine times by the strip tracker, if the particle is within |n| < 2.4. Four
or more of these measurements are expected to be from double-sided strip modules [169].
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Figure 4.5: Transverse cross section of a quarter of the CMS ECAL detector [178].

4.5 Electromagnetic calorimeter

The Electromagnetic Calorimeter (ECAL) identifies and absorbs photons and electrons. It is located
around the tracking detector and consists of a barrel and two endcaps that each have a preshower
detector. A schematic of the ECAL is drawn in Fig. Upon entering the ECAL, an energetic
electron radiates bremsstrahlung photons, while photons convert into electron-positron pairs by inter-
acting with the material in the ECAL. The subsequent photons and electron-positron pairs continue
to interact with the calorimeter in the aforementioned way until they no longer have sufficient energy.
This process gives rise to an electromagnetic shower [169].

One of the driving requirements in the design of the ECAL was the ability to discover the H
boson in its decay two photons. This requires a granular and radiation resistant detector with a fast
response time. These criteria are met by constructing a calorimeter out of lead tungstate (PbOy)
crystals. The small Moliére radius of the material, meaning it has the tendency to produce collimated
electromagnetic showers, facilitates a high granularity. In addition, lead tungstate has a high density
and short radiation length of 0.89 cm, which makes it possible to build a compact calorimeter that can
contain high energy electromagnetic showers. The response time of the crystals is also adequate. Their
scintillation time is similar to the time between LHC bunch crossings. About 80% of the scintillation
light in the ECAL is emitted within 25ns from the initialization of a shower [169].

The ECAL barrel (EB) has a pseudorapidity coverage of || < 1.479, and has a 360-fold (170-fold)
granularity in ¢ (n), bringing the total number of crystals up to 61200. Every crystal covers an area
of approximately 0.0174 x 0.0174 in (n, ¢) space, and has a length of 230 mm, corresponding to 25.8
radiation lengths. An avalanche photodiode is mounted on the back of each crystal to capture and
amplify scintillation light from absorbed particles [169].

Pseudorapidities within 1.479 < |n| < 3.0 are covered by the ECAL endcaps (EE). Each of the
endcaps contains 7324 crystals, with cross sections of 28.6 x 28.6 mm? in the front and 30 x 30 mm?
in the back. The constant surface area in Cartesian coordinates means the EE granularity becomes
coarser in (7, ¢) space with increasing pseudorapidity. The crystals all have a length of 220 mm, or 24.7
radiation lengths. The photodetectors of choice for the EE crystals are vacuum phototriodes [169].

A preshower detector covers the front of the EE at pseudorapidities in the interval 1.653 < |n| < 2.6.
The goal of the preshower detector is to distinguish photons from boosted 7% — v decays, which
might otherwise be misidentified as high energy photons. Additionally, the preshower improves the
positional resolution for electrons and photons, and helps to distinguish electrons from minimum
ionizing particles. The preshower detector is made up of two layers, each a lead radiator followed
by silicon strip sensors. The radiators initiate electromagnetic showers, whose transverse profile and



4.6. HADRON CALORIMETER 43

CMS Preliminary Run 2 (13 TeV)
m 0.06_ T T T T ‘ T T T T |I T T T g T T T T I T T T T

- - Inclusive ; : N
w - : H ]
© 0.05 2016 O
[ —e— 2017 F —
C ., 5 a = S
0.04f " 2018 , o
N ' ' :—0—5 _._—0—:
0.03[ i#—ﬁ -
- i = -
0.02[ogegte -
0.0 -
O: 1 1 1 Ii I 1 1 | 1 I I: 1 1 1 I 1 1 1 1 I 1 1 1 1 ]

0 0.5 1 15 2 2.5

Supercluster |n|

Figure 4.6: Relative energy resolution of the ECAL for electrons from Z — ee decays in unfolded bins
of |n| for each of the Run 2 data-taking years. The figure includes both electrons that emitted low
and high amounts of bremsstrahlung |180].

energy deposits are measured by the silicon sensors [169].

The large amount of ionizing radiation experienced by the ECAL during LHC operation results
in the production of color centers in the crystals. The color centers can absorb a fraction of the scin-
tillation light and result in a wavelength-dependent loss of scintillation light transmission throughout
data taking. The effect is corrected for by measuring the optical transparency of the crystals with
laser pulses |169} 178, 179].

The relative energy resolution of the ECAL can be measured in Z — ee decays. An unbinned
maximum likelihood fit to the reconstructed Z boson mass distribution using a Breit-Wigner distribu-
tion convoluted with a Gaussian as the signal model, gives the ECAL resolution as the width of the
Gaussian. Such measurements are done in unfolded |7| bins as shown in Fig. 4.6, For electrons from
Z decays the relative energy resolution varies between 2% in the barrel and up to 5% in the endcaps.
The ECAL resolution remained relatively stable during Run 2, regardless of the large LHC luminosity
in 2017 and 2018 and the resulting reduction in crystal transparency [180]. The outstanding energy
resolution of the ECAL enables a precise measurement of the H boson mass in H — ~~ decays, as
demonstrated in [181].

4.6 Hadron calorimeter

The Hadon Calorimeter (HCAL) is designed to stop high momentum hadrons and measure their
energy. This is essential for the reconstruction of hadronic jets and to make the detector hermetic.
The latter enables the reconstruction of p™*, crucial for gauging the momentum carried away by
weakly interacting particles [169, [182]. The HCAL consists of four major sections, shown in Fig. 4.7]
Most of the HCAL is located inside the coil of the superconducting solenoid, around the ECAL.

The HCAL barrel (HB) and HCAL endcaps (HE) are sampling calorimeters, respectively covering
the pseudorapidity intervals || < 1.3 and 1.3 < |n| < 3.0. Brass absorber plates are used to initiate
hadronic showers: Incoming hadrons interact with the nuclei in the material, producing more hadrons,
which continue to interact with the material, as well as photons and electrons which trigger electro-

magnetic showers. The absorber plates are intertwined with plastic scintillators, equipped with silicon
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Figure 4.7: Longitudinal cross section of one-fourth of each of the HCAL subsections showing the
tower segmentation. Different colors represent the grouping of the scintillator layers for readout [183].

photomultipliers [174], which sample the hadronic showers.

The hadronic shower samples can be used to determine the total energy of the shower. Brass is the
material of choice for the absorber plates because of its lack of ferromagnetic qualities and its short
hadronic interaction length (A7) of 16.42cm. The total interaction length of the absorber material
in HB is limited by the amount of space between the ECAL and the coil of the solenoid magnet.
This increases in the longitudinal direction, going from 5.82 A; at || = 0 up to 10.6 Ar at |n| = 1.3.
The ECAL adds another 1.1 A; of material. In the endcaps the total calorimeter length, including
the contribution from the ECAL, is about 10 interaction lengths. Both HB and HE are divided into
towers with a granularity of An x A¢ = 0.087 x 0.087 at |n| < 1.6 and An x A¢ ~ 0.17 x 0.17 at
higher |n|. This segmentation is substantially coarser than that of the ECAL.

The stopping power of the HB and EB combination in the central region is insufficient to fully
contain hadronic showers from high energy jets. To capture the escaping tails, the outer HCAL (HO)
is installed. Scintillators are added beyond the magnet coil, which serves a double purpose as an
absorber. Around |n| = 0 where the total absorber length is lowest, an additional 19.5 cm thick piece
of iron is placed on top of the scintillators with a second layer of scintillators behind it. After including

the HO, the total calorimeter has a minimum depth of 11.8 A, except at the boundary between barrel
and endcaps.

Forward coverage up to || < 5 is provided by the forward HCAL (HF). This region experiences
extremely high radiation levels, in particular at the largest |n| values. The primary design consideration
for HF is the ability to survive this hostile environment. Steel absorber plates, with quartz fibers
running through them in parallel to the beam, are used to make a Cherenkov calorimeter. The
electromagnetic component of the hadronic showers emits Cherenkov light in the quartz fiber, a small
fraction of which is captured [169, 174, [179| 183].
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Figure 4.8: Longitudinal cross section of one-fourth of the CMS detector, with the different parts of
the muon system highlighted: Drift tubes in yellow, resistive plate chambers in blue, and cathode

strip chambers in green [184].

4.7 Muon system

Muon is the middle name of CMS, a highlight of the importance of muons to the CMS physics program.
It is relatively straightforward to identify muons with high efficiency and precision, and to measure
their momentum with good resolution. This makes them a tool of choice to tag all kinds of interesting
physics, ranging from the H boson, to top quarks, to hypothetical supersymmetric particles, and more.
Muons are of paramount importance in the analyses included in this dissertation. The focus of the
work is on events with multiple leptons, out of which muons are identified with the highest efficiency.

The muon system is the outer layer of the CMS detector. It is located outside of the solenoid volume
and housed in the return yoke of the magnet. Its cylindrical form, with a barrel and two endcaps, is
guided by the shape of the solenoid. The sheer amount of material preceding, and interleaved with,
the muon system makes punchthrough of hadrons rare. This results in an outstanding capacity for
identifying muons. The powerful CMS magnet also leads to an excellent momentum resolution for
muons. The muon system is made up of three types of gaseous detectors that cover different parts of
the pseudorapidity range, indicated in Fig. [£.8 A vast area is covered by the muon system, much of
it relatively inaccessible, so the detectors have to be cost-efficient and long-lasting 174).

The barrel section of the muon system uses drift tube (DT') chambers and covers the pseudorapidity
region |n| < 1.2. A DT is a gas-filled tube containing a charged wire. Upon passage, muons ionize
the gas and the resulting electrons drift towards the wire. The position along the wires where a muon
hits, together with the distance between the muon and the wires, give two dimensional measurements
along muon tracks. The distance is calculated from the speed of electrons in the gas . The
electron drift-time in DTs ranges up to 400 ns, much longer than the time between bunch crossings in
the LHC. This makes DTs mainly useful in the barrel region where the muon rates and background
rates from hadrons are low, and the magnetic field is uniform. The barrel muon system consists of
four wheels, each holding four chambers. A chamber consists of three superlayers made up of several
layers of DTs with parallel wires. The outermost superlayers of each chamber give measurements in
the (r, ¢) plane, whereas the middle superlayer measures the (r, z) position. The positional resolution
of a hit is typically around 250 um in (7, ¢) and ranges from 250 to 600 pm in (r, z) |184].
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The region 0.9 < |n| < 2.4 is instrumented with cathode strip chambers (CSC). These consist
of positively charged cathode strips running radially outwards, and approximately orthogonal anode
wires, both contained in a gas volume. Muons knock electrons out of gas atoms, and the resulting
electrons flow to the anode wire, creating an electron avalanche. This results in measurements of muon
positions in the (7, z) plane. The positively charged ions flock to the cathode strips, giving a position
measurement in the (7, ¢) plane. The CSCs have a short drift path, meaning fast response times, and
they can be finely segmented. This makes them ideal at high pseudorapidities where the muon and
background rates are large. They are also able to cope with the nonuniform magnetic field in this
region. Each endcap is instrumented with four stations made up of trapezoidal CSC chambers. Each
chamber is made up of six layers, all giving two dimensional measurements of the muon position [169,
174]. The CSCs mainly measure positions in the (r,¢) plane precisely. This is the coordinate in the
magnet bending plane, used to determine the muon pp. The positional resolution increases from about
50 to 150 um with r, because of the increasing distance between cathode strips [184].

To be able to precisely assign muons to the correct bunch crossing at the high LHC luminosities, a
dedicated triggering detector made up of resistive plate chambers (RPC) is installed. A large voltage
is applied over two parallel plates made up of a high resistivity plastic, with a narrow gas gap in
between. Upon passage a muon ionizes the gas and causes an electron avalanche, which is able to
penetrate the plates to reach a set of detecting strips [186]. The RPCs used in CMS consist of two
such gas-gaps with readout strips between them. An RPC has a time resolution of about 1ns, much
smaller than the time between bunch crossings. Their spatial resolution, on the other hand, is worse
than that of DTs and CSCs, typically of the order of 1cm [184]. Both the barrel and part of the
endcaps are instrumented with RPCs in addition to the DTs and CSC. The coverage of the RPC
system extends up to |n| < 1.6 [169, 174].

4.8 'Trigger system

The LHC collides proton bunches with a rate of about 4 - 107 Hz, massively exceeding the amount
of collisions that can be stored and processed for further analysis. However, only a small fraction of
proton collisions are of interest to the CMS physics program. Interesting events are selected by a two-
level trigger system. Firstly, the Level-1 trigger (L1 trigger) makes fast decisions to reduce the event
rate to 10° Hz. The L1 trigger is implemented on custom programmable electronics. Events accepted
by the L1 trigger are read out and passed to the High Level Trigger (HLT), software running on a
farm of commercially available processors. During Run 2, the output rate of the HLT was typically
around 103 Hz [187, [188].

The L1 trigger uses data read out with coarse granularity from the calorimeters and the muon
system to quickly identify collision events that might come from a process of interest. Meanwhile, the
full resolution data is kept in a memory pipeline. The physics targeted by CMS ranges from measuring
properties of the H boson, to searching for new physics, studying QCD and much more. A number
of L1 trigger trigger algorithms, each called a “seed”, target different physical scenarios. Production
of massive particles often result in one or more objects of high pp and low |n|. For this reason the
L1 trigger selects events containing muons, photons, electrons, and hadronic jets passing criteria on
their pr, and |n|, as well as events with a large scalar sum of particle transverse momenta or p%liss.
About 75% of the events selected by L1 trigger seeds are required to have one high-pr object, or two
such objects of the same kind. Seeds for muons and electrons are designed to efficiently select those
coming from the decays of W and Z bosons, or heavier hypothetical particles. These are of paramount
importance to the work presented in this dissertation. Other seeds require a combination of different
kinds of objects such as a lepton and a jet, or hadrons coming from a particular decay. Some seeds are
“prescaled”, meaning that only one in N events passing the criteria is accepted, with N the prescale
factor [188]. Triggers with prescaled seeds are used in this work for measuring the lepton fake rate, as
explained in Chapter [6]

The HLT has access to the readouts of all subdetectors in full resolution, including the tracking
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detector. It runs a version of the CMS reconstruction algorithms, which are introduced in Chapter
modified for computational speed. The HLT uses a set of “paths”, each of which is an ordered set of
processing steps that reconstruct and select particles. The subsequent steps increase in computational
complexity and events failing the selection at any step are discarded. Initial selections are based on
information from the calorimeters and the muon system, while later steps perform the computationally
demanding task of track reconstruction (Section . After passing all requirements specified in an
HLT path, an event is permanently stored and processed for physics analysis [169, 187]. The HLT
paths most important to the work in this dissertation are those selecting one or multiple electrons and
muons.

4.9 Detector Simulation

Simulating pp collision events by themselves is not enough to model the event yields one is expected
to observe in data collected with the CMS detector, or to design effective analyses of said data. A
detailed simulation of the entire detector, and the interactions between particles and the detector is
necessary. A GEANT4 [189] model of the CMS detector is used for these purposes. The GEANT4
software package can be used to build large geometric models made up of different materials, predict
the interactions particles undergo while traversing the detector material, model the effects of external
electromagnetic fields, and simulate the detector readout.

Collision events are first simulated with the procedures and software packages introduced in Sec-
tion[3.5] The generated particles are then passed through the GEANT4 simulation of the CMS detector,
resulting in readout signals similar to those obtained for real collision data. The simulated signals are
then processed with the same algorithms and software used on real collision data. The algorithms
used to reconstruct collision events are the subject of Chapter 5} A GEANT4 simulation of the CMS
detector is a part of all simulated collision events used throughout this dissertation. The only excep-
tion are the simulated signal events used in Chapter [9] which use an alternative simulation of the CMS
detector optimized for computational speed in favor of maximal accuracy. More details are given in

Section [0.2.4]
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Chapter 5

Event reconstruction

“Gentlemen, we have Tun out of money.
It’s time to start thinking.”

Ernest Rutherford

To reconstruct what happened in a pp collision event, the measurements from all the CMS sub-
detectors have to be interpreted in terms of the particles that induced them. To this end CMS uses
a particle-flow (PF) algorithm [190] which combines the information from all the subdetectors to re-
construct the individual particles that interacted with the detector during a collision event. Details
on the CMS implementation of the PF paradigm are given in Section This includes the recon-
struction of muons and electrons, central to this dissertation. Identifying those electrons and muons
that originate from the decay of electroweak bosons is of crucial importance in this work, but is not
covered in this relatively general chapter. This chapter exclusively summarizes existing methods and
includes no original work of my own. Details on the identification of leptons and the contributions I
made to the corresponding techniques are instead given in Section

Quarks and gluons produced in LHC collisions, with the exception of the top quark, develop a
parton shower and hadronize (Section . This results in collimated jets of particles. To infer the
properties of the initial parton, particles reconstructed by the PF algorithm are clustered into jets. The
clustering procedure is described in Section The energy scale and resolution of the resulting jets is
corrected for the nonuniformity and nonlinearity of the detector response. The correction procedure is
based on both simulations and pp collision data and is introduced in Section [5.3] The identification of
jets originating from b and ¢ quarks is the topic of Section Jet flavor identification is an important
tool for rejecting background events in the analyses of chapters [7] and [9] while it is used to tag signal
events in Chapter |8 The reconstruction and identification of hadronically decaying 7 leptons (7y,) is

described in Section [5.5] and is used in Chapter [9

5.1 Particle flow reconstruction

An overview of the signals induced by different particle types in the CMS detector is given in Fig.
Muons, electrons, and charged hadrons produce tracks in the tracking detector. Electrons and photons
are absorbed by the ECAL while forming an electromagnetic shower. Charged and neutral hadrons
begin showering in the ECAL, but are typically only absorbed in the HCAL. Muons tend to penetrate
the calorimeters, depositing a small amount of energy by ionization along the way, and produce tracks
in the muon system. Correlating the measurements made by all subdetectors to reconstruct individual
particles leads to an excellent event description, superior to what can be achieved when reconstructing
distinct types of particles by using different parts of the detector exclusively. In typical LHC collision
events over 1000 particles are produced, requiring a highly segmented detector for the application of
a PF algorithm. This condition is satisfied by the CMS detector [182].

A brief overview of the reconstruction of “PF elements” from the signals in individual subdetectors
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Figure 5.1: Transverse slice of the CMS detector showing how different types of particles interact with
each subdetector [191].

is given in sections [5.1.1] and [5.1.2l The combination of the different PF elements into a set of
reconstructed particles is discussed in Section [5.1.3]

5.1.1 Track and vertex reconstruction

The inner tracking detector and the muon system sample a succession of positions along a particle
trajectory. From these measurements we aim to reconstruct the path of the particle through the
detector. Many properties of a particle can be inferred from its trajectory, such as its pr, charge, and
direction. Track reconstruction commences by determining the positions of individual hits, some of
which are used to form track seeds. Starting from these seeds, a track finding procedure assigns hits
to tracks. When all hits in a track have been found a fit is performed to determine the parameters of
the track. The reconstructed tracks in an event can be combined to identify vertices, and from these
the beam spot is determined over many events. These subsequent event reconstruction stages are
explained in the following subsections. Most of the discussion about track finding and fitting applies
to both the inner tracking detector and the muon system.

5.1.1.1 Hit reconstruction

The first step in the track reconstruction process is the clustering of signals induced by particles that
traverse the tracking detector into a set of “hits”. A single particle typically deposits a charge in several
pixels when traversing a single layer of the pixel detector. Adjacent pixels with significant charge
deposits are aggregated into single hits. Subsequently, the position of each hit and the uncertainty
therein are reconstructed, where the position of the hit is where the particle crossed the detector.
During the final track fit, hit positions are determined from fits to templates derived in simulation.
The charge distribution in a pixel cluster is compared to a number of templates for particles crossing
the central pixel at different angles and in different positions. Several x? fits determine which template
matches the data best, thus establishing the hit position. This procedure can properly account for
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radiation damage in the tracker by generating new templates after some period of operation [177,/192].
During track seeding and track finding a faster procedure is used: The difference between the charges
deposited in the outermost cells of the pixel cluster yields an estimate of the hit position [177].

Signals in the strip tracker are clustered if several neighboring strips measure a significant charge.
The hit position is determined as a charge-weighted average of the strip positions in the cluster.
Several corrections are applied, in particular to account for Lorentz drift in the magnetic field [177].

The hit resolution in the pixel detector can be determined by comparing measured and expected
hit positions in particle tracks that are refitted without the hit under study. A resolution significantly
smaller than the size of individual pixels is found. In the strip detector multiple scattering tends
to amount to a larger effect than the hit resolution because the strips are further from interaction
point. The resolution measurement for strip detector hits is carried out with the same procedure as
for pixel hits, and accounts for the extrapolation uncertainty by comparing the residual differences
for overlapping modules. Also in this case, the hit resolution is found to be smaller than the strip
pitch [177].

5.1.1.2 Track finding and fitting

Once all hits are reconstructed they are used to estimate the trajectories of charged particles that
traversed the detector. Track finding is a pattern recognition procedure in which hits are classified
into groups originating from a common particle. After hits are associated to tracks, the tracks are
fit again with the goal of estimating their properties at the point of origin with a precision as high
as possible. The properties of tracks at their origin are the crucial piece of information for physics
analyses that the tracking detector provides. Tracks in the CMS tracking detector are approximately
helical because of the near uniform magnetic field inside the solenoid volume. Helical tracks can be
specified by five parameters: The three coordinates of their point of origin, their pt, and 6.

Kalman filters |[193] are the basic tool used for both track finding and fitting [194-196]. A Kalman
filter is an iterative fitting procedure that aims to predict the underlying state s; of a physical system
at different steps k in an independent variable. In the particular case of track reconstruction this means
estimating the parameters of the particle trajectory at each detector plane. At each step a measurement
is performed with a stochastic noise term from the measurement uncertainty that is assumed to be
independent between measurements. The state s; evolves dynamically between measurements and
is itself also subject to stochastic noise. For a track the evolution consists of ionization energy loss
and multiple scattering. For each measurement a Kalman filter estimates a prior by propagating
the physical state at the previous measurement to the current one with an underlying model. The
new measurement is used to update the prior and its covariance, and one obtains a refined estimate
of the physical state at the current step. For track reconstruction this propagator step consists of
extrapolating the particle trajectory from one measurement plane to the next. This procedure is
repeated until all measurements belonging to the system are processed. Here, until all hits induced by
the particle traversing the detector are processed. Fig. illustrates the basic steps in the application
of a Kalman filter to particle tracking. A more detailed description of Kalman filters can be found
in [197].

The track reconstruction procedure of CMS starts by forming track seeds from a small number
of hits and possibly a constraint on the origin of the track. The track seeds provide coarse initial
estimates of the track parameters, and they are iteratively extended by adding hits from subsequent
detector layers with the Kalman filter technique. During this stage a simple analytical propagator
function is used to extrapolate the tracks from one detector layer to the next. At each detector layer
only the few best track candidates, based on the track x? goodness-of-fit and the number of missing
hits, are retained to avoid a combinatorial explosion. Subsequently, the procedure is extended to
the next detector layer. This iteration continues until all track candidates satisfying certain selection
criteria are found. When two track candidates share a large amount of common hits only the best one
in terms of x? goodness-of-fit is kept [177].

The final step is the refitting of each track candidate. First a Kalman filter fit to a few of the
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Figure 5.2: Elementary steps in a Kalman filter. One starts with a tracked state at detector layer
k — 1 and a measurement at detector layer k (left). Given a propagation model, the state at k — 1 is
extrapolated to detector layer k, with an associated uncertainty estimate (middle). The extrapolated
state and the measurement at layer k are combined to make an estimate of the state at detector layer
k (right) [198].

innermost hits of each track is done. The resulting track state and an upscaled covariance matrix are
used to initialize a second Kalman filter that processes all hits in the track. The result of this fit is once
again used as an initialization, also with an increased covariance, to start a third fit that processes the
hits in reverse order. The final parameters of the track at each point are given by a weighted average
between the results of the inward and outward going fits, yielding an optimal result at each point.
The fitting step uses a highly detailed propagator function that numerically extrapolates the track,
taking into account material interactions and the nonuniformity of the magnetic field. The positions
of individual pixel hits are also refit during this stage with the increased knowledge about the tracks.
After being fit, each track is checked for spurious hits by examining the compatibility of hits with their
corresponding track. If any hits are removed from a track, it is fit again and the check is repeated, a
procedure which continues until no more hits are removed [177, (199].

To limit the number of fake tracks while simultaneously retaining a high reconstruction efficiency
for genuine tracks, CMS uses an iterative track reconstruction procedure. Stringent conditions are ini-
tially applied during track seeding, finding, and fitting. Hits associated to the reconstructed tracks are
masked, and the entire procedure is repeated several times with gradually loosening quality criteria.
At first, high-pr “prompt” tracks, coming from the primary pp interaction vertex, are reconstructed.
Later iterations focus on lower pr tracks, and on particles displaced from the primary interaction
vertex. Without this iterative algorithm very stringent selection criteria would have to be applied
because the combinatorial background in track finding increases exponentially as the selection is loos-
ened [177)/182]. Applying such stringent requirements would limit the track reconstruction efficiency
considerably.

5.1.1.3 Electron tracking

Electrons radiate much of their energy when traversing the tracking detector, and the distribution of
the energy loss is highly nongaussian. The Kalman filter approach used for general track finding and
fitting assumes Gaussian noise terms and does not perform as well for electrons. Tracks that might
originate from electrons are identified and refit with the Gaussian sum filter (GSF) algorithm [200].
In GSF the nongaussian energy loss of electrons, described by the Bethe—Heitler distribution [201], is
approximated as a sum of several Gaussian components. A potential electron track is represented as
a set of helical track elements, each corresponding to one of the Gaussian energy loss functions. The
trajectory components all carry a weight that represents the probability this component describes the
true electron trajectory. At every tracking detector layer the energy of the track is decreased and
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its uncertainty increased following one of the Gaussians making up the total energy loss function.
The track information is updated with the Kalman filter approach. This process is repeated for
each energy loss component individually. So at every detector layer a trajectory is split into several
trajectory elements, each of which is further propagated in the same way. To avoid an exponentially
increasing number of trajectory components, the ones with small probability weights are merged or
removed at each detector layer.

The initial identification of electron tracks that are to be fit with the GSF algorithm happens in
two ways. The first is to build electron “superclusters” in the ECAL that consist of several clusters
(Section with similar 7 but spread out in ¢ to account for the bending of electrons in the
magnetic field. The location and energy deposited in such a supercluster, together with the knowledge
of the beam spot (Section , can be used to identify tracks compatible with the supercluster. The
second method finds ECAL clusters compatible with tracks extrapolated from the tracking detector to
the ECAL. These tracks must pass several quality requirements to be considered as electron seeds. To
do the extrapolation, a GSF fit with up to five Gaussian energy loss components is used to improve the
track finding for potential electron candidates. The track collections obtained using both approaches
described above are merged into a single collection of electron track candidates. After electron track
candidates and their corresponding hits have been found, a GSF fit with up to twelve energy loss
components is carried out to determine the final track parameters [177, (182, 202} 203].

5.1.1.4 Muon tracking

Muon track reconstruction combines the information from the inner tracking detector and the muon
system. Three types of muon candidates are defined:

¢ standalone muon: Track segments are built from hits in the CSC or DT detectors, and used to
seed track finding in the muon system. After finding all DT, RPC, and CSC hits corresponding
to the muon track, it is fit again. This results in the final standalone muon track.

¢ global muon: Standalone muon tracks are combined with compatible tracks in the inner track-
ing detector. When a suitable combination is found, the entire track is refit, including all hits in
the tracking detector and the muon system. This results in a global muon track. Because of the
large lever arm in the muon system, global muon tracks can improve the momentum resolution of
tracking detector tracks for pr values in excess of 200 GeV, despite the much coarser granularity
of the muon system.

e tracker muon: When an extrapolated tracking detector track matches track segments in the
muon system, the tracking detector track is considered a tracker muon track. Muon system
track segments are short straight-line tracks through the multiple layers of a CSC or DT detector
chamber.

Muons that penetrate several muon detector planes tend to be reconstructed as global muons. Low
pT muons might fail this selection due to scattering on the steel return yoke of the magnet. These
are usually recovered as tracker muons. Muons without a track in the inner tracking detector can still
be reconstructed as standalone muons. These tracks usually have a substantially worse momentum
resolution and cosmic ray muons produce background tracks [177, |182, [184].

5.1.1.5 Vertex reconstruction

Once all tracks in an event are reconstructed they are combined to find the positions of the primary
pp interaction vertices. A primary vertex is a vertex corresponding to an interaction between protons
from the LHC beams. When multiple pp interactions happen in a single bunch crossing (Section ,
it is important to be able to associate the observed final state particles with the different vertices.
Secondary vertices originate from the decay of particles that have a sufficient lifetime to travel a
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macroscopic distance from their origin before decaying. The distinction between primary vertices and
secondary vertices is important. This will become clear in Section [5.4}

Primary vertex reconstruction happens in three steps: Selecting good tracks, clustering the tracks
coming from the same vertex, and fitting the positions of the vertices.

Good quality tracks are selected based on the number of hits they have in the pixel and strip
tracking detectors. Additionally, they are required to have a small transverse impact parameter relative
to the center of the beam spot. The reconstruction of the beam spot is the subject of Section [5.1.1.6

Primary pp interaction vertices are identified by clustering the selected tracks by their z coordinate
at their point of closest approach to the beam center. The clustering is done with a deterministic
annealing algorithm [204]. Such an algorithm aims to find a global optimum in a problem with many
degrees of freedom by modeling it like a physical system cooling off to an energy minimum through a
series of temperature reductions. The vertex positions at “temperature” T" are obtained by minimizing
a quantity reminiscent of free energy in statistical mechanics:

tracks vertices track vertex 2
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& are the z coordinates of tracks at their closest approach to the beam spot, o; . the
corresponding uncertainty, and z}°"*** the vertex z positions. Vertices are assigned a weight pj rep-
resenting the number of overlapping vertices at the same position. After minimizing this equation, a
track ¢ is assigned to a vertex k with probability:
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in which the denominator is a normalization factor. Minimizing Equation effectively corre-
sponds to minimizing the log-likelihood of the assignment of tracks to vertices.

The algorithm starts with a single vertex and a very high temperature T'. Because of the smearing
of the resolution o; . by VT tracks are equally likely to originate from any vertex at the early stages of
the algorithm. The temperature is gradually decreased and at each step the free energy is minimized
with respect to z,‘éertex and pp to determine the vertices and their positions. When the minimization
reaches a saddle point and can no longer continue, stale vertices are replaced by two nearby vertices
before further decreasing the temperature.

The algorithm ends up assigning tracks to vertices and finds the number of vertices and their
positions. The temperature decreases down to a value of T},;, that is fine tuned to result in the
correct identification of as many vertices as possible, while not incorrectly splitting up single physical
vertices. After reaching T,:n, the temperature continues to be lowered to improve the assignment p;
of tracks to vertices, but without further splitting of vertices. During this step a term exp (—u?/T)
is added to the inner summation of Equation [5.1] to reject outliers by cutting off the assignment
probabilities of Equation [5.2l To further reduce the remaining outliers, vertices with less than two
tracks not compatible with any other vertex are removed. Tracks connected to removed outliers are
assigned to other vertices by carrying out the minimization of F' from Equation [5.1| once again.

After the vertices have been identified and tracks have been assigned probabilities to originate from
different vertices, vertex positions and covariance matrices are determined with an adaptive vertex
fit [205]. Each track is assigned a weight during this fit to represent the likelihood that it originates
from the vertex being fit.

The probability of having two interesting hard scattering interactions in a single bunch crossing is
minuscule. So a single vertex, the leading primary interaction vertex, is chosen in analyses from which
the objects of interest are supposed to originate. The leading primary vertex is chosen to be the one

— miss

with the highest p% sum over the tracks and pr associated to this vertex |[177]. In later chapters
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primary vertex will refer to the leading primary vertex and not to any of the pileup primary vertices,
unless otherwise specified.

5.1.1.6 Beam spot reconstruction

The beam spot is the profile of the luminous region of the detector where the LHC beams collide. It
is an average over many events, and the center of the beam spot is used to anticipate the primary
interaction region before vertex reconstruction, and to provide additional constraints during track and
vertex reconstruction. Knowledge of the beam spot is also useful to estimate the primary interaction
region in low multiplicity collision events in which vertices can not be reconstructed with high accuracy.

The center of the beam spot is determined in two ways. In one method a likelihood fit to the
three dimensional vertex positions over many events is used to determine the shape and location of
the beam spot. In the second method the transverse impact parameters of tracks are parametrized
as a function of their longitudinal impact parameters and azimuthal angles. A correlation between
the transverse impact parameter and ¢ appears if the beam spot is displaced relative to its expected
position, and a fit of this correlation determines the transverse location of the beam spot [206]. The
second method is more precise but only yields the transverse location of the beamspot. Therefore
both methods are combined.

Aside from the aforementioned likelihood fit to the vertex positions, the transverse beamspot size
can be determined in a second way. When an interaction is displaced with respect to the center of
the beam spot, all particle trajectories from this interaction will have a nonzero impact parameter
relative to the beam spot. The correlation in these shifts provides the second means of determining
the transverse width of the beam spot, and the result is combined with that of the first method [177].

5.1.2 Calorimeter clustering

The calorimeters are essential in the reconstruction of electrically neutral particles, namely photons
and neutral hadrons. Calorimeter information also improves the energy estimation of charged hadrons
for which the track parameters are not accurately determined. This tends to be the case in the dense
core of high pr jets. The identification of electrons, with all their associated bremsstrahlung photons,
also relies on calorimeter input.

The PF algorithm groups energy deposits in the calorimeters into clusters. Calorimeter cells are
clustered separately in each subdetector: the ECAL, the preshower detector, and the barrel and two
endcaps of the HCAL. The clustering procedure starts by identifying a number of seeds, cells with
an energy deposit over a given threshold that is also larger than the deposits in neighboring cells.
Subsequently, topological clusters are grown by aggregating adjacent cells into the cluster if they have
energy deposits greater than double the expected noise level.

A single topological cluster can contain multiple seeds. Clusters corresponding to individual parti-
cles inside one topological cluster are reconstructed by postulating that N particles deposited energy
with a Gaussian profile, where N is the number of seeds present in the topological cluster. The pa-
rameters of the Gaussians are their position in the (7, ¢) plane and their amplitude. The width of
each Gaussian is a fixed value that depends the specific calorimeter in which the topological cluster
is found. An iterative algorithm first computes the fraction of the energy in each cell coming from
each of the Gaussian deposit profiles, while the parameters of the Gaussians are frozen. In a second
step a maximum likelihood fit determines the parameters of the Gaussians. At the first step the
algorithm initializes the fit with the energies and positions of the seeds inside the cluster. Thereafter
the above steps are iteratively applied until convergence. The final energy amplitudes and positions
of the Gaussians are the estimates of the energies deposited by particles in the calorimeter and the
direction from which they entered the calorimeter |182].

It is important that the energies of calorimeter clusters are well calibrated, in particular for the
reconstruction and identification of neutral particles whose clusters can overlap with those of charged
particles. The ECAL energy deposits are calibrated with simulated samples of photons so that the
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expected calibrated energy matches the true photon energy. A different parametrization is used in
barrel and endcaps, to account for the loss of energy to the preshower detector in the endcaps. The
corrections tend to be larger for low energy deposits because they are more sensitive to the energy
thresholds used in the clustering algorithm [182]. In a similar manner, HCAL clusters are calibrated
with simulated samples of neutral hadrons. The true energy of neutral hadrons is fit with a sum
of ECAL and HCAL energies with additional calibration functions preceding each term. A constant
term is added to the fit to account for threshold effects. The ECAL calibration found for hadrons is
substantially different from that of photons and electrons [182].

5.1.3 Information combination

When a particle traverses the CMS detector it is expected to give rise to PF elements in several
subdetectors. A charged hadron might for instance have a track, and clusters in both ECAL and
HCAL. A linking algorithm combines the PF elements from all subdetectors that are expected to
originate from the same particle. For each element, the nearest neighbors in the (n,¢) plane are
considered for linking [207]. For each link between elements a link distance is defined that quantifies
the quality of the link. All elements that are linked together form a particle flow block.

The first step in the linking algorithm is to extrapolate tracks from their last hit in the tracking
detector to the expected depth of the maximum of an electron shower in the ECAL, and to one
interaction length into the HCAL. If the extrapolated track falls within the area of a calorimeter
cluster, which is enlarged by one cell to account for several uncertainty sources, the track and cluster
are linked. If several HCAL clusters are connected to the same track, or several tracks to the same
ECAL cluster, only the links with the smallest distance are retained.

Bremsstrahlung deposits are linked to GSF electron tracks by extrapolating track tangents at each
layer of the tracking detector to the ECAL. If an ECAL cluster overlaps with an extrapolated tangent,
a link is created. Bremsstrahlung photons that converted to electron-positron pairs are identified by a
conversion finder [208], and the corresponding tracks are linked to a GSF track if their reconstructed
direction matches one of the tangents.

Links between calorimeter clusters are made by determining whether the cluster in the more
granular detector (preshower or ECAL) falls within the (7, ¢) surface of a cluster in the subsequent
detector (ECAL or HCAL). Once again, if several overlapping links are present, only those with the
smallest distance are kept.

Charged particle tracks can be linked together through a secondary vertex to reconstruct nuclear
material interactions in the tracking detector. All tracks corresponding to such a secondary vertex are
linked together.

After forming a particle flow block, the particles in the block are reconstructed. First muon
candidates are identified and reconstructed, and the corresponding elements are removed from the
block. Only isolated global muons are considered initially before moving on to other muon candidates.
Muons inside jets are required to either be global and pass stringent identification criteria, or to have
a high quality standalone fit [184].

The algorithm proceeds to identify and reconstruct electron candidates and isolated photons in
the particle flow block. Electron candidates are seeded from GSF tracks, while photon candidates are
seeded from large ECAL deposits. Linked HCAL energy deposits for photon and electron candidates
are required to be small compared to those in the ECAL. All ECAL clusters with matching track
tangents from bremsstrahlung, as well as conversion tracks, are added to the electron and photon
candidates. The ECAL energy is corrected for potentially missing energy deposits. For reconstructed
photons the direction and energy are those of the final aggregated ECAL supercluster. For electrons
the direction is taken to be that of the GSF track, and the momentum is obtained from a combination
of the ECAL energy measurement and the track momentum. All tracks and deposits from electron
candidates and isolated photon candidates are removed from the PF block at this stage.

Subsequently, nonisolated photons, charged, and neutral hadrons are simultaneously identified.
Any remaining ECAL and HCAL clusters that are not linked to a track are identified as neutral



5.2. JET CLUSTERING o7

particles. Inside the tracker coverage, precedence is given to photons for assignment of ECAL clusters
because photons carry about three times more energy than neutral hadrons in a typical jet, and neutral
hadrons deposit only a small fraction of their energy in the ECAL. Outside of the tracking detector
coverage charged and neutral hadrons can not be distinguished so this reasoning no longer applies. In
this region all ECAL clusters linked to a HCAL cluster are assumed to be from hadrons.

The momenta and directions of charged hadrons are taken directly from tracks linked to calorimeter
deposits. To translate the measured momentum of a charged hadron into an energy, the mass of
charged pions is assumed. The sum of the track momenta in a particle flow block is compared to
the calibrated calorimeter energy. If there is leftover energy in the calorimeters, the ECAL energy is
attributed to a photon, and if an energy discrepancy still remains, it is considered to be from a neutral
hadron. On the other hand, if the sum of track momenta exceeds the total calorimeter energy, a search
for muons is performed with relaxed requirements. Muons leave very little energy in the calorimeters,
so one missed in an earlier reconstruction iteration might explain the excess.

The final part of the PF algorithm consists of post-processing steps that aim to eliminate artificial
tails in the distribution of pp™iss. Many new physics searches, such as that presented in Chapter
and to an even greater extent that of Chapter [0} aim to identify new physics by looking for a large
PSS or associated quantities. Consequently, it is of paramount importance that no spurious pp™ss
is introduced in events during reconstruction. Muons from cosmic rays are identified by finding those
highly displaced from primary pp interaction vertices. Such muons are removed from the event if
the p%liss lowers by at least a factor two with their removal. Muons from jet fragmentation that
are displaced with respect to their primary vertex tend to have a direction correlated with that of
pr™ . Such muons are not affected because their removal would increase rather than decrease the
p%iss value. If wrong tracking detector and muon system tracks are associated with each other, the
muon momentum assignment might be off significantly. If choosing only the momentum of either the
tracking detector track or muon system track reduces the p%‘iss by a factor two, this momentum is
assigned to the corresponding muon. Charged hadrons punching through to the muon system can
also cause large p“T’fliSS if they are identified as muons. Muon reconstruction does not account for the
calorimeter deposits of charged hadrons, and spurious neutral hadrons get added to the event. If a
muon and a neutral hadron are aligned, have large momentum, and their replacement by a charged
hadron halves the pr‘}liss, the replacement is made.

5.2 Jet clustering

Quarks and gluons produced in the initial pp collision shower and hadronize, producing jets. To infer
the properties of the particles produced in the hard scattering, PF candidates are clustered into jets.
The jet clustering algorithm of choice in recent CMS analyses is the anti-kr algorithm [209]. In this
algorithm distance measures d;; between any two PF candidates 7 and j, and d;p between i and the
beam spot are introduced. They are defined as:

2
A2
R )

d;j = min (p%?,p%?) : (5.3)

with Afj = (y; — yj)Q + (¢ — @), and y; and ¢; respectively the rapidity and azimuthal angle of
PF candidate i. The parameter R is a constant set to 0.4 in the analyses covered in this dissertation.
The clustering algorithm starts by finding the smallest d;; or d;p in the event. If d;; has the smallest
value, objects ¢ and j are combined into a single object by summing their Lorentz vectors. If d;p
is smaller than any d;;, object i is called a “jet” and masked during the remainder of the clustering
procedure. The algorithm continues until all objects are part of jets, which might consist of a single
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Figure 5.3: Jet energy correction stages in data and simulation. Corrections labeled with MC are
based on simulated studies, while RC refers to a random cone measurement, and MJB stands for the
multijet balance method. Flavor corrections are not applied to jets used in this dissertation ||
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The name anti-k7 refers to the negative power of pr, sometimes kr in the literature, in Equa-
tion Because of the negative power the distance measure d;; between two objects tends to be very
small when a hard particle is involved, while it is large between soft particles. During clustering soft
particles therefore tend to be associated to hard particles first before clustering among themselves.
This results in an infrared and collinear safe algorithm with jet boundaries that can flexibly include
hard radiation, while simultaneously being robust to soft radiation. The content of jets clustered
with the anti-kp algorithm is usually less affected by pileup than the content of jets formed by other
algorithms [209].

In all work presented in this dissertation the implementation of the anti-kp algorithm from the
FASTJET package is used. A naive implementation of anti-k7 would have a worst case asymptotic
run time of O (N 3), with IV the number of particles in the event El Identifying the smallest d;; among
all particles takes O (N 2) time and this has to be repeated N times. This is solved in FASTJET by
observing that the geometrical and pp-dependent aspects of the problem can be factorized, resulting
in a much faster asymptotic run time of O (N log N) [212].

5.3 Jet energy scale correction

Jets can contain large numbers of particles of different kinds, with small spatial separations and with
overlapping detector signals. In addition, particles from multiple primary pp interaction vertices might
be mixed inside a single jet, while we are typically only interested in a single primary vertex. A detailed
understanding of the jet energy scale and resolution is crucial to many physics analyses.

The reconstructed momentum of a jet should ideally be that of the vector sum of the particles from
the primary pp interaction clustered into it. To achieve this, several successive corrections are applied
to jets in fixed order . First the contributions from pileup are subtracted. Secondly, the jet
response is corrected based on simulation. Lastly, data events are corrected for residual differences
with simulation in the jet response. Further corrections depending on the jet flavor are available, but
not used in the analyses covered in this dissertation. The consecutive jet energy corrections and the
data sets they leverage are summarized in Fig. [5.3

5.3.1 Pileup correction

Reconstructed jets can contain contributions from pileup interactions in the current as well the previous
bunch crossings. The former is called in-time pileup while the latter is referred to as out-of-time pileup
and stems from the nonzero signal decay time in the calorimeters. The in-time pileup contribution
from charged particles can be reduced by removing PF candidates that are unambiguously associated
with pileup vertices from the jet clustering procedure. This procedure tends to remove about half

'In terms of the jet clustering algorithm, any lepton or photon isolated from other activity in the event is a jet. In
subsequent parts of the dissertation the term jet will however only refer to hadronic jets unless mentioned otherwise.
2A definition of big O notation can be found in \ .
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of the total pileup momentum contained in a jet. The out-of-time pileup contribution is determined
by simultaneously fitting the in-time and out-of-time pulse shapes to the calorimeter signals. The
estimated out-of-time contribution is subtracted.

The remaining contributions from pileup are evaluated by studying the pr difference in simulated
jets reconstructed with and without an overlay of pileup interactions. The pr difference is parametrized
as a function of the uncorrected pr, 7, and area of the jet, as well as the diffuse pileup energy density
p [215, |216]. A measurement of p is given by the median of the distribution of energies in a grid of
(1, ¢) cells in the event. For each jet the pileup contribution, predicted by the parametric equation fit
to simulation, is subtracted.

The average pileup offset for jets in data can be measured using the “random cone” method in zero
bias data. This is data taken by randomly sampling events without applying any trigger requirement.
The random-cone method consists of randomly placing cones in the event, mapping the (7, ¢) space
of the detector. Each cone is taken to be a jet containing the particles in the cone. The average pr
of these jets is a measure of the average pileup contribution to reconstructed jets. This measurement
is compared to simulated events to derive scale factors for the parameters in the fitted function used
to predict the pileup contribution to jets. The random cone procedure assumes that the contribution
from detector noise is negligible to that of pileup.

5.3.2 Response correction

In simulated events one has access to the particles produced by the physics generator, without any
detector effects (Section . All generated stable particles, excluding neutrinos, are clustered with
the same algorithm used on the reconstructed PF candidates, giving rise to “particle-level jets”.
The particle response, defined as the ratio of mean reconstructed prt to particle-level pt of jets, is
determined as a function of jet pr and 7 in simulated multijet events. The inverse particle response
is applied as a pp correction to all reconstructed jets after they have been corrected for pileup [213].

After the above correction scheme the reconstructed jet pt and the particle-level pt agree well in
simulated events. In data however, small residual corrections are needed to account for differences with
simulation. The pt balance in events is exploited to derive these corrections. If an event contains a
jet for which the response differs significantly from unity, the event has a pt imbalance. Two methods
are used to study this. The pp-balance method compares the pr of the jet under consideration to that
of a reference jet. The p1™*° projection fraction method [217] considers all hadronic activity recoiling
against a reference jet.

First a data sample of dijet events is used to determine the residual jet pt response relative to
barrel jets, which act as the reference object. The ratio of the response between simulation and data
is evaluated in bins of 7, parametrized with a logarithmic pt dependence. This ratio is applied as
a correction to data. These corrections remove the n dependence in the data to simulation response
difference, but do not fix differences in the absolute jet pp scale. The p™ projection fraction method
is used to derive the nominal correction because it is less dependent on the modeling of initial state
radiation (ISR) and final state radiation (FSR).

The absolute jet pr scale is determined by evaluating the pr balance in events containing muons,
electrons, or photons. These particles are measured with a relatively higher precision than jets. Data
samples of Z — pu, Z — ee, and v + jets events are used. In Z — up and Z — ee events, the peak
of the dilepton invariant mass distribution can be used to validate the lepton energy scale since the Z
boson mass is known. An additional data sample of multijet events, in which a high pr jet is balanced
by a recoiling system of jets, is used to derive corrections at high pr.

A global fit to the muon, electron, photon, and multijet data sets determines the final jet pt scale.
Two parameters are calculated in the fit: The absolute pr scale, and a parameter that governs the
pr dependence of the response. The pr dependence is assumed to come from a constant shift in
the HCAL response. Such a shift leads to a pp-dependent jet response as follows: In low pr jets,
PF reconstruction mainly relies on tracks for the momentum determination. In high pr jets, on the
other hand, pixel clusters begin to merge in the jet core, reducing the track reconstruction efficiency.
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Additionally, some tracks become too straight for a reliable momentum determination. So higher jet
pr values lead to an increased reliance on the HCAL for the momentum measurement. The final fit
uses both the pp-balance and p7™° projection fraction methods because they have different biases
and uncertainties, leading to a smaller combined error. After the fit all jets in data are corrected for
the obtained response [213].

The effect of the different stages of the jet energy scale correction procedure is shown in Fig.
Before the corrections the particle-level jet response is large, particularly at low pt, and highly variable
as a function of pileup. After the whole correction procedure the response is close to unity across the

range of jet pr values and for different levels of pileup.

5.3.3 Missing transverse momentum

The jet energy corrections are propagated to p1r™ to ensure it is estimated as reliably as possible [218]
— miss

219]. The corrected pp™* is:

— miss __ ~miss — — SRandom Cone
pT,corrected - pT,unccorrected + E PT uncorrected — § DT corrected — g 0 5 (5 . 5)
jets jets jets

where the vectorial difference between the sum of the uncorrected and fully corrected jets is added
to pp™ss. The average pileup contribution ORandom Cone " Jetermined in a random cone measurement,
is kept under all jets. This ensures the pileup offset does not bias the p7™"° measurement. The
corrected p1™* from Equation is often called type-I p7™° and is what is used in all physics

analyses presented in this dissertation. In the next chapters, whenever pp™® is mentioned, it is

— miss

implicitly taken to refer to the type-I corrected pt

5.4 Heavy flavor jet identification

Jets stemming from the hadronization of b or ¢ quarks, respectively b jets and c¢ jets, can be identified
by exploiting the properties of the b or ¢ hadrons inside the jet. The identification of b jets in particular
provides an important handle for distinguishing signal and background events in the analyses presented
in chapters [7] to [0l In this work algorithms for identifying b jets are also used indirectly, as a tool
for distinguishing leptons from decays of electroweak bosons or new heavy particles from leptons that
come from semileptonic b or ¢ quark decays. This is the case in chapters 8| and [9] The identification
of b jets is also called b-tagging, and jets passing a selected threshold of an identification algorithm
are called b-tagged.

Because of the small CKM matrix coupling between the third quark generation and the others [29],
b hadrons have a relatively long lifetime of about 1.5 ps. Depending on their momentum, such hadrons
can travel up to 1 cm through the CMS detector before decaying. Because of the long hadron lifetime,
the tracks of its decay products originate from a secondary vertex, displaced with respect to the primary
vertex. This is illustrated in Fig. The high mass of b quarks leads to a harder fragmentation
compared to lighter quarks and massless gluons. In other words, the decay products tend to have a
relatively high momentum perpendicular to the jet axis. About 20% of b hadron decay chains contain
a muon or an electron, which can be used as an additional handle for identifying b jets [220].

Techniques for identifying b jets are based on simulated events. In order to design and optimize
them, a reliable method for determining the true flavor of simulated jets is needed. Flavor assignment
uses “ghost association” [215]. When reconstructed PF candidates are clustered into jets, the hadrons
originally simulated by the physics generator, before accounting for detector effects, are added to
the clustering. The magnitudes of the momenta for the generated hadrons are shrunk to become
negligible. In this way they do not cause shifts in the reconstructed jet momentum. Jets containing
at least one generated b hadron are considered b jets, those containing a ¢ hadron and no b hadrons
are considered c jets. All other jets are classified as light-flavor jets.
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Figure 5.4: Average ratio of the measured jet pt to the particle-level jet pr as a function of the particle-
level jet pr, without any jet energy scale corrections (top left), after applying only pileup corrections
(top right), and after the application of the full jet energy scale correction procedure (bottom). The
distributions are shown for QCD multijet events in simulated 8 TeV pp collisions [213].
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Figure 5.5: Illustration of a heavy flavor jet in which a b or ¢ hadron travels a significant distance
before decaying, resulting in a secondary vertex displaced with respect to the primary vertex. This
secondary vertex tends to have a significant impact parameter and might contain a lepton [220].

Machine learning algorithms which learn to classify jets according to their assigned flavor are
trained in simulated events. The main input variables to these algorithms are the properties of the
tracks clustered into the jet, and quantities derived from reconstructed secondary vertices associated
to the jets. To be used as a direct input to the flavor classification algorithms, tracks have to pass a
set of requirements aimed at rejecting those coming from pileup, material interactions, and long-lived
A and Kg hadrons. Secondary vertex clustering for flavor classification in Run 2 analyses makes use
of the inclusive vertex finding (IVF) algorithm [221] as opposed to the adapive vertex reconstruction
(AVR) [222] used for b-tagging during Run 1 [223]. The main difference between the two approaches
is that IVF uses all reconstructed tracks, whereas AVR only uses tracks that pass the aforementioned
selection criteria. The more inclusive approach of IVF leads to a more efficient reconstruction of
secondary vertices [220].

The b-tagging algorithms used in CMS have evolved considerably during Run 2, reflecting rapid
developments in the field of deep learning [224) |225]. The CSVVv2 algorithm is an extension of the
Run 1 CSV algorithm [223]. Events are categorized according to the presence of a secondary vertex
and or a set of tracks with a significant impact parameter. In each category two fully-connected neural
networks with a single hidden layer are trained to discriminate b jets from c jets and light jets. The
neural network outputs in the different event categories are combined according to a likelihood ratio
based on the number of jets of each flavor in simulated tt events. The final discriminant is a linear
combination of the outputs of the discriminants against c jets and light jets with relative weights of 1:3,
reflecting the relative prevalence of each background source in tt events. The algorithm outperforms
the old CSV algorithm because IVF is used to reconstruct the secondary vertex, and the number
input variables to the neural networks has been increased. The full list of input variables is given
in [220]. The CSVVv2 algorithm is used to veto b jets in Chapter [7l The newer algorithms explained
below were not available at the time the analysis presented there was carried out.

The more recent DEEPCSV algorithm is a fully-connected neural network with four hidden layers
that treats the flavor identification problem as a multiclass classification task [226]. It predicts the
probability for a jet to belong to each of five classes: The jet contains a single b hadron, two or more
b hadrons, a single ¢ hadron and no b hadrons, two or more ¢ hadrons and no b hadrons, or falls
into none of these categories. The probability that a jet contains any b hadron is given by the sum
of the output probabilities for the first two classes. The neural network is trained inclusively on a
mixture of simulated tt and multijet events. It outperforms the CSVv2 algorithm, and is used for
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Figure 5.6: Schematic of the neural network architecture of the DEEPJET algorithm [229]. Several
abbreviations are used: Vtx stands for vertex, conv. for a one dimensional convolutional layer, and
RNN for recurrent neural network layer, all of which are LSTM layers in this particular case.

identifying b jets in the analyses of Chapters[§land[9] It is also used as one of the inputs to the lepton
identification algorithm used in Chapter

Jets are fundamentally variable-sized sets of particles. This structure lends itself to deep learning
representations that are more statistically efficient at learning global properties from local structure
than fully-connected neural networks are. This can be achieved by sharing weights across operations,
a property satisfied by convolutional and recurrent neural network layers. Such layers are used as
building blocks for the DEEPJET algorithm, the latest b-tagging algorithm deployed in CMS at the
time of writing. Collections of charged and neutral jet constituents, and secondary vertices, are
separately processed by a chain of one dimensional convolutional neural network layers [227] followed by
a long short-term memory (LSTM) [228] layer. These neural network layers learn to identify physical
properties useful for solving the given task, without a need for human input feature engineering. The
outputs of the three LSTM layers are combined with the human designed input features also used in
the DEEPCSYV algorithm. All of this is fed to a fully-connected neural network with six hidden layers
to predict the probability a jet belongs to one of six classes. The classes are similar to those used in
DEEPCSYV, but an additional class containing jets with a b hadron decaying to a soft lepton is added,
and the categories for one and multiple ¢ hadrons are merged. Light quark and gluon jets are also
considered to be separate classes in DEEPJET. The final b-tagging output is given by the sum of all
three output categories involving b hadrons. The architecture of the DEEPJET algorithm is illustrated
in Fig.

The efficiency for correctly identifying b jets is typically around 5% higher for DEEPJET than it
is for DEEPCSV at a given misidentification rate for light and c jets [229} 230]. The performance of
both algorithms in simulated tt events is shown in Fig. The DEEPJET algorithm was not yet
supported when the analysis of Chapter [§| was performed, and would in all likelihood have improved
the results achieved there. For the search discussed in Chapter [)) DEEPCSV was used because it has a
smaller associated uncertainty in the misidentification rate. The DEEPJET algorithm is however used
as an input to the lepton identification algorithm used in Chapter [9]

All b jet identification algorithms introduced above are exclusively trained on simulated events
where the true jet flavor is known. They have to be corrected for differences between data and
simulation. Correction factors for the misidentification rates and b-tagging efficiencies of the different
algorithms are measured in a combination of several data sets. The measurements are done as a
function of jet pr. The misidentification rate of light flavor jets is measured in multijet events by
exploiting the fact that tracks in such jets have an almost symmetric impact parameter distribution.
Tracks in b or ¢ jets, on the other hand, have predominantly positive impact parameter values. A
highly pure sample of light jet data can be obtained, even at high b-tag scores, by using only tracks
with a negative impact parameter. This data sample can be used to measure the misidentification
rate for various working points of the different b-tagging algorithms [220, 223].

The misidentification rate for c¢ jets is extracted from a combined measurement in data samples
enriched in W + ¢ production and tt events with a single leptonic t quark decay. The W + ¢ sample
is obtained by noting that the W boson and c¢ quark tend to have an opposite charge, while in the
dominant W + qq background there are an equivalent amount of events where the W boson and the
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Figure 5.7: Misidentification rates of different jet types as b jets versus the efficiency of identifying
genuine b jets. The values are drawn for jets with pr values greater than 30 GeV in simulated tt
events [229]. The performance curves of the DEEPCSV and DEEPJET algorithms are drawn in red
and blue respectively. The black line shows a refined version of the DEEPCSV algorithm that is not
used in this dissertation.

qq pair have opposite and equal charges. Subtracting the same charge event yields from the opposite
charge event yields results in a relatively pure sample of W + ¢ production [231]. In single lepton tt
events there is an hadronically decaying W boson, which decays to a ¢ quark in 50% of cases. This
sample can be further enriched, or depleted, in ¢ quarks by using the fact that in tt events down-type
jets from a W boson decay tend to be less boosted than up-type jets from such a decay [220].

The efficiency to identify genuine b jets with the b-tagging algorithms is evaluated in multijet
events in which at least one of the jets contains a muon. A muon inside a jet is a telltale sign of a b
hadron decay. A multitude of complimentary methods, explained in [220], are used for performing the
efficiency measurement in this data set. The efficiencies are also measured using an arsenal of varying
methods in both single lepton and dilepton tt events, where two b jets should be present [220]. The
results of all of these measurements are combined to obtain the final data to simulation scale factors
for the b-tagging efficiency.

The measured correction factors for the misidentification rates tend to be larger than unity while
they are typically smaller than unity for the efficiency of tagging b jets. This reflects the fact that
the b-tagging algorithms are machine learning algorithms trained in simulated events. Discrepancies
between what they learned in simulation and the conditions in real data lead to a degradation in
performance [220]. The scale factors tend to deviate further from unity for more advanced algorithms,
with DEEPJET having larger corrections and associated uncertainties than the other algorithms [230].
This is the reason DEEPJET was not chosen over DEEPCSV for the vetoing of b jets in Chapter [9}

5.5 Reconstruction and identification of hadronic 7 lepton decays

Unlike electrons and muons, 7 leptons, with their mass of 1.7 GeV, are heavy enough to decay to
hadrons. About two thirds of 7 leptons decay to hadrons and the remaining third to muons or
electrons. All decay modes include a v, in the final state. An overview of the 7 lepton decay modes
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Decay mode Resonance Branching fraction (%)
Leptonic decays 35.2 total

T™ — e Ugls 17.8

T — W Uyl 17.4
Hadronic decays 64.8 total

T~ = hTu; 11.5

7~ = h 71, p(770) 25.9

7= = h 7%7%, a1(1260) 9.5

7~ = h"hth a1(1260) 9.8

7~ —=h h"h 7%, 4.8

Other hadronic decays 3.3

Table 5.1: Overview of 7 lepton decay modes with their branching fractions. The branching fractions
of 7 antileptons are almost identical, but with inverted charges. The branching fractions are taken
from [29], and the table is modified from [232].

with their branching fractions is given in Table In particular models for new physics, and in
some SM processes such as H boson decays, the expected final state predominantly includes 7 leptons
instead of other lepton flavors. This is the case in several of the signal hypotheses studied in Chapter [9]
To increase the sensitivity to such processes, hadronically decaying 7 leptons (7,) are reconstructed.
Because of the relatively short 7 lepton lifetime, leptonic 7 decays are almost indistinguishable from
muon or electron production without an intermediate 7 lepton. For this reason these are simply
considered to be muons or electrons, and no further attempt is made to infer whether they come from
a 7 lepton decay [232].

The reconstruction of 7, candidates at CMS starts from jets and is performed with the hadron-
plus-strips algorithm introduced during Run 1 [233} 234], and subsequently improved for Run 2 [232].
Many of the common decay modes of 7 leptons include one or more 7° mesons. A 7% decays to two
photons which can convert into electron-positron pairs by interacting with the tracker material. These
electron-positron pairs tend to have a very similar 7, but are spread out in ¢ by the magnetic field of
CMS. This gives rise to strips in (7, ¢) with a long axis in the ¢ direction.

Given a jet which is checked to be a 7, candidate, the reconstruction of 7¥ candidates as strips

proceeds as follows: The electron or photon (e/7) of highest pr in the jet that has not yet been
clustered into a strip is taken as a new strip candidate. The second-highest pr e/7 in the jet is merged
into the strip candidate if it falls within a certain An and A¢ from the current strip candidate. The An
and A¢ limits are functions of the pr of the current strip and the pr of the e/ under consideration.
These functions are determined in simulated single 7 lepton events so that 95% of electrons and
photons from 7 lepton decays would be contained in reconstructed strips. If a new e/~ is added to the
strip, its position is recomputed as a pp-weighted average of the positions of all its e/~ constituents.
The procedure is repeated until there are no further e/~ candidates that satisfy the pp-dependent
proximity criteria for addition to the strip. Once the strip is completed, the remaining e/~ of highest
pr is used as a starting point for the reconstruction of the next strip.
Aside from 7° mesons, the 7, decay modes include one or more charged hadrons in the final
state. If the total charge of the hadrons inside a jet is not £1, the jet is not considered as a possible 1,
candidate. If the jet constituents are compatible with a 7 — hn%v, decay, the mass of the visible decay
products (myis) must match the expectation for a p resonance. In case of 7 — h7%7% or 7 — hhhy,
decays myis must be compatible with the expected mass of an a; resonance. The 7 — hhhnv, decay
mode is not considered. This particular decay is too hard to distinguish from hadronic jets, because
of its higher particle multiplicity with respect to the other decay modes. Exact details on the mass
constraints used in practice can be found in [232].

Reconstructed 1, candidates suffer from large misidentification rates by QCD jets. This background
is reduced with a gradient boosted forest (BDT) classifier that aims to separate genuine 7, candidates
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from misidentified jets. The classifier is trained using genuine 7, candidates from simulated Z/ ) =
77 decays, as well as from hypothetical W', Z’, and heavy supersymmetric H boson decays to 7 leptons.
Background 7, candidates are taken from a mix of simulated QCD multijet, W + jets, and tt events.
The most important input variables to the discriminant are the scalar pt sum of charged hadrons
and photons in a cone around the 7, candidate, and the pileup correction term to this sum. Other
important input variables are the two and three dimensional impact parameters of the leading track
in the 7, candidate and their significance, the 7, candidate flight length and its significance, and the
electron and photon multiplicity in the 7, candidate. A detailed description of all the input variables
is given in [234] and [232]. In Chapter [9 we use the tight working point of the BDT classifier. This
working point has an efficiency of about 50% to identify genuine 7, candidates, with a misidentification
rate of 0.2% for QCD jets [232].

Muons can be misidentified as single-prong hadronic 7 lepton decays because of the similarity
between the detector signals induced by muons and charged hadrons. The rate of misidentification of
muons as 7y, candidates can be reduced by imposing requirements on the activity in the muon detector
along the direction of the 7, candidate [232].

Electrons often emit bremsstrahlung photons which can mimic 7 mesons, one of the 7 lepton
decay products. This results in a significant misidentification rate of electrons as 7, candidates. A
BDT discriminant is trained to distinguish genuine 73, candidates from misidentified electrons. The
inputs to this discriminant are several properties of the photons clustered into the 7, candidate [232].

The efficiency for 7, candidates to pass all aforementioned reconstruction and identification criteria
is measured in a number of different data samples. For 7, candidates with transverse momenta below
60 GeV, um, events enriched in Z — 77 decays are used. Efficiencies for 7, candidates with intermediate
pr values, up to 100 GeV, are measured in tt enriched p7, events. Events with a single 7, candidate
from high-mass virtual W boson decays are used for efficiency measurements in the high pr regime.
The resulting uncertainties range between 1 to 3% in the selection efficiency of 7, candidates, and
depend on the pt and 7 of the candidate, and the selection working point.

0



Chapter 6

Multilepton final state

“The ash is of all trees the biggest and best.
Its branches spread out over all the world
and extend across the sky. Three of the
tree’s roots support it and extend very, very
far.”

Snorri Sturluson, Fdda

All analyses performed for this dissertation are based on events with multiple leptons. Most of
the focus is on light leptons, electrons and muons. Compared to other objects light leptons are easily
identified and their properties can be measured with superb resolution. The leptonic decay channels
of heavy particles are therefore often the ones that provide the most precise measurements, or have
the most potential for discovery. Prominent examples of the power of the leptonic final state are the
discovery of the H boson in its decay to four leptons |14} |15], and the discoveries of the W [50, 51] and
Z |52, 53] bosons.

Events with three or more leptons are uncommon in the SM because processes that can result in this
final state have relatively small production cross sections compounded by small branching fractions to
multiple leptons. If an undiscovered process has a significant branching fraction to multilepton events,
this final state provides a golden channel for the potential discovery of the process. This point will be
clearly made in Chapter [§| with the first observation of single top quark production in association with
a 7 boson. One disadvantage of multilepton events is that they often involve one or more leptonic W
boson decays. In such a decay a neutrino is produced that escapes detection. This typically makes it
impossible to completely reconstruct the masses of heavy particles that were produced in the event.

This dissertation discusses three different searches using pp collision events resulting in multiple
leptons. Chapter [7] presents a search for hypothetical sterile neutrinos produced in leptonic W boson
decays. The sterile neutrino can decay into two more leptons and a neutrino, leading to events with
three leptons and p1™5. Chapter [8| describes a search for SM production of a single top quark in
association with a Z boson. Leptonic decays of both the top quark and the Z boson result in events
with three leptons, accompanied by several jets. The final analysis of this dissertation unfolds in
Chapter [9] and constitutes a search for direct electroweak production of supersymmetric chargino-
neutralino pairs. The decays of these supersymmetric particles lead to a rich variety of final states,
many of them with multiple leptons.

The primary focus in this dissertation is on events containing electrons and muons. Due to their
short lifetime 7 leptons decay inside the detector and only their decay products are detected (Sec-
tion . Leptonic 7 decays are experimentally quasi indistinguishable from other electrons or muons,
and are thus also implicitly considered whenever electrons or muons are reconstructed. Hadronic 7
decay reconstruction tends to suffer from much larger backgrounds, lower reconstruction and identi-
fication efficiencies, and worse measurement resolutions compared to electrons and muons. For this
reason the analyses of chapters 7| and [8 only consider events with light leptons. Depending on the sig-
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nal model, the supersymmetric particles studied in Chapter [9] might or might not decay predominantly
to 7 leptons. To cover all possible scenarios, final states containing one or more 7, candidates are
considered, but the bulk of my work concentrated on events with three light leptons. The remainder
of this chapter will therefore predominantly focus on events with three light leptons. In the rest of
this chapter “leptons” will refer to electrons and muons, unless otherwise specified.

This chapter gives an overview of elements and techniques common to the three analyses discussed
in the subsequent chapters. First an overview of light lepton identification techniques is given in
Section [6.1] after which the triggers used for online event selection during data taking are introduced
in Section 6.2l The most important SM processes in the multilepton final state and how to reduce
and predict their yields are examined in Section [6.3] Details on the data-driven prediction of the
background from nonprompt leptons are laid out in Section Finally, Section reviews the
common systematic uncertainties affecting all the analyses presented later in this work.

This chapter can be read directly, or used as reference material when reading the chapters covering
the concrete analyses done for this dissertation. When reading the following chapters, one could jump
back to this one to find explanations on many of the analysis and background estimation techniques.
Later chapters contain the necessary cross-references to facilitate such a reading approach.

6.1 Light lepton identification

Electrons and muons are reconstructed with the PF algorithm along with other particles in the event
(Section . Reconstructed electrons and muons originate from a variety of sources. In this work,
only a subset of the reconstructed leptons is of interest. The target signals of each analysis performed
in this dissertation contain several leptons, all directly stemming from the decay of electroweak bosons
or heavy hypothetical particles (sterile neutrinos in Chapter m and supersymmetric particles in Chap-
ter E[) In each of these cases the parent particle of the leptons has a terrifically short lifetime, so
the leptons hail from the primary pp interaction vertex. Referring to this property, such leptons are
collectively labeled “prompt” E Light leptons from the decay of a prompt 7 lepton are also considered
prompt.

Semileptonic decays of b and ¢ quarks result in genuine leptons. The lifetime of the decaying
quarks is significant and the resulting leptons originate from a point displaced with respect to the
primary pp interaction, possibly a secondary vertex. Hadrons or photon conversions inside jets can
also be incorrectly reconstructed as leptons. We group these types of reconstructed leptons, whether
they are genuine or fake, under the umbrella “nonprompt”.

The production rate of jets in the LHC is vast compared to that of electroweak bosons, and even
more so compared to what is expected for hypothetical new particles. Nonprompt leptons are therefore
far more common in LHC collisions than prompt leptons. Effectively distinguishing prompt from
nonprompt leptons is of crucial importance for all the results included in this work. Without adequate
methods to make this distinction the signals we target drown in an overwhelming background from
nonprompt leptons. Chapter [§] provides an unambiguous example of the importance of good lepton
identification techniques: The first observation of a previously undiscovered process is made possible
by improvements to the lepton identification strategy.

Standard lepton identification techniques, used in many CMS analyses, are explained in Sec-
tion More advanced machine learning classifiers, to which the work in this dissertation made
significant contributions, are discussed in Section [6.1.2] Techniques for measuring the efficiency of
identifying prompt leptons in pp collision data are the topic of Section [6.1.3

A technical note on photon conversions is necessary before continuing. Leptons from internal and
external conversions of prompt photons, i.e. photons directly originating from a hard scattering inter-
action, are considered prompt during the estimation of the expected event yields. Internal conversions,

'If a sterile neutrino, subject of Chapter [7] is sufficiently light, its decay products might have a significant lifetime.
Leptons from such a decay can no longer be considered prompt. More details on this can be found in the corresponding
chapter.
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meaning v* — ¢¢ decays, produce leptons that are on an individual basis indistinguishable from those
coming from the decay of W, Z, or H bosons. External conversions from interactions of a photon
with detector material almost exclusively result in electrons. Such electrons do not share most of the
features typical of nonprompt leptons, and the background they induce can not reliably be estimated
with the same data-driven techniques used for the prediction of the nonprompt lepton background
(Section . For this reason such electrons are also considered prompt when discussing background
events. It must be noted though that techniques that try to select prompt leptons generally also aim to
reduce the contribution from photon conversions. The fewer external conversions entering the lepton
selection, the better. In most cases specific criteria are applied in the lepton selection to reduce this
background source. Note that any lepton that emanates from the conversion of a nonprompt photon
is also considered nonprompt.

6.1.1 Standard lepton identification techniques

The rate of particles being incorrectly reconstructed as leptons can be reduced by imposing quality
criteria on the reconstructed PF objects. An overview of the corresponding techniques for muons
(electrons) is given in Section [6.1.1.1] (6.1.1.2]). Genuine leptons that are nonprompt can not be
distinguished from prompt leptons by looking at the quality of the lepton reconstruction. Instead,
other techniques based on the physical characteristics of nonprompt leptons are used. An overview of

these is given in Section

6.1.1.1 Muon identification

An important distinction between real and fake muons is a good match between the tracks in the
tracking detector and the muon system. A muon PF candidate passes the “loose muon identification”
E|deﬁned in [184] if it is either a tracker muon or a global muon (Section .

For the more stringent “medium muon identification” requirements, the concept of segment com-
patibility is introduced. The tracking detector track of a muon candidate is extrapolated to the muon
system, and the number of matched track segments (Section , and their proximity in position
and direction to the extrapolated track, are evaluated. A score between 0 and 1, the segment com-
patibility, is assigned with 1 indicating a perfect compatibility between the tracking detector track
and the segments in the muon system [235]. To be considered medium a muon must pass the loose
identification criteria and have a tracking detector track that contains hits in at least 80% of the
layers it traversed. Additionally, the muon must either pass a stringent requirement on the segment
compatibility, or be a global muon that passes a looser segment compatibility criterion and a number
of additional conditions: The global track fit must have a low x? goodness-of-fit, the muon tracks in
the tracking detector and muon system must have a matching position, and the tracking detector track
must pass a threshold on a kink-finding algorithm. At several points along the track, the kink-finding
algorithm attempts to split the track into two separate tracks and then compares them to see if they
are compatible. The segment compatibility cuts in the medium muon identification are designed to
result in an efficiency of 99.5% for selecting muons from simulated W and Z boson decays [184].

Both the loose and medium muon requirements aim at selecting genuine muons, prompt as well
as nonprompt muons from the decay of b or ¢ quarks. The requirements reject most charged hadrons
that managed to penetrate into the muon system and are falsely reconstructed as muons. The nom-
inal muon selection used in all analyses presented in this work requires muons to pass the medium
muon requirements. A considerable background from genuine nonprompt muons remains after the
application of this selection. A more stringent “tight muon identification”, as well as other criteria for
low- and high-pt muons are introduced in [184], but not used in this work.

2Not to be confused with the term loose selection introduced in Section which refers to a set of looser lepton
requirements compared to those nominally used in an analysis. These loose selection requirements are used to facilitate
the data-driven prediction of the background from nonprompt leptons. Whenever a lepton is said to pass a loose selection,
we refer to this definition, not the loose muon identification requirement introduced in this section.
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6.1.1.2 Electron identification

To reject electron candidates coming from misidentified jet constituents and photon conversions, a
number of different variables are used. An overview can be found in [203], and a brief review is given
here.

Purely calorimetric observables try to separate genuine electrons from jets or jet constituents
with large electromagnetic components. Compared to showers with an hadronic component purely
electromagnetic showers are narrower in the ECAL and the fraction of energy they deposit in the
HCAL is expected to be much lower.

The properties of the track of an electron candidate can also give important clues about its prov-
idence. Electrons typically lose a significant portion of their energy through bremsstrahlung. An
example of track based variable used in electron identification is the difference in momentum of a
track at its origin, and when exiting the tracking detector. Large momentum differences might in-
dicate the track is that of a genuine electron. Track related variables are also useful for reducing
the background from photon conversions. Photons convert to electron-positron pairs by interacting
with the detector material. Conversion tracks therefore tend not to have hits in the innermost pixel
detector layers.

Variables that use a combination of a calorimeter deposit and a tracking detector track can also
hint at the compatibility of a PF candidate with the electron hypothesis. An example of a commonly
used variable of this kind is the difference between the inverse of the energy the candidate deposited
in the ECAL and the inverse of the momentum of its track at its origin vertex.

A number of discriminating variables such as those described above are combined into BDT dis-
criminants trained to discriminate prompt from nonprompt electrons in simulated Drell-Yan + jets
events. Separate discriminants are trained in different bins of pr and 7 H Genuine nonprompt elec-
trons from quark decays are relatively rare in Drell-Yan events, so the trained discriminants mainly
focus on rejecting jet constituents that are misidentified as electrons. We will refer to this set of
discriminants as “electron MVA” in the rest of the dissertation, and always assume the discriminant
for the pt and 7 bin in which a given electron falls is the one evaluated. Versions of the electron MVA
with and without the isolation variables introduced in Section [6.1.1.3| as inputs are available. We
always use the version agnostic about isolation since we either apply isolation requirements separately
(Chapter @, or use the electron MVA in conjunction with isolation and other variables to build a
higher level discriminant (chapters |8 and E[)

6.1.1.3 General light lepton identification

Aside from quantities specific to electrons and muons introduced in the previous sections, a number
of variables used in the identification of prompt leptons are shared between the light lepton flavors.
Prompt leptons are expected to come from the primary pp interaction vertex and should have very
small impact parameters with respect to this vertex. Genuine nonprompt leptons, on the other hand,
often have a significant impact parameter value because of the lifetime of their parent quark. The
following three impact parameter variables are used in this work:

e dy: Impact parameter of the lepton in the (z,y) plane, transverse to the beam direction.

3This is a strategy that almost certainly results in a nonoptimal performance of the electron identification algorithm.
It is clear that varying pr and 7 will significantly affect the properties of an electron track and ECAL cluster. Using
a small number of pr and n bins will not capture this complexity, and in addition reduce the statistical power of the
training data sets seen by the machine learning algorithms since each binned training is agnostic about the others. A
better approach to achieve a discriminant which does not depend on the pr and 1 spectrum of the particular processes
used in the training data set, would be to use pr and 7 as input variables during training, but reweight either the
signal or background distribution so both are identical. The resulting discriminant could then fully exploit the pt and 7-
dependent track and ECAL cluster properties of prompt and nonprompt electrons, without preferring any process-specific
kinematic spectrum. This is one of several reasons why the BDT based lepton selection introduced in Section has
a performance vastly superior to that of the electron MVA.



6.1. LIGHT LEPTON IDENTIFICATION 71

e d,: Longitudinal impact parameter of the lepton, parallel to the beam direction.

e dsp/o (dsp): Significance of the three dimensional impact parameter, defined as the three di-
mensional impact parameter dsp divided by the uncertainty in its measurement.

In the three analyses of this dissertation we require d,, < 0.05cm and d, < 0.1 cm for all electrons
and muons. These thresholds are relatively loose and cut out obvious nonprompt leptons, while being
close to 100% efficient for prompt leptons. In Chapter 7| a relatively tight cut dsp/o (dsp) < 4 is
used, which is efficient for prompt leptons coming directly from the decay of an electroweak boson or a
heavy hypothetical particle and rejects many nonprompt leptons. Some leptons from prompt 7 decays
are lost because of this tight cut. The analyses in chapters [§| and |§| use a looser cut dsp/o (dsp) < 8,
which rejects nearly no prompt leptons. The variable is subsequently used as an input variable to a
second lepton selection stage based on a machine learning classifier.

Whether they are genuine or not, nonprompt leptons originate from jets. This means they tend
to be surrounded by a host of other activity in the detector. Prompt leptons, on the other hand, tend
to have little or no other activity in their vicinity. This makes the isolation of leptons a powerful tool
for identifying prompt leptons. The isolation of a lepton is defined as the scalar pp sum of all PF
candidates in a cone around the lepton direction:

h d tral pil
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where “charged” refers to all charged particles and « to all photons, and the summations run over
all objects inside a given cone. Only charged particles coming from the primary pp interaction vertex
are considered in the summation. The typical cone size used for this variable is AR < 0.3 for electrons
and AR < 0.4 for muons. We deviate from the CMS norm in Chapter [7] and use a cone size of 0.3
for both muons and electrons. The term p%eutral Pileup 5 an estimate of the total pileup pr coming
from neutral particles. There are two ways in which this term is typically estimated in CMS analyses.
One method derives effective areas in simulated events, which when multiplied with the offset energy
density p in the event (Section correctly estimate the neutral pileup contribution in the isolation
cone on average. The other method, commonly known as Af, takes the neutral pileup pr sum in the
isolation cone as half of the summed pt of charged pileup particles. This is motivated by the fact that
two thirds of the momentum of a typical jet is carried by charged hadrons and the remaining third
by photons and neutral hadrons [216]. Conventionally, effective area corrections are used in electron
identification and ApS corrections in muon identification. In this work we however consistently use
effective area corrections for both electrons and muons because the resulting identification performance
is found to be marginally better.

Prompt leptons with a higher pt tend to have more activity in a fixed cone around them because
the other particles in the event typically have a significant transverse boost. High-pt electrons also
radiate more bremsstrahlung than soft electrons. In practice relative isolation, simply defined as the
isolation divided by the lepton pr:

Ia S
Lo = _tabs (6.2)

lepton ’
T
is therefore the identification variable of choice. Most CMS analyses that aim to select prompt
leptons apply a requirement on I, with a fixed isolation cone size. This approach is taken in Chapter |7}
In the newer analyses of chapters [§ and [9 no direct cuts on I, with a fixed cone size are used, but it
serves as an input variable to the final lepton selection discriminant explained in Section [6.1.2

Imini

Relative isolation with a pr-dependent cone size has more recently found use. The variable 175

is defined as the relative isolation within a cone of size:
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AR(plepton) i 10 GeV
T =
min [max (p,ll‘fpton, 50 GeV) ,200 GeV]

(6.3)

The cone shrinks with rising lepton pr to take into account the increased collimation of hadron
decay products under transverse boosts. In this way Ir‘éllim manages to contain the other jet decay
products inside the isolation cone of nonprompt leptons, while being very efficient for prompt lep-
tons because the probability for accidental activity inside the small isolation cone is low [236] 237].
Chapters @ and [§| use a very loose cut I;&ini < 0.4 in their baseline lepton selection. This cut has
an efficiency of over 99% for prompt leptons from W and Z boson decays. In addition Irrgli“i is also
used here as one of the inputs to the machine learning algorithms used for the final lepton selection

decision.

6.1.2 Machine learning based lepton identification

The standard approach to lepton selection in CMS is to place a number of independent cuts on
several of the variables described in Section Large improvements to this strategy can be made
by exploiting the properties of the jet containing the lepton, and by combining all variables that
distinguish prompt from nonprompt leptons in a machine learning algorithm.

The anti-k7 jet clustering algorithm (Section assigns every lepton to a jet. If a lepton is
completely isolated from other activity the jet will only contain the lepton itself. Several properties
of this jet are found to be useful for identifying prompt leptons:

. prTatiO: Ratio of the pr of a lepton to the pr of the jet that contains this lepton. The jet energy
corrections (Section are removed from the contribution of the lepton to the jet momentum
vector when computing this variable to make the lepton pr treatment consistent. This variable
tends to be large for prompt leptons which are either alone in the jet or form the dominant
contribution. Nonprompt leptons usually have a lot of activity around them, resulting in a small
p?f?tio value. The idea behind this variable is similar to that of I.q, but p?f"tio is more robust
because a dynamic cone size is implicitly used for computing the isolation. The variable-sized
jet returned by the clustering algorithm is used instead of a fixed cone. Taking into account jet
energy corrections also improves the performance of the variable for lepton selection compared

to standard I.q.

. prTelz The momentum of the jet after removal of the lepton, perpendicular to the lepton direction.
This variable is typically large when a jet accidentally overlaps with a lepton, whereas it is
expected to be small for leptons originating from an hadronic decay inside the jet because such
a lepton tends to be aligned with the rest of the jet. This variable can help to recover prompt
leptons that are not isolated due to their accidental proximity to other particles.

e Probability that the jet holding the lepton contains one or more b hadrons, as predicted by a
b-tagging algorithm (Section. Nonprompt leptons from a semileptonic b quark decay, tend to
be associated to jets with a high b-tagging score. In Chapter [8|the DEEPCSV algorithm is used
(DEEPCSV ¢josest ), while in Chapter |§| the more advanced DEEPJET algorithm (DEEPJET josest)
is used.

e Track multiplicity of the jet containing the lepton. Prompt leptons tend to have fewer tracks
inside their containing jet than nonprompt leptons. This variable is of relatively minor impor-
tance compared to those introduced above, but can nonetheless result in small improvements in
the final lepton selection.

Machine learning discriminants that combine these jet related variables, together with many of the
lepton identification variables introduced in earlier sections previously were first used for the search for
ttH in the multilepton final state [238]. In this search the minute ttH signal had to be separated from a
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large nonprompt lepton background. Standard lepton identification methods proved insufficient, and
BDT classifiers were trained to identify prompt leptons. These classifiers combine the following input
variables: pr, 1, dgy, d., dsp/o (dsp), the neutral and charged parts of Iﬁni separately, pfrel, pratio the
CSVV2 value and the track multiplicity of jet containing the lepton. The addition of pt and 7 to the
list of input variables ensures that the BDT classifiers can learn to optimally distinguish prompt from
nonprompt leptons at every pt and 7 value. Largely because of these BDT classifiers, the multilepton
channel proved to be the most important one for the observation of the ttH process [239).

In Chapter [8| an improved version of the BDT based lepton selection is introduced which I specifi-
cally designed for being able to observe the tZq process. The CSVV2 of the containing jet is replaced
by the newer DEEPCSYV discriminant and I, with a fixed cone size of 0.4 is added to the list of input
variables. In addition, the size of the training data sets is increased by a large margin. This results in
significant improvements in the performance of the classifiers. A more careful definition of the training
data set for electrons proved of particular importance and results in a large efficiency increase of up to
20% per selected electron compared to the classifiers trained for the ttH observation. The performance
of the classifiers is shown in Fig. in comparison to a standard I, based lepton identification. A
vast performance increase is seen, with a reduction in the background rate by a factor 8 (2) for muons
(electrons) while being more efficient at selecting prompt leptons by 8 (12)%. More details on the
training and design of this discriminant are given in Chapter

This new lepton identification algorithm proved to be the crucial ingredient in observing the tZq
process, and vastly reduced the uncertainties in the analysis compared to any earlier work. Because
of its potency in the tZq search, the lepton identification developed for the work in this dissertation
was also used in the CMS search for H — pu in the full Run 2 data set [240]. The power of the lepton
selection algorithm at rejecting nonprompt leptons was one among many factors contributing to this
analysis seeing the first evidence of this rare H boson decay mode.

The last and newest search in this dissertation, presented in Chapter E], uses a version of the ttH
lepton classifiers updated for the ttH measurement in the full Run 2 data set. In this case the DEEPJET
algorithm is used for computing the b-tagging score of the containing jet. Otherwise the algorithm
is similar to that used originally for the ttH observation. This analysis depends less crucially on the
distinction between prompt and nonprompt leptons, so the definition of custom lepton classifiers would
give only tiny improvements to the analysis. This was considered not worth the effort.

6.1.3 Lepton identification efficiency measurement

The identification of leptons relies on many inputs that are relatively complex to model in simulation.
Predictions of the contents of the jet containing a lepton and the activity inside a cone around the
lepton rely on an accurate description of the underlying event, pileup conditions, detector noise, and
many other factors. Yields from processes involving only prompt leptons are computed from simulation
in each analysis, and these need to be corrected for potential differences in the prompt lepton selection
efficiency between data and simulation. The background contribution from nonprompt leptons is
predicted from data (Section and does not directly rely on the modeling of the lepton selection
in simulation.

The efficiency of selecting prompt leptons is measured with the tag-and-probe technique [184, 202].
A data sample enriched in Drell-Yan production is defined by selecting events with two electrons or two
muons with an invariant mass around myz. One lepton, the tag, is required to pass a set of stringent
selection criteria that makes it unlikely to be a fake. The tag lepton must also pass a trigger path
that selects one lepton. In this way we can measure the efficiency of selecting the second lepton, the
probe, without any bias from the trigger selection. The set of selection criteria for which the efficiency
is to be measured is applied to the probe lepton. The number of events with prompt probe leptons
that pass and fail the selection are counted in different bins of pt and 7 and give the efficiency of the
selection criteria in data.

The number of prompt and nonprompt leptons in each bin of pr and 7, and for events in which the
probe passes and fails the selection, are determined from fits to the dilepton invariant mass distribution.
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Figure 6.1: Example of fits to the dilepton invariant mass distribution used to determine the number
of prompt leptons that pass and fail particular selection criteria. Events from 8 TeV pp collision data
in which probe electrons pass a set of standard impact parameter and I, requirements are shown on
the left, while events in which the probes fail the selection are shown on the right [202].

The mass distributions are made up of a peak centered around myz, and a smoothly falling background
distribution. A fit with two components, one for the Z boson mass peak and one for the background
contribution yields the number of signal and background events. The signal events are those that
contain prompt leptons. The fit functions are templates based on simulated events. An example of
such fits is shown in Fig. for electrons with pr values between 10 and 15 GeV in 8 TeV pp collision
data.

Several sources of systematic uncertainty affect the measurement of lepton selection efficiencies
with the tag-and-probe procedure. The selection of the tag lepton is varied to be looser and tighter,
and the effect on the measured probe selection efficiencies is taken to be a systematic uncertainty.
The simulation based fit templates for the signal and background invariant mass shape are separately
replaced with empirical functions. The differences between the nominal efficiency measurements and
those obtained with the alternative fit functions are considered systematic uncertainties. The generator
used to determine the fit templates in simulation is also varied. In the past the selected mass range was
also varied, but this uncertainty is no longer considered in modern analyses because it can artificially
increase the background to the efficiency measurement.

In recent analyses measurements of the lepton selection efficiency in Drell-Yan enriched data have
become so precise, of the order of 0.1% in many pr and 7 bins, that variations in the lepton selection
efficiency from the extrapolation to the analysis signal region have to be considered. If the underlying
event density and number of objects selected in the analysis increases, the chance for accidental overlap
between prompt leptons and other activity in the event increases. As a consequence the efficiency of
selecting prompt leptons decreases. A simple example of this is that the efficiency of selecting a given
muon or electron in ey events is typically lower than in ee and pp events because ey events originate
mainly from tt production and tend to contain several jets. Each analysis presented in the following
chapters includes a brief discussion of the extrapolation uncertainties that are being considered. These
differ depending on the event selection criteria of the analysis.
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6.2 Trigger selection

Section [4.8] introduced the CMS trigger system which filters out interesting collision events during
data taking for permanent storage. Because of the importance of leptons to many analyses, more
than half of the L1 trigger budget is assigned to events with one or more muons or electrons E] [188].
Analyses typically use a data set selected with trigger algorithms matching the final state of interest
as closely as possible. In our case this means events with several leptons.

The three analyses in chapters [7] to[9] follow the same strategy when it comes to triggering: Events
are retained for analysis if they pass any unprescaled single, two, or three lepton trigger. Single lepton
triggers tend to have relatively high pr requirements and stringent identification criteria on the leptons
to limit the rate of events. Both the pt and identification requirements are loosened in dilepton triggers
because these suffer from lower backgrounds, and the Z boson production cross section is markedly
lower than that of the W boson (See Fig. . Three lepton triggers tend to have only very loose pr
and identification requirements because of the rarity of the targeted event topology. The idea behind
combining all these trigger algorithms is that it leads to a large redundancy in selecting events with
three or more leptons. For a three lepton event to be selected it is enough if any of the three leptons
pass one of the single lepton triggers, any pair of two leptons passes a dilepton trigger, or the three
leptons pass a three lepton trigger together.

It is not necessarily guaranteed that an event selected offline could pass a trigger with equivalent
selection criteria. This is due to the fact that the reconstruction algorithms used in the trigger system
are modified for speed in favor of precision, and do not yield exactly the same results as those used
during offline reconstruction. In order to accurately predict expected event yields with simulation, the
trigger algorithms must also be applied to simulated events. The remaining differences between data
and simulation must then be accounted for by comparing the efficiency with which selected events
pass a set of trigger paths.

In each analysis the trigger efficiency is measured in an unbiased data set obtained by selecting
events that pass a trigger requirement on the p%‘iss or hadronic activity in event. Imposing such
requirements does not bias the efficiency measurement of leptonic triggers. The lepton selection
criteria of the analysis are applied on this data set, and the probability that selected events pass
the set of leptonic trigger requirements is evaluated. In events with three or more light leptons the
trigger redundancy leads to an efficiency that is effectively 100% across most of the selected kinematic
spectrum. Exceptions to this are events with three low pr leptons in Chapter [7] and events with two
or fewer light leptons in Chapter [0] In the former case an additional per lepton efficiency for each
trigger path, measured with the tag-and-probe technique, is used to gain more insight in the global
trigger efficiency. More details are given in the corresponding chapter.

In what follows whenever plots or reconstructed quantities are shown it will be assumed that the
events have passed the set of trigger requirements mentioned here. Specific trigger efficiencies and
their corresponding uncertainties for each analysis are given in the corresponding chapters.

6.3 Standard model processes in the multilepton final state

This section gives an overview of SM processes contributing to the multilepton final state. Most of
these processes are backgrounds to the analyses performed in this work. Several quantities that can
be used to reduce the yields of specific background processes are introduced. The contribution of each
process to the analyses is estimated from simulation, if possible with input from a control region in
data. The exception to this is the background from nonprompt leptons, the prediction of which is
separately discussed in Section[6.4] A summary of SM cross sections measured by the CMS experiment
is given in Fig. This gives an idea of the relative rates and importance of different processes.

4Trigger seeds targeting electrons also simultaneously target photons since they can not be efficiently distinguished
without information from the tracking detector.
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Figure 6.2: Summary of SM production cross sections in pp collisions measured by the CMS experiment
at various center of mass energies [241]. Note that some measurements include fiducial cuts to the

phase space, so not all numbers can be compared one-to-one. The 13 TeV cross section for tZq shown
on the plot comes from the measurement in Chapter
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Figure 6.3: Leading order Feynman diagrams for WZ production [242].

6.3.1 WZ production

Associated production of a W and a Z boson (WZ) results in events with three prompt leptons and
P15 when both the W and the Z boson decay leptonically. The leading order Feynman diagrams for
WZ production are shown in Fig. The product of the WZ production cross section and branching
fraction to three leptons is large compared to that of other processes in the three lepton final state.
After applying criteria for selecting prompt leptons this process is therefore the dominant source of
data events with three leptons. The process is characterized by the presence of an opposite-sign and
same-flavor (OSSF) lepton pair from the Z boson decay, and the bulk of WZ events contain none or
just a few jets, and no b jets.

The WZ process forms an irreducible background in the analyses of chapters [7] and [9] which target
multilepton events without additional jets. The tZq measurement in Chapter [§] targets events with
several jets, at least one of them b-tagged. This last requirement severely reduces the WZ background
contribution. Nonetheless it remains the largest background in the most sensitive event category of
this search.

Two kinematic quantities are particularly useful for reducing the background yield from WZ pro-
duction. The reconstructed invariant mass of the two leptons from the Z boson decay (My,) peaks
strongly around myz. In eep and ppe events leptons can be unambiguously assigned to the Z boson
decay. In ppp and eee events we assign the OSSF lepton pair forming the invariant mass closest to
my to the Z boson decay. The remaining lepton is assumed to come from the decay of the W boson.
The neutrino from the W boson decay can not be directly detected, but leads to a sizable pp™. This
can be combined with the lepton from the W boson decay to reconstruct the transverse mass of the
W boson candidate with the following equation:

My = \/2php= 1 — cos (Ag)]. (6.4)

— miss

with A¢ the azimuthal separation between the lepton and pt™. Physically, M represents the
invariant mass of the transverse projection of the lepton and p7™° in the ultrarelativistic limit. The
distribution of Mt peaks around my and has a broad distribution towards lower values because the
longitudinal component of the W boson decay products is not accounted for. Beyond myy, the M
distribution falls off sharply, as can be seen in Fig. [6.4. All three of the analyses presented in this
work use Mt as a discriminating variable against the background from WZ production.

The tail of the M distribution in multilepton WZ events is of particular importance in searches for
heavy hypothetical particles, such as those of chapters [7] and [9] Production of massive new particles
is expected to result in high- Mt events. Events from WZ production with Mt values exceeding mwy
mainly come from the ambiguity in assigning leptons to the W and Z boson decays in eee and ppp
events. The lepton from the W boson decay can accidentally form an invariant with one of the Z
boson decay products that is closer to my than the invariant mass of the two leptons from the actual
Z boson decay. One of the Z boson decay products is then wrongly assigned to the W boson decay. If
this happens, Mt no longer has a boundary at mw and can take on large values. To a lesser extent,
p%miss mismeasurements and the W boson width can also lead to Mt values larger than mw. The
former is the dominant contribution to the tail of the Mt distribution in eey and ppe events. These
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Figure 6.4: Observed and expected number of events in a WZ enriched data sample as a function of
Mry. The shown data sample is the WZ enriched region of the tZq search presented in Chapter [§] A
detailed description of the corresponding event selection can be found in that chapter.
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properties of the M tail in WZ events were identified by me in the context of |5], a previous iteration
of the search presented in Chapter [0} Chapter [ will go into more detail on this subject as it is the
most dependent on an accurate description of high-Mt WZ events.

Throughout this work the normalization of the WZ event yield is implicitly obtained from data by
including a data region enriched in WZ events in the final fit of each analysis. The exact definition of
this control region varies depending on the constraints of the analysis, and is discussed separately in
each analysis chapter.

6.3.2 ZZ production

Simultaneous production of two Z bosons (ZZ) with subsequent leptonic decays of both bosons yields
events with four prompt leptons. It is the largest source of four prompt lepton events, and the main
background in the analysis categories of Chapter [J] that target signals in the four lepton final state.
When one of the leptons fails to pass the reconstruction or identification criteria, the process can enter
the three lepton data set. Light lepton identification is efficient and the ZZ production cross section
is not as high as that of WZ production. The contribution of ZZ production to the three lepton final
state therefore tends to be a great deal smaller than that of WZ production. Nonetheless, it remains
a significant background source in three lepton events.

No neutrinos are produced in leptonic Z boson decays, so multilepton ZZ events tend to have low
p%iss values. Usually, they also have few jets and no b jets. Similar to what is done for WZ, each
of the three analyses uses a data set with a high ZZ purity to constrain the production cross section
of this process. More details on the exact definition of these data samples are given when discussing
each analysis.

6.3.3 Photon conversions

Photon conversions can add additional leptons to an event. In external conversions real photons
interact with the detector material to produce an electron-positron pair. Virtual photons, on the
other hand, promptly decay to a dilepton pair, an internal conversion. In the analyses presented in
this dissertation all nominally selected leptons are required have a pr larger than 10 GeV, muons in
Chapter [7] being the sole exception with a 5GeV threshold. Conversions in which both leptons pass
such a pt requirement are rare. The conversions that do result in leptons that pass the selection tend
to be “asymmetric conversions” in which one of the leptons carries the bulk of the momentum of the
converted photon and passes the lepton selection alone.

In this work we always estimate the background from prompt photon conversions from simulation.
Leptons from the conversion of nonprompt photons are considered nonprompt, and the corresponding
background yields are estimated with the data-driven techniques of Section In what follows we
will only consider conversions of prompt photons when discussing the conversion background.

The main contribution from conversions in three lepton events comes from Z boson production
in association with a real or virtual photon (Z’y(*)). The Z boson decays to two leptons, and an
asymmetric photon conversion can result in an additional selected lepton. In many Zy*) events the
photon comes from FSR of one of the leptons, resulting in an £/~ system with the mass of a Z boson. If
the conversion is asymmetric, this in turn results in a three lepton system of invariant mass (Msy) close
to myz. This feature is clearly visible in Fig. One of the Feynman diagrams of Zv™) production
with an FSR photon is drawn in Fig. A data sample enriched in Zy®™) events can thus be obtained
by selecting events with three leptons and requiring M3, to be compatible with mz. Such a control
region is used in chapters |7| and |§| to derive the normalization of the Zv™*) event yield in data. In
Chapter |8 such a sample is only used to validate the simulated predictions for conversions because the
conversion background is of lesser importance in that chapter.

Photon conversions leading to multilepton events can spring from many other process than Zv®),
including tf’y(*), Wy(*), diboson production with an additional photon, and many more. The contri-
bution from W’y(*) in three lepton events tends to be low because both leptons from the conversion are
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Figure 6.5: A possible Feynman diagram of Z+*) production in which a photon is radiated by one of
the final state leptons. If the photon undergoes an asymmetric conversion, the final state will contain
three leptons with an invariant mass very close to my [243|. This three lepton invariant mass peak is

prominent in Fig. [7.5]

unlikely to pass the lepton selection. The other listed processes have small cross sections compared to
Z~*), making their yields minute. The combination of all backgrounds containing converted photons
is referred to as X’y(*) in what follows, but is usually largely made up of Zy™. Events with a final
state consisting of two leptons of the same sign, selected in Chapter [9] are the exception. In this event
category the dominant contribution from photon conversions comes from W~®*) production, again
with an asymmetric photon conversion.

6.3.4 Nonprompt leptons

Events with one or more nonprompt leptons form an important background source in multilepton data.
Most nonprompt light leptons can be rejected by imposing identification requirements (Section .
However, even after the application of such selection criteria the background often remains significant.
In events with 7, candidates the background from nonprompt leptons tends to be far larger than any
other background source because of the high misidentification rate of jets as 7, candidates (Section.
The prediction of the nonprompt lepton background in all the analyses presented is done directly from
data with the procedure explained in Section

A host of processes can result in events with one or more nonprompt leptons that manage to pass
the analysis selection. In analyses targeting the three lepton final state, the majority of these come
from tt production with two leptonic top quark decays, and Drell-Yan production. Both of these
processes have two prompt leptons in the final state and need only one nonprompt lepton to pass the
selection. Drell-Yan production has a cross section that is several orders of magnitude larger than
that of any process resulting in three or more prompt leptons, so even a small misidentification rate
for nonprompt leptons can result in a large background. Although the tt production cross section is
a lot smaller than that of Drell-Yan production, it is still relatively large, and almost every tt event
contains at least two b quarks which can decay semileptonically. This results in a nonprompt lepton
background from tt production that is often even larger than that of Drell-Yan production.

Nonprompt leptons constitute the dominant background in the most sensitive signal regions of
Chapter [7], and were the main obstacle preventing the discovery of the tZq process by CMS in the 2016
pp collision data set [244]. The reduction of this background by improving the lepton identification
procedure led to the first observation of tZq as discussed in Chapter [§] In Chapter [9] the nonprompt
background is significant in most event categories and the dominant source of background events in
final states with 73, candidates.

6.3.5 Top quark associated production

Multiple prompt leptons can originate from the production of top quark pairs or single top quarks in
association with one or more electroweak bosons. Associated top quark pair production tends to have
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Figure 6.6: Diagram of a ttH production event resulting in a final state with three light leptons and
a 1, candidate [238].

both higher cross sections and larger branching fractions to multiple leptons than processes with a
single top quark. Among processes with associated production of top quarks and electroweak bosons
ttZ, ttW, and ttH production have the largest three lepton event yields. An example of one of the
possible decay modes in ttH production that result in multiple leptons is presented in Fig.

These processes are characterized by the presence of several jets, including one or more b jets.
Signal events are not expected to contain b jets in chapters[7]and [9] so the presence of b jets is vetoed
to reduce the background of processes that involve top quarks. Because of the b jet veto and the small
production cross sections compared to diboson production, associated top quark production is only a
minor background in these analyses. Chapter [§] targets a signal that itself contains a top quark. In
this analysis ttZ production forms the dominant background in two out of three signal regions.

The tHq, tWZ, and tZq (the subject of Chapter production processes tend to only be tiny
sources of multilepton events. Even more rare processes, such as tttt, or top quark pair production
with multiple electroweak bosons are as good as negligible in all analyses discussed in this dissertation.
These processes are nonetheless taken into account in the background estimation.

In each analysis the yields of all of the aforementioned processes are estimated from simulated
events normalized to the respective theoretical cross sections. In Chapter |8| the ttZ cross section is
constrained implicitly from data when extracting the tZq cross section.

6.3.6 Multiboson production

Production of three or more electroweak bosons can bring about a large amount of prompt leptons.
Examples are WWW, WWZ, and WHZ production with subsequent leptonic decays of the bosons, but
many other combinations of electroweak bosons are possible. Multiboson production processes all have
extremely small cross sections, and are of limited importance in this work. Without exception these
processes are estimated purely on the basis of simulation, using theoretical cross sections to normalize
their event yields. Most of these processes have never been precisely measured, so the uncertainties in
their predictions are necessarily large. Given the rarity of these processes that presents no problem.
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6.4 Nonprompt lepton background prediction

Lepton candidates that originate from jet fragmentation or are outright faked by other particles
are collectively classified as nonprompt and are an important background source in any analysis
using leptons. Predicting this background accurately from simulation is more difficult than predicting
backgrounds with only prompt leptons. For this reason the nonprompt lepton background is predicted
directly from data in all the analyses presented in this dissertation. The procedure detailed below
aims at predicting the background from the sum of all processes that pass the analysis selection in
which at least one of the selected leptons is nonprompt.

The data-driven background prediction relies on the knowledge of the probability that a lepton
passing a loosened selection also passes the full lepton selection of the analysis. This probability is
called “fake rate”, and the loosened lepton selection will be called “loose”. The nominal selection
criteria are designated “tight”. Only events in which all leptons pass the tight selection are considered
part of the signal region of an analysis. Events in which one or more leptons fail the tight selection
while still passing the loose selection, referred to as sideband or application region events, are used
in tandem with the fake rate to obtain a prediction of the nonprompt lepton background. In the
background prediction each sideband event is assigned the following weight:

loose-not-tight
loose-not-tight f ¢
w= (-1 +) 1;[ (1 _(f)(g)>, (6.5)

where the product runs over all leptons that are loose but not tight (loose-not-tight), Noose-not-tight
is the number of such leptons, and f (¢) is the fake rate which depends on the properties of the lepton
£. Weighting sideband events by the factor w gives a prediction of the number of events with one
or more nonprompt leptons in which all leptons pass the tight selection. The factor 1 — f (¢) in the
denominator accounts for the fact that only events in which some leptons fail the tight selection enter
the sideband.

The factor (—1)(NIDDSC'“‘“‘“g“JFI) is negative for even numbers of loose-not-tight leptons to correct
for the double counting of events with multiple nonprompt leptons. The necessity of this factor can be
seen from the following example: Imagine requiring two tight leptons and predicting the background
from nonprompt leptons. First we look at events with one loose-not-tight and one tight lepton. If only
one lepton is nonprompt, it has probability f (¢) to be tight. Applying a weight of f (¢) /(1 — f (¢))
to events with one nonprompt loose-not-tight lepton results in a correct background prediction. If
there are two nonprompt leptons, either one of them could have passed the tight selection to result
in an event with a tight and a loose-not-tight lepton. Applying the weight f (¢) /(1 — f(¢)) to such
events results in an overprediction of the number of events with two tight nonprompt leptons by a

factor two. Events with two loose-not-tight leptons weighted by f(£)f(¢)/ [(1 — f)(1— f(ﬁl))} do

give a correct prediction of the background from events with two nonprompt leptons. Events with
two loose-not-tight leptons with a negative weight can thus be used to cancel the aforementioned
overprediction.

The method presented here applies to both light leptons and 7, candidates. A successful application
of the method to nonprompt light leptons in multilepton events is however far more involved than it is
for 7, candidates. The technical details that follow in this section only apply to light leptons. Events
with 7, candidates are exclusively used in Chapter [9] and the necessary details on the prediction of
the nonprompt 7, candidate background are given there.

The fake rate depends on the properties of the lepton. So measuring the fake rate in data should
be done as a function of the variables it depends on most, while still maintaining a sufficient statistical
precision for a robust measurement. The detector layout changes significantly as a function of 7, so
this is an obvious choice for the parametrization of the fake rate. The fake rate of leptons also changes
significantly with their p, though the situation is a bit more complex than for the n dependence. This
is the subject of Section Multijet data provides a relatively pure and large source of nonprompt
leptons in which the fake rate can be measured. Ensuring that the fake rate measured in such events is
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applicable to analyses in the multilepton final state requires care. This is the subject of Section [6.4.2
Finally Section discusses the fake rate measurement in data.

6.4.1 Cone correction

Studies in simulated events reveal that the fake rate depends on the pr of the parton from which a

nonprompt lepton originates (p%mther Partomy ‘more so than on the pr of the lepton itself. We want to

approximate p%mher parton pased on reconstructed quantities to be able to use it in the parametrization
of the fake rate. This is done by correcting the pt of leptons that are loose-not-tight with a “cone
correction” that accounts for the momentum of the other decay products of the original parton. For
tight leptons, which will most often be prompt, no momentum correction should be applied since the
momentum of the lepton itself is what is of physical interest. The lepton fake rate is parametrized
and measured as a function of p7"¢, the cone corrected pr.

The anti-k7 jet clustering algorithm (Section generally clusters the decay products of the
mother parton, including the nonprompt lepton, into a jet. A cone correction procedure can thus be
defined as replacing the lepton pt by that of the jet it belongs to. In practice this is done by dividing
the lepton pr by pffatio (Section . We obtain the following definition for the cone correction:

{ pT if lepton passes the tight selection (6.6)

cone __
T C - P otherwise
Pt
, where a factor C' is introduced to ensures a continuous p{"¢ distribution. Tight leptons are
not corrected, while the pr of loose-not-tight leptons almost always increases since the lepton pr
should be smaller than that of the jet containing it. A priori, the distribution of p"¢ therefore has
a discontinuity as a function of the variables used in the identification of leptons. The factor C' is
smaller than unity, and removes this discontinuity.

The analyses of chapters [§ and [9] use a threshold on a BDT classifier to select leptons. I designed
a novel way of determining the parameter C, used in these analyses. The average p7"® with C =1
is studied as a function of the BDT output in simulated events. A discontinuous drop in the average
p"¢ at the BDT threshold used in the tight lepton selection is observed. The parameter C' is defined
as the ratio between the average p{™¢ just above and below the BDT selection threshold. A finely
binned histogram is used to determine the average p{™"¢ at both ends of the threshold. As a cross
check a polynomial template is fit locally to the average p{"¢ as a function of the BDT output on
both sides of the threshold. Scaling down the polynomial fit on the lower end of the BDT threshold
so it crosses the other one at the threshold results in an equivalent value for C'. The value of C' that
is obtained is 0.95 for both electrons and muons in the tZq search of Chapter 8, while it is only 0.65
for muons in the three and four lepton selection used in Chapter [0] The reason for the smaller factor
C in Chapter [J]is a less stringent lepton selection threshold. In general C' will be closer to unity the
more strict the BDT threshold for lepton selection is. This can be understood by observing that very

high BDT scores tend to correspond to very prompt-like leptons with p&?tio values close to unity.
In Chapter [7] a classical I,¢ based lepton identification strategy is used instead of BDT classifiers.
In this case the cone correction procedure can be simplified by approximating the pt of the jet that
contains the lepton as the sum of the lepton pr and the pr of the other objects in the isolation cone
around the lepton direction. This is equivalent to scaling up the pr of the lepton by a factor 1 + I.q.
cone cone

This has the advantage that continuity in the average p{™¢ can be obtained for free by defining p
as follows:

cone

pr = (6.7)

rel

pr if lepton passes tight selection
DT - [1 + max <Irel — ptisht, Oﬂ otherwise

, where If:fht is the isolation threshold used in the tight selection. Defining p{"¢ as such corresponds

to using a fixed cone size around the nonprompt lepton to aggregate decay products from the mother
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parton. This gives a slightly worse approximation of p?Other parton ¢} an Equation . The definition
is nonetheless adequate for parametrizing the fake rate and achieving a precise prediction of the
nonprompt lepton background.

Equationis used to define p{™¢ in the heavy neutrino search in Chapter |7/l The other two, more
modern, analyses in chapters [§ and chapter [0] use the generalized definition from Equation [6.6] In all
analyses the leptons are cone corrected after selection. This means that for all loose-not-tight leptons

their pr is replaced by p{™¢ and their energy is scaled up by p$™/pr. The fake rate is measured as a

function of p™", so correcting the pr of all loose-not-tight leptons ensures a correct prediction of the
pr spectrum of nonprompt leptons passing the tight selection. The cone correction is propagated to
the computation of all derived analysis variables, such as invariant masses. In the following sections
and chapters whenever lepton pr is mentioned in the context of an analysis we implicitly refer to
pT"¢, unless the discussion is about lepton identification requirements. Note once again that the pt of
tight leptons, which are those that enter the final analysis selection, remains unchanged when applying
either Equation [6.6] or [6.7 Only sideband events used to predict the nonprompt lepton background

are affected by the cone correction.

6.4.2 Loose selection tuning

Section discusses that a multitude of processes can result in background events with nonprompt
leptons. When selecting three leptons, tt and Drell-Yan production make up the overwhelming major-
ity of selected events with nonprompt leptons. The measurement of the fake rate is however performed
in a data set enriched in QCD multijet events, following the procedure explained in Section [6.4.3

Each tt event contains at least two b jets. Jets in Drell-Yan events, on the other hand, come from
ISR or FSR, so most of these are gluon and light quark jets. Similarly, QCD multijet events have a
larger light quark and gluon jet fraction than tt. The lepton fake rate for light and heavy flavor jets
is inherently different, in particular because heavy flavor jets often contain genuine leptons from the
decay of a b or ¢ quark. This presents a challenge since a fake rate measured in QCD multijet events
is not necessarily applicable to the nonprompt lepton background prediction in the multilepton final
state. Meanwhile a correct description of one background source, such as Drell-Yan production, does
not guarantee a correct description of the others.

The problem is solved by removing the jet flavor dependence in the fake rate by tuning the
requirements that constitute the loose lepton selection. We wish to obtain a loose definition which
results in a fake rate that is equivalent for light and heavy flavor jets. If this is achieved, a measurement
of the fake rate in multijet events can be used to predict all backgrounds involving nonprompt leptons
in a multilepton analysis. At the same time the loose selection should, as the name implies, remain
as loose as possible. Otherwise the fake rate will become large, which would lead to a poor statistical
precision in the nonprompt lepton background prediction. When the fake rate is small, the sideband
region contains an unweighted number of events larger than the background yield predicted with it.
It is also important that the tight lepton selection remains unmodified during the fake rate tuning.
Otherwise the signal selection efficiency of the analysis might get spoiled. So when tuning the fake
rate, additional selection criteria are only added for leptons that fail the tight requirements.

The tuning procedure is based on closure tests in simulated events. First the fake rate is determined
in a QCD multijet simulation for a particular loose selection definition. Subsequently, events with
three tight leptons, at least one of them nonprompt, are selected in simulated tt and Drell-Yan events.
For both processes this direct background prediction is compared to that of the fake rate method
applied to simulated sideband events, using the fake rate measured in simulated multijet events. The
comparison is made as a function of all event variables used in the analysis. Without tuning of the
loose selection the direct prediction and that of the fake rate method generally do not agree. The loose
selection is adjusted based on the observed discrepancies between the fake rate method and the direct
predictions for both tt and Drell-Yan production. This procedure is iterated until the predictions of
the fake rate method match those of direct simulation to an adequate degree. The tuning of the loose
selection is always done separately for each data-taking year because of differences in the detector and
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its operational conditions, in instantaneous luminosity, and in the event reconstruction. All of these
differences lead to variations in the lepton fake rate.

In the heavy neutrino search in Chapter [7] a classic lepton identification strategy is used which
exploits a small amount of variables, limiting the options for tuning the loose selection. For muons
only an I cut is adjusted, while for electrons cuts on both I, and the electron MVA are tuned in
the loose selection.

The two newer analyses in chapters[§and [9]use BDT classifiers with a set of thirteen input variables
for lepton selection. This results in a complex multivariate fine tuning problem to make the fake rate
predictions as good as possible. In practice, cuts on the b-tagging score of the jet containing the lepton
and on prTatio are tuned for the loose lepton selection. The former is a particularly powerful tool for
regulating the fake rates of nonprompt leptons from heavy- and light flavor jets. For electrons a cut
on the electron MVA is simultaneously tuned with those on prTatiO and the b-tagging score.

The search presented in Chapter[9]is the most recent analysis in this dissertation, and has the most
refined tuning of the loose lepton selection. A pp-dependent cut on the b-tagging score is used to get
a precise description of the pr spectrum of nonprompt leptons from the fake rate method, regardless
of the origin of the leptons. Simulated closure tests for this analysis that compare the prediction
of the fake rate method to direct simulation, following the description given earlier, are shown in
Fig. The fake rate from a multijet simulation can be seen to yield an excellent prediction of the
simulated tt background in 2018 data-taking conditions. Closure tests for other data-taking years and
for Drell-Yan production are not included here, but satisfactory predictions by the fake rate method
are seen in each case. This gives us confidence that measuring the fake rate in multijet data results in
an accurate description of the nonprompt lepton background in multilepton events with a well tuned
loose lepton selection. Similar closure tests were done for all three analyses presented in this work,
but not included for brevity.

6.4.3 Fake rate measurement

After the loose lepton selection is tuned, the fake rate is measured as a function of p§™® and |n| in a

data sample enriched in QCD multijet events. One starts by selecting events with a single loose lepton.
At least one jet with a large angular separation from the lepton, characteristic of multijet events, is
required to be present. The fraction of multijet events in which the loose lepton also manages to pass
the tight selection is a measure of the fake rate for a given loose selection definition. The selected
data sample is however contaminated by prompt leptons, chiefly from W boson production, and to a
much smaller extent from Drell-Yan and tt production. These prompt leptons have to be accounted
for in the fake rate measurement to avoid an overestimation of the fake rate induced by their high
identification efficiency.

Unprescaled single lepton triggers (Section have pr thresholds well above those set in the selec-
tion of single leptons in the multilepton analyses presented in this dissertation. These triggers typically
also impose identification requirements on the leptons that could spoil a fake rate measurement. For
this reason we use data collected with a collection of prescaled single lepton triggers. These prescaled
triggers impose only low pr requirements on the leptons and have relaxed or no identification criteria.
Triggers are available that select muons with pt values as low as 3 GeV. For electrons the prescaled
triggers start at a pr requirement of 8 GeV. In the lowest pr prescaled trigger paths the lepton is
required to be associated with a jet. The set of prescaled triggers used in the fake rate measurement
contains trigger paths with progressively higher pt thresholds on the leptons. The prescale values
decrease with increased pr thresholds because the trigger rate falls off as a function of the lepton prp
requirement. To maximize the statistical precision, each p*"¢ bin in the fake rate measurement uses
the trigger path with the lowest possible prescale value.

A complication arises here: Triggers place requirements on the pt of the lepton while we want

a fake rate measurement binned in p{"¢. For leptons that pass the tight selection pr and p{"¢ are

equal, but for those in the denominator of the fake rate measurement p”"¢ is almost always larger

than pt. One should ensure that only one prescaled trigger path is used in each p{"¢ bin of the fake
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Figure 6.7: Number of events with three leptons, at least one of them nonprompt, passing the tight
selection defined in Chapter@ Direct predictions from simulation (black data points) are compared to
the prediction of the fake rate method applied to simulated sideband events as (magenta distribution).
Yields are shown as a function of (left to right, top to bottom): The pr and |n| of the lowest pr lepton
in the event, the number of selected jets in the event, p%iss, the invariant mass of the best Z — £/
candidate, and the My of the remaining lepton and pp™9. It is worth noting that the lowest pp
lepton tends to be the nonprompt one. The exhibited events are from a simulation of tt production
and the applied fake rate is determined in simulated multijet events. Both simulations correspond to
2018 data-taking conditions.
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rate measurement. This avoids a bias from having a different admixture of trigger prescale factors in

the numerator and denominator of a fake rate measurement bin. The trigger path to be used in a

particular bin is selected by finding the minimum p{"® value that ensures any lepton with this p$"¢

value has a pr over the trigger threshold. Using Equation a requirement pt > x in a trigger path
can be translated into pi"¢ > z-C/pig®™™  with p2">™" a cutoff on pf2¥° imposed in the loose lepton
selection. This is the cut tuned for ensuring closure in the fake rate method (Section [6.4.2). During

the tuning of the loose selection, care is taken to ensure p?tio’min is large enough that C’/pfl?tio’min

does not exceed two. The possibility of very large cone corrections would severely limit the statistical

precision in the fake rate measurement because more strongly prescaled triggers would have to be

Itight

rel on

used. Using Equation for the cone correction, one obtains a threshold z/ (1 + [max

cone

bt
maximum I, value a loose lepton is allowed to have.

given a pr threshold z, following a similar reasoning to that outlined above. Here I7;* is the

Once the correct trigger path is chosen for each p{"¢ interval, the fake rate is measured in bins of
p$"™e and |n| as the fraction of loose nonprompt leptons that pass the tight selection. The number of
nonprompt leptons is the number of events in the sample of multijet enriched data, after subtracting
the prompt lepton background. This subtraction is done in both the numerator and the denominator
of the measurement. The prompt lepton contamination is estimated from simulation. To limit the
uncertainty in the background subtraction we reduce the prompt lepton contamination with a number
of kinematic requirements. Events with a single prompt lepton come mainly from W boson production.

miss

They typically have significant p7***, and their Mt distribution peaks around mw. Multijet events
with a nonprompt lepton, on the other hand, tend to have low p%liss and Mt values because there are
no high pr neutrinos in the event, and p1™% does not balance the transverse lepton momentum vector.
The prompt lepton contamination is minimized by requiring p%iss to be below 20 GeV, eliminating
most W boson production events. To avoid a bias in the fake rate from the correlation between Mt

and the lepton pr, we define a new variable to replace Mr:

Mix = \/ 2-35GeV - piiss [1 — cos (Ag)]. (6.8)

The M%X variable retains most of the discriminating power of Mt because it still depends on
p1 ™ and its direction relative to the lepton. However, it has no direct dependence on the lepton

pr anymore. In each p§™¢ and |n| bin of the fake rate measurement, a binned x? fit to the M%X
distribution determines the number of nonprompt leptons in the numerator and denominator. This
fit is performed after the subtraction of the prompt background in each M%X bin. Doing a fit as a
function of Mlﬁx results in a smaller uncertainty in the fake rate measurement than simply counting
events because lower M%X events are generally less polluted by prompt leptons. To illustrate the fake
rate measurement, the M%X distributions in the numerator and denominator of a single bin of the fake
rate measurement are shown in Fig.

The normalization of the expected number of prompt lepton events used in the subtraction is
constrained from data. For each prescaled trigger path a fit to the distribution of Mr is performed
for events with Mt values beyond mw and prrfliss > 40 GeV. The nonprompt lepton contribution is
negligible in such events. The measured normalizations account for both the summed cross sections of
the processes producing prompt leptons, as well as the trigger prescale factor. An example of the M
distributions used to measure the normalization of the number of prompt leptons is shown in Fig.
for two prescaled trigger paths in 2017 collision data.

The misidentification rate of nonprompt leptons tends to become smaller with increasing pr.
Meanwhile the pr spectrum of prompt leptons is harder than that of nonprompt leptons. Both of
these effects increase the relative contribution of prompt leptons in the fake rate measurement at high
pT"¢ values. When using a BDT based lepton selection strategy this is aggravated by the superior
identification performance, and the situation becomes problematic. For p7"¢ values above 45 GeV,
the prompt contamination in the numerator of the fake rate measurement is typically so large that
the procedure described above no longer provides an accurate measurement of the fake rate. A tiny
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Figure 6.8: Number of events with a single muon satisfying 20 GeV < p$™© < 30 GeV and 2.1 < || <
2.4 as a function of M%X in 2018 collision data. The left (right) panel shows events with a single loose
(tight) muon and acts as the denominator (numerator) of the fake rate measurement in the given
p$"™e and |n| interval. The number of expected events with a prompt lepton is subtracted in both the
numerator and denominator before fitting the M%x distributions to determine the event yields. The

lepton selection used is that defined in Chapter ﬂ
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Figure 6.9: Post-fit expected number events with a prompt lepton and the total observed number of
events as a function of M. The left (right) panel shows events that contain a single muon (electron)
passing a prescaled trigger path requiring the presence of a muon with pt > 8 GeV (electron with p >
8 GeV and a jet with pr > 30 GeV) in 2017 collision data. In low My bins a sizable number of QCD
multijet events with a single nonprompt lepton is present, whereas the prompt lepton contribution
is dominant at high M values. The normalization of the prompt lepton component is measured by
fitting the event yields in the range 90-130 GeV.
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Figure 6.10: Number of events with a single electron satisfying p{?™¢ > 65GeV and 0.8 < |n| < 1.4
as a function of MrffiX in 2016 collision data. The left (right) panel shows events with a single loose

(tight) electron and acts as the denominator (numerator) of the fake rate measurement in the given
cone

bt
the numerator and denominator, and small uncertainties in the estimation of this contamination can
have a large impact on the measured fake rate. The lepton selection used is that defined in Chapter @

and |n| interval. Because of the high electron pr the number of prompt leptons is large in both

variation in the normalization of the prompt contamination can cause an enormous shift in the fake
rate measurement. To give a concrete example, the numerator and denominator of the fake rate
measurement for electrons passing the selection of Chapter @] with p3¢ > 65GeV and 0.8 < |n| < 1.4
in 2016 pp collision data are shown in Fig.

In all analyses in this dissertation, the fake rate for p7"® values below 45GeV is used in the

evaluation of Equation for loose-not-tight leptons in the application region that have p$"¢ values
larger than 45GeV. This avoids the usage of unreliable fake rate measurements at high p$"¢, but
brings along extrapolation uncertainties. These uncertainties are estimated from simulation. The
impact of doing this extrapolation is tiny in each of the three analyses, because high-pt nonprompt
leptons that pass the tight selection are rare, as can be seen in Fig.

In future analyses the fake rate measurement could be made more reliable at high p7"® by de-
termining the normalizations of both the prompt and nonprompt contributions in each p{"¢ and |n|
bin from a template fit to M%X. The essential difference with the subtraction procedure above is that
the latter only uses information about the expected shape of the prompt background, while having
no input information on the shape of the expected nonprompt lepton contribution. As a consequence,
uncertainties in the multi-differential cross section of prompt lepton production in p§"™c, ||, p%iss,
and M%X directly affect the fake rate measurement. These effects could be partially offset by also
using a shape template for the nonprompt lepton contribution, resulting in a more robust fake rate
determination at high pp. This procedure is applied in analyses carried out later than those presented
in this dissertation, examples being [60] and [245]. One could expand upon this even further by si-
multaneously fitting templates in prompt and nonprompt enriched regions, for instance at low and
high p%iss values. As lepton identification techniques keep improving, such approaches will become
necessary.
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6.5 Systematic uncertainties

The results of the analyses in this dissertation are evaluated by performing simultaneous binned
maximum likelihood fits to the observed event yields in a number of search and control region. These
fits follow the prescriptions from [246], and an introduction to such fitting procedures can be found
in [247).

Sources of systematic uncertainty are taken into account as nuisance parameters in the fits. Each
simulated process is affected by a number of experimental and theoretical uncertainties, and data-
driven background estimation procedures have their own associated uncertainties. The experimental
uncertainty sources common to all simulated processes are listed in Section [6.5.1] and the common
theoretical uncertainty sources in Section [6.5.2

Aside from those sources listed below, which affect all simulated processes, additional systematic
uncertainties might be added to the predictions of specific processes. This is done to cover effects or
discrepancies not accounted for by any general uncertainty source. Details of such uncertainty sources
are analysis specific, and are given in the corresponding discussions in chapters [7] to 9}

The uncertainty sources described in this section do not directly affect the data-driven estima-
tion of the nonprompt lepton background. A flat 30% normalization uncertainty is assigned to this
background prediction in all analyses to account for potential biases in the fake rate method and the
applicability of the fine tuned thresholds in real collision data. Additional p{"¢ extrapolation uncer-
tainties are introduced in Chapter [0} Sideband events with at least one loose-not-tight lepton, from
which the nonprompt background is estimated, however have a contamination from prompt leptons.
This contamination is corrected for by using simulated events. All uncertainties that apply to simu-
lated events are propagated in this subtraction. The data-driven nonprompt background prediction
is thus also affected, to a smaller extent, by all of the uncertainty sources listed below.

6.5.1 Experimental uncertainties

A number of experimental uncertainties affect all simulated processes. These uncertainty sources are
listed in this section. Their effects are evaluated on an event-by-event basis, either as statistical weights
or by modifying kinematic quantities used in event selection and binning. Most of these uncertainty
sources vary both the post-selection yields and the shapes of the event distributions for simulated
processes. Exceptions are the uncertainty in the luminosity measurement in all analyses, and the
uncertainty in the trigger efficiency measurement in chapters 8 and [0] These uncertainty sources only
affect the normalization of simulated processes. The effects of each of the experimental uncertainty
sources is taken to be fully correlated between all processes.

e Jet energy scale: Uncertainties in the successive jet energy scale correction steps (Section
are propagated to all jets. There are a number of sources of uncertainty, listed in [213], which
are aggregated into a single global per jet uncertainty. Uncertainties in the jet energy scale also
affect p1™* following Equation All jets in an event and p1™** are varied in a correlated
fashion, and the effect is propagated to the computation of all analysis variables that rely on
jets and pp™ss.

e Jet energy resolution: Similar to the jet energy scale, uncertainties in the jet energy resolution
affect all jets in an event, as well as p1™. The uncertainty propagation is done in an identical
manner as for the jet energy scale variations, but the impact is much smaller. This uncertainty
source is only considered in Chapter [0

e Unclustered energy: Energy deposits in the ECAL and HCAL not clustered into reconstructed
electrons, photons, or hadrons still contribute to pt™** [218]. The uncertainty in the energy scale
of these unclustered deposits is propagated to p1™* and its associated quantities.

e b-tagging efficiency: The measured b-tagging efficiencies and misidentification rates (Sec-
tion [5.4]) are varied within their uncertainties. These variations are propagated as statistical
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weights to each simulated event, both for the selection and veto of b jets. Variations in the
tagging efficiency for b jets and the misidentification rate for ¢ jets are considered simultane-
ously. Uncertainties in the light flavor jet misidentification rate are considered uncorrelated, and
treated as a separate uncertainty source [220].

Lepton identification efficiency: Several sources of systematic uncertainty, in addition to
statistical uncertainties, affect the lepton identification efficiency measurements. Lepton iden-
tification efficiencies are measured using the tag-and-probe technique in Drell-Yan production
events (Section . In these measurements the number of prompt and nonprompt leptons are
determined by fitting a signal and background component to the invariant mass distribution of
Z — (¢ decays. The selection criteria of the tag lepton, and the functional forms used in the fit
are varied. The effects of these variations on the efficiency measurement are considered system-
atic uncertainties. All systematic shifts in the fit are summed in quadrature to obtain a single
systematic uncertainty value in each pp and || bin of the efficiency measurement. This un-
certainty is subsequently propagated to analysis results on an event-by-event basis. Statistical
uncertainties in the lepton identification efficiencies are also propagated as systematic uncer-
tainties to the analyses using these efficiencies. Lepton identification efficiencies are measured
in Drell-Yan events, but applied to events with a different topology. The lepton identification
efficiency, and the corresponding data to simulation scale factors are not necessarily invariant
under this extrapolation, necessitating further uncertainty sources. In the tZq search of Chap-
ter 8] it is verified that the uncertainties in the scale factor measurement are large enough to
cover extrapolation effects to a region enriched in top quarks. The supersymmetry signal stud-
ied in Chapter [9] often contains highly boosted leptons. An additional uncertainty is therefore
derived to cover the difference between scale factors at low and high Z boson pr values. The
sterile neutrino search presented in Chapter [7] simply increases the systematic uncertainty in
the lepton identification efficiency to a value that is large enough to cover extrapolation effects.
More details are given in each of the analysis chapters.

Trigger Efficiency: All of the analyses presented here use a combination of single, two, and
three lepton triggers (Section [6.2)). The efficiency of the entire trigger cocktail is measured
in a data set collected with orthogonal trigger paths that require a large amount of p%iss or
hadronic activity. This data set contains a relatively meager amount of multilepton events. The
statistical uncertainty in the trigger measurement at low lepton pr values typically amounts to a
few %, and this is propagated as a flat normalization uncertainty to all simulated events in each
analysis. These uncertainties are considered uncorrelated between data-taking years because of
their predominantly statistical nature. In Chapter [9] the difference between data to simulation
scale factors for the trigger efficiencies in different data-taking years is taken as an additional
correlated uncertainty source. In Chapter [7] such an uncertainty source is not applicable since
only one data-taking year is analyzed. In Chapter [§ the trigger efficiency is effectively 100%
across for events passing the analysis selection and the differences in the total trigger efficiency
between the data-taking years are negligible.

Luminosity measurement: The integrated luminosity of the collected pp collision data set
is used to normalize the yields of simulated processes (Equation . Any uncertainty in the
determination of the integrated luminosity affects all signal and background yields predicted
from simulation. The total uncertainty in the luminosity measurement of the 2016 [248] and
2018 [249] (2017 |250]) collision data set is 2.5 (2.3)%. This uncertainty is split up into several
sources, some correlated between data-taking years and others uncorrelated. Taking into account
these correlations, the uncertainty in the integrated luminosity of the full Run 2 pp collision data
set is about 1.8%.

Pileup: The exact pileup distribution in data depends on the instantaneous luminosity of the
LHC during data taking. This distribution was not exactly known a priori when most simulated
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events were generated. This is mended by reweighting simulated events so that the distribution of
the number of true interactions per bunch crossing matches that in collision data. The number of
true interactions, which is not equal to the number of reconstructed vertices, is estimated in data
by combining measurements of the instantaneous luminosity with the inelastic pp collision cross
section (Equation . The inelastic pp cross section is varied up and down by its uncertainty
of 4.6% [148|, and the effect of this variation is propagated to the pileup weights applied to all
simulated events.

6.5.2 Theoretical uncertainties

Theoretical uncertainties cause shifts in the predicted cross sections, selection acceptance, and kine-
matic shapes of simulated events. Shifts in the cross section are treated independently of acceptance
and shape variations.

When the cross section of a process is determined from a control region in data, the theoretical
uncertainty in the cross section of the process is replaced by a relatively large prior uncertainty. This
uncertainty is subsequently constrained from the fit to data. The original input value of the uncertainty
has no effect on the analysis unless there is a large mismatch between the observation and expectation
in the control region, a situation which did not present itself in this dissertation. This procedure is
applied to the normalization of the expected WZ and ZZ production yields in all presented analyses.

The theoretical uncertainty sources considered in the dissertation are given below:

e QCD scale: Distributions predicted by event generators depend on the QCD factorization
and renormalization scales. The renormalization scale is introduced to remove ultraviolet diver-
gences, while the factorization scale mends infrared divergences from massless particles radiating
massless particles. Uncertainties from the choice of these scales are evaluated by simultaneously
varying both of them up and down by a factor two. The resulting uncertainties generally become
smaller the higher the perturbative order used in the calculation. This is one of the reasons NLO
simulation samples are used wherever possible.

e Proton PDF: A limited knowledge of the proton PDFs is taken into account by using a set
of NNPDF 3.0 (NNPDF 3.1) replicas in simulations of 2016 (2017 and 2018) collisions [251]. A
set of 100 alternative PDF's are used, and the analysis results are evaluated with each one of
them. The root mean square of all these variations is taken as the total uncertainty, following
the recommendation in [251].

e ISR and FSR scale: In Chapter [§|the uncertainty in the parton shower simulation is evaluated
for two of the most important processes. This is done by separately varying the renormalization
scale for initial- and final-state radiation up and down by a factor of two. This results in
two additional uncertainty sources. This uncertainty source is less relevant in the analyses of
chapters [7] and [9] which do not have jets in the targeted final state.



Chapter 7

Search for heavy neutral leptons

“Neutrino physics is largely an art of
learning a great deal by observing nothing.”

Haim Harari

7.1 Introduction

Several of the open questions in the SM can be addressed by postulating the existence of sterile
neutrinos (N) that perceive neither electroweak nor strong interactions. Another common name for
sterile neutrinos in the literature is heavy neutral leptons. Neutrino oscillations indicate that the
SM neutrinos are in fact massive |18| (19} [252]. The current upper limits on neutrino masses are of
the order of 1eV [29, [107], indicating they are many orders of magnitude lighter than any other SM
fermion. This raises questions on whether neutrinos also owe their mass to Yukawa couplings with
the Higgs field in the way quarks and charged leptons do.

Small neutrino masses can be naturally explained with the seesaw mechanism, which requires the
introduction of a heavy sterile neutrino [105| [L109H118]. Such models can be extended to provide
answers to other fundamental questions. The vMSM [89, 102-104] explains both dark matter and
the baryon asymmetry in the universe by introducing three generations of sterile neutrinos, while
retaining the seesaw mechanism to explain the low SM neutrino masses. In this model the lightest
sterile neutrino, Nj, has a mass at the keV scale, and could be what makes up the dark matter
observed in the universe [89]. The heavier sterile neutrinos, No and N3, could meanwhile provide
an explanation for the baryon asymmetry in the universe through neutrino oscillations [253, [254] or
leptogenesis [104, 255(257]. These two heavy neutrinos might be accessible to LHC experiments.
Giving potential answers to three fundamental open questions in the SM makes the vMSM and other
models including sterile neutrinos highly interesting candidates for searches targeting physics beyond
the SM.

If they exist, sterile neutrinos can be produced through their mixing with SM neutrinos. The
mixing between a sterile neutrino N and the SM neutrinos is dictated by the mixing matrix elements
Vens Vun, and Vin, where Vyn stands for the mixing matrix element between the SM neutrino of
lepton flavor ¢ and N. The production cross section of N depends on the mass, my, and is directly
proportional to >_,|Vin/|?.

Searches for sterile neutrinos have been carried out at many experiments operating at a myriad
of energy scales. If my is below 5 GeV, N can be produced in hadron decays. In this case very small
mixing values can be probed in high intensity fixed target experiments [258-261| or b factories [262].

At higher my values, N can be produced in W or Z(*) boson decays, where the gauge bosons have
to be virtual if N exceeds them in mass. Searches in Z boson decays were carried out at LEP [263H266],
independently setting limits on the mixing of N with all SM neutrino flavors for my < 40 GeV. At
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Figure 7.1: Feynman diagrams of N production in a W boson decay. The decay of N goes through
its couplings with the SM neutrinos, and results in another lepton and W®*) boson. Depending on
my either the first or the second W boson is virtual. The final W®*) boson either decays leptonically,
resulting in an event with three leptons (left), the subject of this work, or decays hadronically (right).

the LHC, W) boson decays are the better probe for N production because of the higher W boson
production cross section (see Fig. , the ability to trigger on the lepton from the W® boson decay,
and reduced backgrounds when requiring an additional lepton. Before the publication of the work
presented here, searches for sterile neutrinos were already carried out by both ATLAS [267-269] and
CMS [270-274] using 7 and 8 TeV data. An overview of the constraints on sterile neutrino production
prior to the publication of the presented analysis can be found in [275].

Here a search for a heavy sterile neutrino of Majorana nature produced in W™ boson decays is
presented. Shortly after production, the sterile neutrino itself decays to a lepton and another W)
boson. Depending on the decay mode of the final W™ boson the final state of the event either
consists of three leptons and p1™%, or two leptons and two jets. Feynman diagrams corresponding to
the described production mechanism are drawn in Fig. Previous LHC analyses always targeted
hadronic decays of the final W) boson. This decay mode has the advantage of having a branching
fraction that is about a factor two higher than that of the leptonic decay mode. Additionally, hadronic
decays allow for a full reconstruction of the N mass, because all of its primary decay products are
visible. The reconstructed mass is a powerful tool to discriminate signal and background events,
and for the interpretation of a potential excess of events over the SM hypothesis. The hadronic
channel however suffers from much larger backgrounds than the leptonic channel, and needs to impose
significant pp thresholds in the jet reconstruction. The jet energy scale (Section is only well
calibrated down to pr values of about 20 GeV. This makes it hard to probe the existence of an N of
relatively low mass in the hadronic decay channel.

The work exhibited here uses 35.9fb~! of pp collision data collected with the CMS detector
throughout 2016, at a center of mass energy of 13TeV. It is the first LHC search for N produc-
tion in the three lepton final state. Leptons can be reconstructed and identified at low pr, and the
search result is the first probe of the region my < 40 GeV at a hadron collider. Because of the 13 TeV
pp collision data set, this search is also the first one to reach sensitivity to N production at my values
higher than 500 GeV. The search explicitly targets prompt decays of N. If my and |Vin|? are suf-
ficiently small, sterile neutrinos get a significant lifetime and travel nonnegligible distances through
the detector before decaying. The leptons from the decay of N then become displaced with respect to
the primary pp interaction vertex, requiring substantial modifications to the lepton identification and
background prediction methods introduced in Chapter [f] The reconstruction of displaced N decays is
beyond the scope of this particular search. A more in-depth discussion of the N lifetime is given in
Section [7.8] when covering the interpretation of the search results.

After the publication of the sterile neutrino search presented in this dissertation [6], several other
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searches for sterile neutrinos have been published. Searches in the same final state were performed by
ATLAS [276] and CMS [277] several years after the publication of the presented work. The ATLAS
search uses displaced leptons in addition to prompt leptons to gain sensitivity at low my values. The
CMS search is fully dedicated to long-lived sterile neutrinos. More information about this search is
given in the conclusions of this chapter. A CMS result in the dilepton final state using 13 TeV data
improved upon the limits of our search at high my values, especially for mixing between sterile and
muon neutrinos [278]. This improvement is largely driven by the larger branching fraction of the
hadronic channel. Recently LHCb carried out a search for W' boson decays to sterile neutrinos in
dilepton events [279]. The LHCD analysis set exclusion limits for N masses between 5 and 50 GeV that
are about an order of magnitude worse than the limits set earlier by the work in this dissertation.

The rest of this chapter is organized as follows: First the concrete signal model used in the search
is introduced in Section Sections [7.3] and respectively discuss the event selection and the
strategy for extracting the N production signal from the selected events. The background estimation
procedures are laid out in Section Systematic uncertainties in the background prediction and the
modeling of the signal are covered in Section Observed yields in data and their interpretation in
terms of N production are presented in sections and respectively. A summary of the search
and an outlook are given in Section

7.2 Signal model

In order to design an effective search for sterile neutrinos we need to have a concrete signal model to
optimize the search for and we must simulate it. The model is based on that introduced in [280]. In
this model the SM is extended with up to three right-handed neutrinos that are singlets under all SM
gauge groups. In other words, the new neutrinos are sterile. For this search we consider a single sterile
neutrino N, and choose to independently examine the mixing of N with v, and v,. Cases in which
N mixes with both v, and v, were initially studied but later discarded because the interpretation of
the results depends on the relative sizes of V,,n and VoN. Constraints derived on the basis of a model
in which N couples to a single SM neutrino flavor are always valid, regardless of the other elements
in the mixing matrix. A mixing between N and v, is not studied in this search, though the results
themselves do inherently have sensitivity to this mixing because of leptonic 7 decays.

The practical implementation of the model is given in the Universal FeynRules Output format [281]
in [282, [283]. The model is deployed in the MADGRAPH5_aMC@QNLO generator to produce simulated
pp collisions that result in N production. Simulated samples are generated at different my values, all
at NLO precision in perturbative QCD. The simulation includes the charged-current Drell-Yan, gluon
fusion, and W+ fusion N production mechanisms. The LO diagrams for these N production modes
are shown in Fig. Charged-current Drell-Yan production of an N is the dominant production
mode in most of the my mass range the search is sensitive to. At the LHC gluon fusion production
is substantially more rare than Drell-Yan production across all my values within reach. At future
colliders that have a higher center of mass energy than the LHC gluon fusion will become the dominant
production mode. The W+ fusion production channel only becomes relevant when my exceeds about
600 GeV, and is the dominant production mechanism at very high my values, upwards of about
1TeV [284].

The modeling of the parton shower and hadronization in the simulated N production samples are
taken care of by PYTHIA 8.212 [285] with the CUETP8M1 underlying event tune [162, 163], similar to
what is done for the generation of SM events. As for all simulations in this dissertation at NLO pre-
cision in QCD, the FXFX matching scheme is used to remove the double counting of partons between
MADGRAPH5 aMC@NLO and PYTHIA. The Drell-Yan and gluon fusion N production modes use the
NNPDF 3.0 PDF set [167], also used in the simulation of SM processes under 2016 data-taking condi-
tions. In the case of W~ fusion production, the specialized LUXQED_PLUS_PDF4LHC15_NNLO_100
PDF set is employed [286].
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Figure 7.2: Leading order Feynman diagrams for the dominant N production modes at the LHC. The
top row shows charged-current Drell-Yan production on the left and gluon fusion production in the
middle and on the right. The bottom row shows the Feynman diagrams for W+ fusion production.
The sterile neutrino is always drawn as a solid black line .

7.3 Event and object selection

This section outlines the event selection strategy of the analysis. We target signal events with three
leptons, electrons or muons, and little or no hadronic activity. The chosen lepton selection criteria
are explained in Section [7.3.1] The selection of jets, which are used to reduce the background rate,
is the topic of Section The selection outlined throughout this section will be referred to as the
baseline selection in the rest of the chapter. To be considered for analysis all events must pass the
baseline selection, without exception. Some additional selection criteria used to further isolate signal
events in particular my regions are introduced in Section [7.4

7.3.1 Lepton selection and triggering

The pr spectra of the three leptons in signal events are an important consideration in the design of
the analysis. The search aims to probe the existence of sterile neutrinos with masses down to just a
few GeV, for which one or more of the leptons have compressed pt spectra. The pr spectra of the
three leptons, ordered by pr, are shown in Fig. and Fig. [7.4] for different my hypotheses. These
figures show direct predictions by the physics generator, without taking into account detector and
reconstruction effects.

If my is smaller than mw, N is almost always produced in the decay of a real W boson. If my
is many times lower than myy, the two leptons originating from the N decay are generally very soft,
while the third lepton has approximately the same pr spectrum as a lepton from a W — /v decay,
and is comparatively hard (Fig. left). To be able to select the two soft leptons from the N decay,
pr thresholds as low as feasible must be used in the selection of leptons. When my approaches myy,
the pr spectrum of the lepton from the W boson decay becomes softer because more of the mass
energy of the W boson is needed to produce the sterile neutrino. In this my regime, signal events
are characterized by three relatively soft leptons with similar pp spectra (Fig. right). When my
is significantly higher than myy, the pt spectra of the leptons from the decay of the sterile neutrino
harden. In this case N production requires a highly off-shell W* boson, resulting in a third lepton that
is soft compared to the N decay products (Fig. . The harder the lepton originating directly from
the W* boson decay is at a given my, the more off-shell its parent W* boson must have been.

To achieve a signal efficiency as high as possible, low pr leptons must be selected while still
retaining a good signal purity. Muons are required to have pt > 5 GeV and fall within the longitudinal
acceptance of the muon system, |n| < 2.4. Electrons, on the other hand, are required to have pp >
10 GeV and be inside the tracking detector acceptance of |n| < 2.5. Selecting lower pr electrons and
muons is not feasible due to a rapidly increasing background yield with lowering lepton pt, mainly
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Figure 7.3: Ordered transverse momenta of the three leptons in a W — N/ — (0fv event with
mn = 5GeV (left) and my = 60 GeV (right). Direct predictions from the event generator, excluding
detector and reconstruction effects, are shown.

CMS supplementary (Simulation) (13 TeV)
% 0-04f — T T T T 1 T ]
(O] - leading P (MC-truth) i
S L ]
[%) o i
< 0.03 subleading P_(MC-truth) —
0 L i
1] B L 7
: ‘ i trailing P (MC-truth) :
0.02— ‘H'M —
0.01}- ]
0 ‘_] P N EE N B B -

0 20 40 60 80 100

P(GeV)

Figure 7.4: Ordered transverse momenta of the three leptons in a W* — N{ — #0lv event with
myn = 130 GeV. Direct predictions from the event generator, excluding detector and reconstruction
effects, are shown.
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from nonprompt leptons.

The variables used in the lepton selection, described below, are all introduced in Section [6.1.1
All muons must pass the medium muon identification requirements, a set of quality criteria on the
matching between tracks in the muon system and the inner tracking detector. Electrons that originate
from photon conversions are vetoed by rejecting those candidates that have missing hits in any tracker
layer, as well as those whose track is matched to a secondary conversion vertex [202]. A set of loose
quality criteria on the shape and features of the ECAL clusters of all electrons is applied to match the
requirements set by the online trigger selection.

The analysis targets promptly decaying sterile neutrinos, meaning those with a relatively high mass
or mixing parameter. Selected electrons and muons must be consistent with this hypothesis and are
rejected if their transverse (longitudinal) impact parameter with respect to the leading primary vertex
exceeds 0.5 (1.0) mm, or if the significance of their three dimensional impact parameter is greater than
4.

A strong discriminant for rejecting nonprompt leptons is I,.;. For both electrons and muons a fixed
cone size of AR < 0.3 around the lepton is used for the I computation. The contribution of neutral
pileup is corrected for with the effective-area based method. To enter the nominal analysis selection
both electrons and muons must pass ;¢ < 0.1, which rejects most nonprompt leptons. Leptons passing
all the above requirements are considered tight following the naming convention of Section

The prediction of the nonprompt lepton background that remains after the tight lepton selection
is made with the fake rate method (Section . To apply this method a second lepton selection
definition optimized for the nonprompt background prediction, called loose, is defined. To qualify for
the loose selection, electrons and muons must have I,y < 0.6. Other than the I, threshold, loose
leptons must also satisfy all the criteria introduced above for tight leptons.

In addition to the requirements specified above, the electron selection uses a multivariate discrim-
inant based on the ECAL shower shape and tracking detector measurements of electron candidates,
the electron MVA (Section . Tight electrons are required to pass a pp-dependent cut on the
electron MVA that aims at having a 90% efficiency for prompt electrons while rejecting most hadronic
fakes. Loose electrons are required to pass a much less stringent cut on the multivariate discriminant,
fine tuned to facilitate the nonprompt lepton background prediction with the fake rate method.

Events are selected for analysis if they have exactly three tight leptons. Events with a fourth loose
lepton are vetoed. Three lepton events in which one or more of the leptons fail the tight selection but
pass the loose selection are retained for the prediction of the nonprompt lepton background.

Each analysis presented in this dissertation uses a mix of triggers that select either one, two, or
three light leptons (Section. The search for sterile neutrinos is the one that most crucially depends
on the entire trigger cocktail due to the compressed pr spectra of leptons in signal events at low my.
Single lepton triggers are efficient for the selection of events in which an N with a mass of just a few
GeV is produced. Such events usually have one hard lepton as previously explained. Triggers selecting
multiple leptons have much less stringent requirements on the leading lepton, which allows them to
efficiently select signal events in which my is close to mw. These trigger paths have the drawback of
imposing pr cuts on several or all leptons in the event. Signal events at high my values tend to have
leptons of sufficient pt to be able to pass several of the used trigger paths.

Expected signal and background event yields can not be accurately predicted for events in which
no trigger path is operating at high efficiency. To ensure that the requirements of at least one trigger
path are met in all selected events, a number of additional pr requirements are imposed on the selected
leptons. Given the compressed pr spectra expected in low-mass N production, these thresholds are
kept as low as allowed by the set of trigger paths that was used to collect the data set. The cuts are
listed below, and depend on the lepton flavor composition of the event:

e upp: The leading (subleading) muon must have pp > 15(10) GeV.

e eee: The leading electron is required to have pr > 30 GeV, or the leading and subleading electrons
must respectively satisfy pr > 19 GeV and pt > 15 GeV.
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Table 7.1: Overview of the lepton pt thresholds imposed in the analysis and the lepton pr region in
which each used trigger path provides senstivity. We only specify trigger paths by the lepton flavor
combination they target. Different trigger paths that target the same combination of lepton flavors,
but with altering pr and identification criteria, are aggregated together.

Search region Lepton flavors Selected pr range ( GeV) Sensitive trigger paths
eleadlng gsubleadlng gtralhng pll‘fadlﬂg p?bleadmg pflfalhng
ee 30-55 > 15 > 5 le
15-30 > 15 >8 | 2elp
23-30 10-15 > 8 lelp
25-30 > 15 5-8 2e
eupe, pee 30-55 > 15 >10 | leor 1u
Low mass 15-30 > 15 >15 | 2elp
23-30 > 10 10-15 | lelp
e 30-55 > 15 >10 | 1p
15-30 > 10 >10 | 1le2u
pep, efui 30-55 > 10 >10 | leor 1u
15-30 > 10 >9 le2pu
23-30 > 10 5-9 lelp
High mass All flavors > 55 > 15 > 10 | All paths

e eceu: If the trailing lepton is an electron with pr < 15GeV, the leading lepton must have
pr > 23 GeV. If the trailing lepton is a muon with pr < 8 GeV, the leading (subleading) electron
is required to satisfy ppr > 25(15) GeV. If the muon is trailing with pyr > 8 GeV, either the
leading electron must have pr > 23 GeV or the subleading one must have pp > 15 GeV.

e upe: The leading (subleading) lepton must pass pp > 15(10) GeV. If the trailing lepton is a
muon with pr < 9GeV, the leading lepton must have pp > 23 GeV.

An overview of the pp thresholds and which trigger reaches its efficiency plateau at different lepton
pr values is given in Table The table makes the distinction between the “high-mass” and “low-
mass” selection which depend on the lepton pt values and are defined in Section When targeting
signals at high my values, the pr thresholds are increased to reduce the background yield.

The efficiency of a multilepton trigger cocktail is generally measured in an unbiased data set
collected by triggering on p%liss or the hadronic activity in the event (Section . This method suffers
from low event rates and while it can give a global measurement of the average trigger efficiency, it
fails to measure the trigger efficiency as a function of lepton pr values. Given the low pr requirements
in this particular search this is problematic because we can not assume data to simulation differences
in the trigger efficiency to be independent of the pt values of the three leptons. The problem does
not present itself in the analyses discussed in later chapters where many of the trigger paths operate
in parallel across the selected lepton pr spectrum.

The tag-and-probe method, introduced in Section for the measurement of lepton identification
efficiencies, offers a solution. It allows for a measurement of the efficiency with which each individual
lepton is selected in a given trigger path that selects multiple leptons. A trigger path is split into
separate filters that each select a lepton. For all but one of the per lepton filters in a multilepton
trigger path, tag leptons are selected that are certain to pass the requirements imposed by the chosen
filters. The efficiency of the remaining lepton filter can subsequently be measured. For example,
events with three leptons can be selected, and required to pass a trigger path selecting two leptons.
The two leptons on which the event is triggered are also guaranteed to pass two lepton filters of a
three lepton trigger if correct triggers are chosen. The efficiency of the remaining lepton filter of
the three lepton trigger with respect to the third lepton in the event can now be measured. Such
measurements were available for all lepton filters of the triggers used in this analysis. Unfortunately
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it is not straightforward to translate these per lepton efficiencies into a global efficiency of the trigger
cocktail, in which many trigger paths are operating simultaneously. The measured efficiencies can
however be used to put a pp-dependent upper limit on discrepancies between data and simulation in
the total trigger efficiency. Data to simulation differences are maximal when only a single trigger path
has reached its efficiency plateau. As lepton prt values rise, the redundancy in the trigger selection
increases. This pushes the total efficiency closer to 100%, and generally reduces data to simulation
discrepancies. The mismatch between data and simulation in the total trigger efficiency is maximal
when all three leptons are relatively soft. Only three lepton trigger paths actively trigger on such
events, and the maximum of the data to simulation discrepancy in the total trigger efficiency is the
sum of the discrepancies in the efficiency of the three lepton filters. As soon as the leading lepton has
a high enough pr to pass a single lepton trigger, the maximal uncertainty reduces to the difference
between data and simulation in the efficiency of this trigger. To cover the effects described above,
a flat normalization uncertainty of 5% is assigned to events where the leading lepton pr is below
30 GeV. This uncertainty corresponds to the sum of the data to simulation efficiency differences for
three lepton filters, assuming the differences to be fully correlated. When the pr of the leading lepton
exceeds 30 GeV, the normalization uncertainty is reduced to 2% because the single lepton triggers
are active in this regime. These uncertainties are conservative, especially in the region where the 5%
uncertainty is applied, because many of the corresponding events will also pass one of the dilepton
triggers. No data to simulation scale factors are applied for the trigger efficiency since the lepton
pr-dependent efficiency of the total trigger cocktail can not be measured with sufficient precision.

7.3.2 Jet selection

Jets are reconstructed with the anti-k7 algorithm (Section and selected if they have pp > 25 GeV
and |n| < 2.4. Jet momenta are corrected for pileup and the nonuniformy and nonlinearity in the
detector response (Section. Jets likely to originate from anomalous energy deposits in the detector
are rejected.

The most important background in this analysis comes from events with one or more nonprompt
leptons. One of the largest contributions to this background comes from tt production resulting in two
prompt leptons and one nonprompt lepton. To reduce this background as much as possible, events
with at least one b-tagged jet are vetoed. This is the only use case for jets in this search. Jets are
considered b-tagged if they pass the loose working point of the CSVVv2 algorithm (Section . This
working point has an efficiency of about 80% for tagging genuine b jets, while it has a substantial
misidentification rate of 10% for light-quark and gluon jets, and 40% for ¢ jets [220]. Jets overlapping
with a lepton are not removed when applying the b jet veto. Not doing the overlap removal increases
the signal to background ratio by further reducing the tt background, at the cost of a small drop in
signal efficiency.

7.4 Signal extraction

The aim of the search is to provide maximal sensitivity to N production at both low and high my
values, and when N is produced by mixing with either v, or v,. This is achieved by categorizing events
into a set of orthogonal search region bins that aim to isolate signal events from the background, and
by applying additional selection criteria that reduce certain background sources.

If N is of Majorana nature, its decay can violate lepton number. In the leptonic N decay channel
lepton flavor violation can result in events with three leptons, none of them forming an OSSF pair.
Events of this type are extremely rare in the SM. This is illustrated in Fig. which shows the
expected and observed yields of events passing the baseline selection as a function of the invariant
mass of the three lepton system (Msy), separately for events with and without an OSSF lepton pair.
The set of events in which an OSSF pair is present contains relatively large background contributions
from a host of SM processes. On the other hand, there are orders of magnitude fewer events without
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Figure 7.5: Observed and expected event yields after the baseline selection as a function of invariant
mass of the three lepton system. Three lepton events without (with) an OSSF lepton pair are shown
on the left (right).

an OSSF pair, with the only sizable contributions coming from nonprompt leptons, leptonic 7 decays,
and lepton sign mismeasurements. We exploit the potential Majorana nature of N and split events
into two categories, differing by whether they contain an OSSF lepton pair or not. Events without
an OSSF pair provide the bulk of the search sensitivity since we explicitly assume our signal to be a
sterile Majorana neutrino.

Low-mass N production results in events with a relatively soft leading lepton compared to SM
events, in particular when my is close to my. This can be seen clearly in Fig. [7.6] where the number
of events that pass the baseline selection is shown as a function of the leading lepton p. High-mass N
production, on the other hand, typically yields a hard leading lepton. For this reason plTeadmg i

is used to
split the search into two distinct regions: The low-mass region, which satisfies ]olTea“iing < 55GeV, and

the high-mass region where plfading > 55 GeV holds. The low-mass region itself is further subdivided

into pl{fadmg < 30GeV and 30 < p?ading < 55 GeV bins to separate signals in which my is similar to

myw from those at the lowest my values.

In the leptonic N decay mode my can not be fully reconstructed because the neutrino from the N
decay eludes detection. Leptons from the decay of a low-mass N are usually collimated and form a
small invariant mass. In this type of event the invariant mass of the opposite sign lepton pair of lowest
mass (M;%‘S) is almost always formed from the leptons stemming from the N decay. This makes
M35 a good proxy for my, which can be used to discriminate signal and background events and to
isolate different my hypotheses. When my is large, Mé%ls is no longer exclusively formed from the N
decay products, but is still empirically found to be powerful for distinguishing signal and background

min

events. The transverse mass of the lepton not entering the M computation and pt™* (Mr) is

'In this analysis Mt is computed using the lepton not included in the opposite sign lepton pair of minimum mass.
This differs from the definition used in chapters 8 and [9] where the lepton not included in the best reconstructed Z boson
candidate is used.
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Figure 7.6: Observed and expected event yields after the baseline selection as a function of the pr of
the leading lepton. Three lepton events without (with) an OSSF lepton pair are shown on the left
(right). The red, blue, and green lines show the expected distributions for N production at different
my values, with yields normalized to the total SM background yield.
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Table 7.2: Search region definitions in the low-mass region (AX, BX). Events are considered part of
the low-mass region if they satisfy plﬁadmg < 55GeV. Only events without an OSSF pair are considered
in the low-mass region, and the requirements Mj3, < 80 GeV and prTniSS < 75 GeV are applied on top of

the baseline selection.

leading érl}gls( GeV)
pr T (GeV) 951020 2030 = 30
< 30 Al A2 A3 A4
30-55 Bl B2 B3 B4

also found to be a powerful discriminant between N production and SM events. The distributions of
2“%18 and Mt are shown in Fig. for events passing the baseline selection.

A combination of the discriminating variables introduced above is used to define the set of search
regions in which selected events are binned for maximum sensitivity to N production. Different variable
combinations and binning schemes were explored and the best combination of search region variables,
ranked in terms of expected exclusion limits, is used. After selecting suitable variables for event
binning, a large amount of bins is defined. These bins are iteratively merged until no bins contain
significantly less than one expected background event. Having sufficient expected background events
in each search region bin ensures a robust estimation of the background. Meanwhile a finer binning
generally results in better search results.

In the low-mass region only events without an OSSF lepton pair are kept. Search regions for events
with an OSSF pair are also optimized, but these are found not to add significant sensitivity to the
search due to an overwhelming background from Drell-Yan production with an associated nonprompt
lepton, and photon conversions. The low-mass region targets N production in decays of real W bosons,
so we impose the requirement M3, < 80 GeV. This is effectively guaranteed to be satisfied by signal
events. We additionally require p%liss < 75GeV to reduce the background from tt production that
remains after vetoing the presence of b-tagged jets. The selected events are categorized according to
plﬁadmg and M®.. The search region definitions are listed in Table

Production of a very massive sterile neutrino results in energetic events that are relatively straight-
forward to distinguish from SM events. For this reason high-mass region events with an OSSF lepton
pair have a significant signal sensitivity. These events have the advantage that W) _mediated N decays
are combinatorically three times more likely to result in an OSSF pair than not, despite the Majorana
nature of N. In addition, N decays can be mediated by A bosons, which invariably results in OSSF
lepton pairs. Events with an OSSF pair are therefore retained in the high-mass region. Those without
an OSSF pair however still provide more sensitivity because of the much lower background rates.
Events are subdivided into several M%%‘S bins to isolate different my mass hypotheses. Each érl}ions
bin is further divided in terms of Mt to separate the signal from the remaining background. Events
in which M3y is below 100 GeV are treated separately to further segregate certain background sources.
Events in which an OSSF lepton pair is present must satisfy the additional criteria | My —my| > 15 GeV
and |Msy — myz| > 15 GeV, where My, stands for the invariant mass of the OSSF pair of closest mass
to my. These requirements are introduced to respectively reduce the background contributions from
WZ and Zy® production. The pr requirement on the subleading (trailing) lepton is increased to
15 (10) GeV for all high-mass region events. Increased lepton pr thresholds significantly reduce the
background rate from nonprompt leptons, at a minimal cost to the signal efficiency. The definitions of
all high-mass search regions for events without (with) an OSSF lepton pair are given in Table .

The results of the analysis are to be interpreted separately in terms of |Ven|* and |V,x|?, as stated
in Section If Ven is the only nonzero mixing parameter, production of N in a W boson decay
is always in association with an electron: wH evy — eN. The subsequent decay of N also goes
through its mixing with v,, resulting in at least one more electron: N — eW® . The second electron
can take on either sign because of the Majorana nature of N. So if Ven is the only nonzero mixing
matrix element, signal events always contain at least two electrons. Equivalently, if V,y is the sole
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Figure 7.7: Observed and expected event yields after the baseline selection as a function of M2zos
(top) and Mt (bottom). Three lepton events without (with) an OSSF lepton pair are shown on the left
(right). The red, blue, and green lines show the expected distributions for N production at different
my values, with yields normalized to the total SM background yield.
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Table 7.3: Search regions definitions for events in the high-mass region without an OSSF lepton
pair (CX). Events are considered part of the high-mass region if they satisfy plT(“aLdmg > 55GeV. The
subleading (trailing) lepton is required to have pp > 15(10) GeV.

Mz ( Gev)
Map(GeV) | Mr(GeV) 65160 500 | 200
<100 C1
0100 > 100 C2
<100 | C3 C7
100150 | C4
>100 5950 [ o5 | cs | @
>250 | C6

Table 7.4: Search regions definitions for events in the high-mass region that contain an OSSF lepton
pair (DXX). Events are considered part of the high-mass region if they satisfy pl{iadmg > 55GeV. The
subleading (trailing) lepton is required to have pr > 15(10) GeV. Events with |My — my| < 15GeV

or |Msy — my| < 15 GeV are rejected.

Msy(GeV) | Mr(GeV) | — 100]\\4213(?08(2((})8\[\)> 200
<100 D01
0-100 | 100200 D02
> 200 D03
<100 | D04 | D09 | DI3
100200 | D05 | D10 | Di4
100 | 200300 | D06 | DIL | DI5
800400 | DO7 | o7 | D
>400 | DO8
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Figure 7.8: Observed and expected event yields in the WZ enriched region as a function of Myjiq
(left), My (center), and pre®™ (right).

nonzero mixing matrix element signal events have two or more muons. This signal property is utilized
by splitting up events according to whether they contain two or more electrons, or two or more muons.
The former set of events is exclusively used to search for a sterile neutrino mixing with v, and the
latter to search for a sterile neutrino mixing with v,. The same search region definitions are used in
both cases. The split by lepton flavor composition reduces the background to each signal hypothesis
by a factor of roughly two, while having no cost in terms of signal efficiency.

7.5 Background estimation

An overview of SM processes that make up the background in multilepton events is given in Section|[6.3]
The contributions to the event yields in the search regions from all background sources involving
prompt leptons are estimated from simulation. The yields of backgrounds with one or more nonprompt
leptons are estimated with the fake rate method (Section [6.4)).

To constrain the normalization of important background sources with prompt leptons and to
validate simulated predictions, three control regions are used in the analysis and defined below. Each
control regions is enriched in one of WZ, X’y(*), and ZZ production. The normalizations of the
aforementioned processes are extracted from a simultaneous fit to the three control regions. The
signal contribution to the control regions is found to be negligible at |Vyn|? values close to the expected
exclusion limits, and is not taken into account in this fit H

Production of WZ and W~®) is the largest source of high-mass region events with an OSSF pair.
The WZ control region consists of events that pass the baseline selection, have an OSSF lepton pair,
and satisfy | My —mz| < 15GeV. To increase the purity in WZ production, the three leptons, ordered
in pp, must pass pr > 25/15/10GeV. In addition, p%iss is required to be larger than 50 GeV. The
resulting control region is a highly pure sample of WZ production in which the ratio of the predicted
to the observed WZ yield is found to be 1.08 +-0.09. This ratio is applied to correct the predicted WZ
yield in the search regions, and the corresponding uncertainty is propagated to all results. A good
agreement between the observed and predicted event yields in the WZ enriched region is found for all
analysis variables. Some of these are shown in Fig.[7.8l No additional process specific uncertainties are
assigned to the prediction of WZ production, aside from the general uncertainties listed in Section [6.5

2A better approach would have been to include the control regions in the fits used to interpret the search region
results in terms of each signal hypothesis. This would properly account for signal contamination in the control regions,
and is the approach taken in the analyses presented in chapters and@
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Figure 7.9: Observed and expected event yields in the Xy*) enriched region as a function of Mé%ls
(left), My (center), and pre®@™ (right).

Background events from X~v*) and ZZ production also form a sizable contribution to the high-mass
search regions with OSSF lepton pairs. The control region enriched in Xy production is defined
by selecting three lepton events that pass the baseline selection, have an OSSF pair, and satisfy
|Msp — my| < 15GeV and | My — my| > 15GeV. The former requirement isolates Zy*) which has
a clear M3, peak around the Z boson mass as seen in Fig. The latter requirement reduces the
contamination from WZ production. The ratio of the observed to the predicted Xv*) event yield in
the control region is 0.95 4 0.08. This ratio is propagated as a correction to the prediction of Xy in
the rest of the analysis. Distributions of the most important analysis variables are shown in Fig. A
generally good agreement between the observation and the simulated predictions in the control region
is seen, except for some discrepancies at high plTeading. To cover these discrepancies, the uncertainty in
the normalization of the Xy(*) simulation is increased to 15%.

The ZZ enriched region is defined by requiring four leptons, forming two exclusive OSSF pairs
that both have an invariant mass in a 30 GeV window centered at my. This results in a control
region extremely pure in ZZ production. A normalization ratio of 1.03 4+ 0.10 for the theoretical ZZ
production cross section is measured in the control region. The agreement between data and simulation
as a function of important kinematic variables is checked after releasing the mass requirement on one
of the lepton pairs. Some distributions are shown in Fig. At low M, the simulated predictions
are within the total experimental and theoretical uncertainties, but at high My slight discrepancies
are observed. To account for this, an additional 25% uncertainty is applied to predicted ZZ events
with Mt > 75 GeV.

In events without an OSSF lepton pair, nonprompt leptons form the dominant background source.
Such events are mainly from Drell-Yan and tt production. The nonprompt lepton background is
predicted with the fake rate method, and the closure of the method is verified in simulation in the way
described in Section [6.4] To ensure that the fake rate is well measured, and the conclusions drawn
in simulation can be extrapolated to data, we define two data control regions enriched in nonprompt
leptons. A data set is enriched in Drell-Yan production by selecting events that pass the baseline
selection, have an OSSF lepton pair with |My — myz| < 15 GeV, a third lepton forming a transverse
mass below 30 GeV with p7™5%, and p%iss < 30GeV. The cuts on p%iss and the transverse mass remove
the bulk of events from WZ production.

A tt enriched region is defined by using the baseline selection, but with the requirement on the
absence of b jets inverted. If an OSSF lepton pair is present, the contributions from WZ and Drell-Yan
production are reduced by requiring |My — my| > 15 GeV. A requirement of |Msy — my| > 15 GeV is
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Figure 7.10: Obsel_“ved and expected events in the ZZ enriched region as a function of My (left), My
(center), and plfadmg (right). The small peak at low My, values is due to H boson production with a

subsequent H — ZZ* decay.

added to reduce the Xy®*) contamination. Some remaining conversions and low-mass meson resonances
are removed by vetoing any event with an OSSF lepton pair that has an invariant mass below 12 GeV.

Comparisons between the predicted and observed yields in the Drell-Yan (tt) enriched region as a
function of several search variables are shown in Fig. . The fake rate method can be seen to
give accurate predictions of the nonprompt lepton background from both Drell-Yan and tt production,
matching the observation within the 30% uncertainty assigned to the method.

7.6 Systematic uncertainties

Section [6.5] gives a general overview of experimental and theoretical uncertainties in the predictions of
signal and background yields. All of these uncertainties with the exception of those in the jet energy
resolution and on the ISR and FSR scale, are applied in this analysis. The uncertainty in the luminosity
measurement only affects the total yields of all processes. The size of other general uncertainty sources,
on the other hand, varies across search region bins. All experimental and theoretical uncertainties
are taken into account for simulated signal and background events, as well as in the subtraction of
the prompt contamination in the data-driven estimate of the nonprompt background. An overview
of systematic uncertainty sources, and the corresponding sizes of the variations in the search region
yields is given in Table [7.5

The normalization of several simulated background processes is constrained in control regions in
data, as discussed in Section Theoretical uncertainties in the cross sections of these processes are
not considered, instead we use the uncertainties in the normalization measurements obtained in the
control regions. Simulated background processes without a dedicated control region are associated
production of one or more top quarks with electroweak bosons and production of three or more
electroweak bosons. The contribution of these processes to the search regions is tiny, and a 50%
normalization uncertainty is assumed for simplicity. This is large enough to cover a potentially large
degree of mismodeling, while not significantly affecting the sensitivity of the search.

The uncertainty in the knowledge of the trigger efficiencies is taken to be 5% when pl{fadmg is below
30 GeV and 2% otherwise, following the reasoning laid out in Section [7.3.1

Uncertainties from variations in the choice of PDF sets and QCD renormalization and factorization
scales affect both the normalization and shapes of each process. For background processes only the
shape uncertainties are considered since normalization uncertainties are already accounted for. For
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Table 7.5: Overview of systematic uncertainties in the search for sterile neutrino production. For each
uncertainty source the range of variations induced in the expected yields across the search regions is
given. Experimental and theoretical uncertainties that affect all simulated processes are listed first,
and subsequently uncertainty sources specific to individual processes are given.

Source Uncertainty range (%) Treatment
General experimental uncertainties

e/p identification efficiency 3 (per ¥) normalization
Trigger efficiency 2-5 shape

Jet energy scale 0-3 shape

b jet veto 1-5 shape

Pileup 1-5 shape
Integrated luminosity 2.5 normalization
Theoretical uncertainties

QCD scale 1-15 shape & normalization
PDF 0.1-1 shape & normalization
Process specific uncertainties

Fake rate method closure 30 (of nonprompt) normalization
Prompt leptons in fake rate measurement 5-20 (of nonprompt) shape

X~*) normalization 15 (of X)) normalization
WZ normalization 8.5 (of WZ) normalization

Z7 normalization 10 (of Z7Z) normalization

ZZ Mt mismodeling 25 (of ZZ if My > 75GeV) shape

Rare process normalization 50 (of rare SM processes) normalization

signal events the uncertainties in the normalization are taken into account.

The estimation of the nonprompt lepton background is taken to have a normalization uncertainty
of 30%. This covers any non closure observed in the fake rate method. An additional source of
uncertainty is the subtraction of the prompt lepton contamination in the fake rate measurement. The
production of W and Z bosons forms a background in the single lepton data set in which the fake rate
is measured. The normalization of this prompt lepton contamination is determined in events with
high p%liss and My, depleted of nonprompt leptons (Section . The uncertainty in the measured
normalization is propagated to the fake rate measurement performed at low p'**® and M. This results
in an additional uncertainty ranging from 5 to 20% in measured the fake rate, with larger uncertainties
at high lepton pr.

Lepton selection efficiencies are measured in Drell-Yan events using the tag-and-probe technique
(Section . Data to simulation scale factors for the lepton efficiency measured in Z boson decays
are not necessarily applicable to signal events. Differences in the underlying event structure between
signal and Z — /¢ events can cause minute variations in the I, values of prompt leptons. This in
turn results in slightly different lepton selection efficiencies. To cover these extrapolation effects, a flat
3% uncertainty per lepton is assumed throughout the analysis. This value significantly exceeds the
uncertainties in the lepton selection efficiencies measured in Drell-Yan events, which are well below 1%
for most lepton pt and n values. This is a conservative estimate of the per lepton uncertainties [ﬂ but
the impact on the analysis sensitivity is negligible because the sensitivity is driven by bins with very
low event yields in which the dominant background contribution is estimated directly from collision
data.

3In the analysis described in Chapter E] the extrapolation uncertainties are estimated under similar conditions, and
they are found to only approach 3% at very high pr and |n| values.
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7.7 Search region results

The observed and expected yields in each of the search region bins of the analysis are shown in
Fig. The figures include both the low- and high-mass regions, and events with two or more
electrons as well as those with two or more muons. The systematic uncertainties in the figures are
those listed in Section The observed yields are compatible with the SM expectation in all bins,
and no evidence for N production is seen. The interpretation of the results is the subject of the next
section.

7.8 Interpretation

No significant excess of events over the SM expectation is found in the search regions. The observed
and expected yields are therefore used to set 95% confidence level upper limits on |Ven|? and |V,n|? as a
function of my with the CLg method [287, 288]. To set an upper limit on |Ven|? (|V,n|?) simultaneous
maximum likelihood fits to the search region bins with two or more electrons (muons) are performed.
The control regions are not directly included in the fits since the normalization factors of the SM
processes studied in these regions are determined a priori.

All systematic uncertainties listed in Section are included as nuisance parameters in the likeli-
hood function of the fit. Log-normal probability density functions are used for the nuisance parameters
of uncertainty sources that only affect the normalizations of processes. Nuisance parameters that af-
fect both the shapes and normalizations of processes are included in the likelihood by means of the
template morphing technique [289], and are assumed to have Gaussian probability density functions.
Statistical uncertainties due to the finite size of simulated samples, and the sideband data set used in
the data-driven estimation of the nonprompt lepton background, are accommodated in the likelihood
function with the Barlow-Beeston method [290]. The computation of the limits themselves uses the
asymptotic approximation of the profile likelihood test statistic [291} 292].

For a given my, the expected number of signal events in the search regions is computed from a
simulation sample produced with an arbitrary |Vin|? value. The described fitting procedure is then
used to set an upper limit on the signal strength, the ratio of the expected to observed number of signal
events, given the simulated signal model. The N production cross section is directly proportional to
|Vix|?, so an upper limit on the signal strength of a model with a known |V;x|? value can be directly
translated into an upper limit on |Vyx|? itself. This procedure is applied to compute exclusion limits
for my values between 1 GeV, and 1.2 TeV. At sterile neutrino masses below 1 GeV the analysis rapidly
loses sensitivity because the N lifetime becomes large, a topic which will be addressed shortly. When
mn exceeds 1.2 TeV, the upper limits the analysis can set on |V,n|? and |Ven|? exceed the physical
maximum of 1, so we cut off the interpretation there. The observed and expected exclusion limits on
[Ven|? (|Vun|?) are shown in Fig. .

The decay width of N scales as the fifth power of its mass and is directly proportional to |Vix|? [293]
294]:

L'(N) oc m3y|Vin |2 (7.1)

The decay width of a particle is inversely proportional to its mean lifetime, so the following holds:

1
T(N) N (7.2)
o iy Vil 2. (73)

This implies that the lifetime of sterile neutrinos with a sufficiently small mass and mixing with
SM neutrinos is expected to be large. By requiring prompt leptons with small impact parameters
in the event selection (Section , the search is explicitly designed to target almost instantaneous
sterile neutrino decays. Assuming every N has a zero lifetime we obtain the upper limits represented
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Figure 7.14: 95% confidence level upper limits on |Ven|? as a function of my. Any |Vin|? value
above the curves is considered excluded. The dashed black line represents the lifetime-corrected
expected exclusion limits, with the one and two standard deviation bands drawn in green and orange
respectively. The lifetime-corrected observed exclusion limits are drawn as a solid black line, while
the black dotted line shows the observed limits under the assumption of prompt N decays. Exclusion
limits set by the DELPHI experiment at LEP in Z — vv events are drawn as solid brown and magenta
lines . Limits by the L3 experiment, also at LEP, but set at higher center of mass energies are
drawn in purple [264]. Limits from ATLAS and CMS searches in same-sign dilepton events
in 8 TeV pp collisions are drawn as red and blue solid lines.
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Figure 7.15: 95% confidence level upper limits on |V,n|? as a function of my. Any |V,x|? value
above the curves is considered excluded. The dashed black line represents the lifetime-corrected
expected exclusion limits, with the one and two standard deviation bands drawn in green and orange
respectively. The lifetime-corrected observed exclusion limits are drawn as a solid black line, while
the black dotted line shows the observed limits under the assumption of prompt N decays. Exclusion
limits set by the DELPHI experiment at LEP in Z — vv events are drawn as solid brown and magenta
lines . Limits from ATLAS and CMS searches in same-sign dilepton events in 8 TeV
pp collisions are drawn as red and blue solid lines.

by the black dotted lines in Fig. and At an my value of 1 GeV, |Ven|? (|V,n|?) values above
4.4 (5.5) - 10~° are excluded under the prompt decay assumption. This upper limit corresponds to a
mean N travel distance before decay, c7, of 8.0 (6.4) m. The CMS tracking detector only extends up
to radial distances of 116 cm (Section , and the ECAL up to about 152 cm . Electrons that
originate from several meters from the primary interaction vertex can therefore not be reconstructed
at all. Muons might be reconstructed as standalone muons (Section, but with a highly reduced
efficiency. An N travel distance of just a few c¢m would be enough to give final state leptons with
several missing hits in the pixel detector, bringing about efficiency reductions in the tracking algorithms
(Section . Even such relatively small travel distances are well beyond the reach of this analysis.
To make the background rate from nonprompt leptons manageable, electrons and muons are explicitly
required to have impact parameters with a very small significance and a nominal value of less than
about one mm (Section . If sterile neutrinos with a mass of 1 GeV were produced at a mixing
parameter value equal to the upper limit under the prompt decay hypothesis, the presented analysis
would not detect them. This brings us to the conclusion that the exclusion limits must be corrected
for the true N lifetime.

A naive but legitimate approach to correct the limits for the N lifetime would be the following:
First compute the exclusion limit at a particular my value under the assumption of prompt N decays.
Now simulate a new sample of N production events at the Vyn value of the prompt exclusion limit, this
time accounting for the N lifetime in the simulation. Then rerun the analysis with the new sample as
the signal model. Because of the large N lifetime most signal events will fail to pass the event selection,
and a much larger upper limit is obtained than previously EL The new upper limit is an overestimate

4To set the limit one assumes that the excluded signal strength varies linearly with |Vex|?, as it does under the prompt
hypothesis. This does not hold when the N lifetime is significant, but the iterative nature of the proposed algorithm
makes this point moot.
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of the true exclusion limit. One can proceed to simulate a new sample of N production events at the
Vin value of the last exclusion limit. This Vpn value corresponds to a finite, though probably small,
lifetime. Evaluating the analysis with the latest sample once again results in a low upper limit on V.
The limit is however higher than the one obtained under the prompt decay assumption because the
most recently simulated N decays have a nonzero mean lifetime. One can repeat the procedure above
several times, and the resulting exclusion limits will oscillate around the true exclusion limit with
an amplitude that becomes smaller at each iteration. Repeating the procedure until a convergence
criterion is met would give the corrected exclusion limit. The naive algorithm proposed here is correct,
but too computationally demanding for practical use. Simulating a sample of N production events
large enough for an accurate computation of the exclusion limit at each iteration of the algorithm is
prohibitively expensive. Several observations about the properties of signal events facilitate the design
of a much more computationally efficient correction algorithm for the exclusion limits. The basic idea
behind the algorithm remains the same. The algorithm proposed below is one of the novelties of the
presented analysis.

The first simplification is made by studying the kinematics of the final state in N production events
simulated at different mean lifetimes. For several my values, simulations are made at a range of mean
N lifetimes. As expected, the event selection efficiency varies drastically with the mean N lifetime.
However, after applying the prompt lepton selection, the distributions of the analysis variables ( ;z%lsv
M, pll'fading, M3y, and pss) are found to be identical between simulated samples at different mean
lifetimes. The analysis selection filters out only those events in which the leptons originate from close
to the primary pp interaction vertex. The resolution of the kinematic variables that depend on the
leptons therefore stays unaltered. The PSS reconstruction also remains unaffected by the mean N
lifetime after low impact parameter leptons are selected. This implies that we do not need to process
the entire analysis to compare limits at different lifetimes. Instead, we simply have to compare the
total event selection efficiency integrated across the search regions. This already considerably simplifies
the naive limit correction algorithm introduced above because no complex likelihood fit to all signal
region bins must be done at each step.

The second and crucial observation is the fact that it is not necessary to produce multiple simu-
lation samples to evaluate the selection efficiency at different mean N lifetimes for a given my. The
probability density for a particle with a mean lifetime 7 to decay at time t is given by:

1 t
tiT) = —e —— 7.4
Pdecay ( ’7_) - Xp ( 7_) ( )
A simulated sample of N production events with a mean lifetime of 71 can therefore be statistically
reweighted to have another mean lifetime value 7, by applying the following weight to each simulated
event:

_ Pdecay (t|7—2)
Pdecay (t‘Tl)

~Zep(L-1), (7.6)

Here it must be noted that the real decay time ¢ of N is known in simulated events. Once a sample
of simulated N production events is generated at a single mean lifetime 71, it can be reweighted using
Equation to effectively become a simulated sample at any arbitrary mean lifetime 7. Due to the
direct relationship between |Vx|? and the mean N lifetime, this also implies that we can transform
simulated samples at a particular |Vyx|? value to another one. The reweighting procedure is shown in
Fig. @, where a sample of N production events at one V,n value is reweighted to correspond to a
different V), value. The only caveat to the procedure is that reweighting samples generated with a
low mean lifetime to a higher one will have poor statistical precision at high N travel distance values,
rare in the original sample. This is of no concern to this analysis in which the selection only accepts
decay products of sterile neutrinos that travel a tiny distance through the detector.

Wﬁ—”’z (t) (7'5)
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Figure 7.16: Distributions of the travel distance of an N with a mass of 5 GeV before decay at different
values of VN, and without mixing to the other SM neutrino flavors. Fits of Equation @, in which
the lifetime is multiplied by ¢ to obtain the travel distance, are drawn as solid lines. In the left panel
no reweighting is applied, while the weights specified by Equation are applied in the right panel
to transform the simulated sample at V,,x = 0.0032 into an effective V,x = 0.011 sample.

To summarize, we can transform simulated samples at fixed my values to different mean N lifetimes,
and comparing the change in the total selection efficiency as a function of the mean N lifetime is
equivalent to comparing the change in the exclusion limit. Armed with this knowledge we can formulate
the lifetime correction algorithm for the exclusion limits. The correction procedure starts by observing
that the uncorrected exclusion limits are essentially a limit on the number of signal events after the
analysis selection. The number of signal events that can be excluded is proportional to |Vyx|? and the
selection efficiency of the analysis. We can write:

Nexcluded X |Vuncorrected|25prompt7 (77)

with |V1mcorrected|2 the exclusion limit on |V4N|2 we get under the prompt decay assumption, and
Eprompt the event selection efficiency of the analysis under the same assumption. The corrected limit
should still correspond to the same number of excluded events, so the problem of correcting the
exclusion limits can be cast as solving the following equation:

‘ Vuncorrected | 2 gprompt = ’ V;:orrected | 2 5corrected (7 . 8)

for ]errected|2. If we have a single simulated sample of N production with a nonnegligible lifetime,
we can compute the efficiency corresponding to any |Vin|? value with the reweighting procedure
of Equation We know that |V]2€ is a monotonically increasing function because the selection
efficiency never decreases as a function of |V]2, or equivalently with decreasing mean N lifetime. It
is also guaranteed that ‘Vvuncorrected|2 < ’%orrected|2 because gcorrected < gprompt- Another constraint
on the problem is the physical requirement: |Veorrected|? < 1 H We can thus state that the following
property holds:

|Vt:orrected‘2 € [|Vunc0rrected|27 1] (79)

5If this limit does not hold, the analysis has no sensitivity to the studied mx value. An exclusion limit on |Ven|?
might be larger than 1 and still carry meaningful information about how close an experiment comes to being sensitive
to the possibility of a sterile neutrino at a given mass, but we do not consider such cases.
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We search this interval for the solution. The approach we use is inspired by the binary search
algorithm. We take the middle of the interval, |Vina|> = (1 — [Vancorrected|?)/2, and compute the
corresponding selection efficiency Emia- If |Vinid|?Emia is greater (smaller) than |Vincorrected|?Eprompt
then |Veorrected|? must be smaller (greater) than |Viuiq|?>. We can iterate this procedure to make the
search interval exponentially smaller at each step, until convergence is achieved. Algorithm 1 writes
out the lifetime correction procedure in pseudocode.

Algorithm 1 Algorithm for correcting an exclusion limit on |Vyn|? set under the prompt N decay
hypothesis for the true sterile neutrino lifetime. The function LIMITCORRECTION returns the corrected
limit on |Vx|?. The variable “simulated_sample” represents a sample of simulated N production events
with a finite mean N lifetime. The limit on |Vyn|? obtained by assuming prompt N decays is represented
by “limit_prompt”. The convergence criterion is encapslulated in a small numeric constant €. The
function COMPUTEEFFICIENCY computes the efficiency for a given sample and a desired |V;x|? value.
The analysis event selection procedure is represented by a function PASSSELECTION which is not given
in pseudocode.

1:

2: function LiMITCORRECTION (simulated_sample, limit_prompt, efficiency_prompt, €):
3 low = limit_prompt

4 high =1

5: while (high — low)/low > ¢ do

6: mid = (high — low)/2

7 efficiency_ mid = COMPUTEEFFICIENCY (simulated_sample, mid)
8 if mid * efficiency _mid < limit_prompt * efficiency _prompt then
9 low = mid

10: else

11: high = mid

12: return low

13:

14: function COMPUTEEFFICIENCY (simulated_sample, V2_target)

15: T_sample = simulated_sample.T

16: V2_sample = simulated_sample.V2
17: T_target = (7_sample / V2_target) * V2_sample

18: eff_ numerator = 0

19: eff_denominator = 0

20: for event in simulated_sample do

21: t = event.lifetime

22: weight = 7_sample/7_target * EXp(t/7_sample — t/7_target)
23: eff_denominator += weight

24: if PASSSELECTION(event) then

25: eff_ numerator += weight

26: eff = eff numerator / eff_denominator

27: return eff

We compute lifetime corrections to all |Vyx|? exclusion limits up to my = 20GeV. At higher
my values the N lifetime becomes negligible, and no corrections to the limits need to be applied.
The corrected exclusion limits vary significantly from those under the prompt decay hypothesis. At
my = 1 GeV, the difference is almost three orders of magnitude.

Regardless of the efficiency lost to the N lifetime at low my values, the analysis retains a strong
sensitivity in the low-mass regime. It is the first search at a hadron collider to probe the range
my < 40 GeV, and is sensitive to my values as low as 1 GeV. On the other end of the mass spectrum,
my values up to 1.2 TeV can be successfully probed while earlier analyses reached only up to 500 GeV.
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The presented search more than doubled the mass range in which direct N production was studied at
the time of writing.

7.9 Summary and outlook

Heavy sterile neutrinos could provide solutions to several of the open questions in the SM, making them
ideal candidates for new physics searches. A search for the production of a sterile Majorana neutrino
(N) in W) —5 ¢N decays is presented. The search targets events with three charged leptons, electrons
or muons, in the 13 TeV pp collision data set collected with the CMS detector in 2016. The data set
has an integrated luminosity of 35.9fb~1. It is the first search for sterile neutrinos in the multilepton
final state at the LHC. The advantage of using multiple leptons is that they can be reconstructed and
identified with great precision, even when they have low p values. This was maximally exploited by
introducing the lowest possible pp thresholds in the lepton selection allowed by the trigger paths used
to collect the CMS pp collision data set. Several discriminating variables are introduced to separate
N production events from the SM background events that pass the analysis selection criteria. A set
of orthogonal search region bins is defined as a function of four of these discriminating variables.

No significant excess over the SM expectation is observed in any of the search region bins. Exclusion
limits are therefore set on the square of the mixing parameter between N and the SM neutrinos (|Vyx|?)
as a function of my. The interpretation is done separately for nonzero values of |Vox|? and |V,n|*
The search provides sensitivity to N production at my values between 1 GeV and 1.2TeV. It is the
first ever search to directly probe my values above 500 GeV, more than doubling the studied mass
range. It is also the first search at a hadron collider to be sensitive to N masses in the range below
40 GeV.

The search explicitly targets promptly decaying sterile neutrinos during the event selection stage.
This is done to distinguish signal leptons from those from b or ¢ hadron decays, which can be signifi-
cantly displaced with respect to the primary pp collision vertex. The assumption of instantaneous N
decays is well motivated if my > 20 GeV, but has serious consequences to the analysis sensitivity at
very low my values. The mean lifetime of sterile neutrinos is proportional to the negative fifth power
of their mass, so at the low end of the probed mass range the analysis selection efficiency is markedly
reduced. Exclusion limits are initially set under the hypothesis of instantaneous N decays and then
corrected to take into account the loss of selection efficiency incurred by the nonzero sterile neutrino
lifetime. A novel computationally efficient algorithm is introduced to determine the corrections for
the N lifetime to the exclusion limits. A natural next step to extend the sensitivity at low my values
is to explicitly target events with two leptons originating from a vertex displaced with respect to the
primary pp interaction vertex. Such a search requires substantially different analysis techniques from
the one presented here which targets prompt leptons. Both ATLAS [276] and CMS [277] carried out
such searches several years after the publication of the one presented here. The referenced CMS search
was led by researchers at UGent, and I was involved in a peripheral fashion through discussions and
brainstorming. That analysis also leveraged the software tools I developed for this and later searches.

Looking back on this search with the experience gained from the later searches presented in the
dissertation, it is clear that large improvements can be made. The main source of background events in
the most sensitive search bins is the misidentification of nonprompt leptons. Meanwhile, the analysis
uses a standard I, based lepton identification procedure (Section . The next publication
described in this dissertation, presented in Chapter|8] spectacularly demonstrates the power of machine
learning based lepton identification strategies (Section |6.1.2f and [8.2.2.2). Switching from a lepton
selection strategy similar to that used in this chapter to the one introduced in Chapter [§] increases
the selection efficiency of prompt leptons by roughly 10% per lepton, while the background rate for
nonprompt leptons is reduced by a factor two (eight) for electrons (muons). Applying such a procedure
in this search could be used to virtually eliminate the nonprompt lepton background at no cost at all
to the signal selection efficiency.

Further inspiration might be taken from the search presented in Chapter [9] There we use para-
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metric neural networks to search for a new physics scenario with several unknown parameters (Sec-
tion [9.4.1.1)). Using this technique in favor of orthogonal search region bins like those used here, the
search sensitivity is increased by more than 100% for most signal hypotheses. This is roughly equiv-
alent to quadrupling the data volume available for analysis. We could replace the search region bins
of this search by a single neural network parametric in my and would likely obtain similar improve-
ments. By combining a machine learning based lepton identification strategy and a parametric neural
network for identifying signal events, one might expect to increase the reach of the search in the 2016
data set by such an extent that it would be greater than what could be achieved by analyzing the full
CMS Run 2 data set with the current search strategy. If the increased data volume is added on top
of these improvements, the exclusion limits should be expected to be staggering compared to what is
presented here.
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Chapter 8

Observation of tZq production

“what I set out for I got
and what I hunted I found”

Elias Lonnrot, Kalevala

8.1 Introduction

The LHC collided protons at the energy and intensity frontier for several years. During Run 2 an
unprecedented volume of data was collected at a center-of-mass energy of 13 TeV. The production cross
section of most rare processes that involve heavy particles rises with the collision energy, a fact which
is visible in Fig. The combination of the large data volume and the increased production cross
sections opens the door to the probing of very rare SM processes that were inaccessible to previous
colliders and even during Run 1 of the LHC. Measurements of such rare processes might increase
our knowledge about the SM or reveal hints about physics beyond the SM, even in the absence of
direct production of new particles [295, [296]. New physics might reveal itself as modified integral or
differential cross sections of rare SM processes [297].

Production of a single top quark in association with a Z boson and an additional quark (pp — tZq,
where charge conjugation is assumed throughout the chapter) is an extremely rare process that is
particularly sensitive to unknown physics modifying the SM. The leading order Feynman diagrams of
tZq production are drawn in Fig. What makes tZq production so interesting is that it involves
many facets of the SM: The WWZ triple-gauge coupling, the bW — tZ scattering amplitude, and the
ttZ and tbW couplings [298]. New physics that does not modify integral and differential cross section
measurements of ttZ production nor of inclusive single top quark production could still visibly impact
tZq production [299]. Modifications to the SM expectation in tZq production could in particular hint
at the presence of flavor changing neutral currents [300-302]. Such currents are greatly suppressed in
the SM [303] and their observation would be a clear indication of new physics.

In 13 TeV pp collisions the tZq production cross section is about 1pb [304]. This makes it about
50 times more rare than the production of an H boson under the same conditions [305]. Prior to
the search presented here tZq production remained unobserved. A search by CMS using 8 TeV data
yielded an observed significance of 2.4 standard deviations over the background-only hypothesis [306].
Searches in 13 TeV collision data collected in 2016, corresponding to an integrated luminosity of about
36 fb~!, were carried out by both the ATLAS [307] and CMS [244] Collaborations. They respec-
tively achieved observed significances of 4.2 and 3.7 standard deviations above the background-only
hypothesis, providing the first evidence for tZq production, but no unambiguous observation.

All the searches for tZq production mentioned above focus on events with three leptons. This final
state provides by far the greatest sensitivity for searching and measuring the tZq process. Only a small
fraction of the already rare tZq events, about one in 30, contain three leptons. The background in this
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Figure 8.1: Leading order Feynman diagrams of tZq production [244].
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final state is however orders of magnitude lower than it is in final states with two or fewer leptons. In
these final states gigantic backgrounds from W boson, Z boson, tt, and multijet production effectively
eliminate any hope for an observation or precise measurement of tZq production in currently available
data sets. In this analysis only events with three light leptons, electrons or muons, are analyzed.

Here we present a revised search for tZq production in the three lepton final state, using the pp
collision data set collected with the CMS detector throughout 2016 and 2017. The data set is collected
at a center of mass energy of 13 TeV and has a total integrated luminosity of 77.4 fb~!. We introduce a
novel lepton identification algorithm to address the nonprompt lepton background that plagued earlier
searches. Additionally, several other improvements to the overall analysis strategy are made. These
improvements enable the observation of tZq in the same 2016 collision data set which was analyzed by
the previous CMS search without a successful observation. On top of this, the integrated luminosity of
data set used for the search is more than doubled by adding the data collected in 2017. The analysis
achieves the first observation of tZq production and the significance of the observation is well over five
standard deviations. The tZq cross section is measured with a relative uncertainty of approximately
15%, more than twice lower than in any previous measurement. The observation made in these results
was confirmed about a year later by ATLAS using the full LHC Run 2 data set [308]. The ATLAS
analysis attained a similar precision in the measured cross section although roughly 80% more data
was analyzed.

A brief outline of the rest of the chapter is given here. Section describes the event selection
used to target tZq production, and the large improvements made in the identification of leptons. A
description of the strategy used to separate the tZq signal from the remaining background in the
selected events is given in Section [8:3] Section [8.4] outlines the background estimation procedure.
The systematic uncertainties that affect the analysis are covered in Section Section shows
the analysis results: The first observation of tZq production as well as a precise measurement of
its production cross section. Section summarizes the analysis and presents prospects for tZq
measurements in the near future.

8.2 Event and object selection

The final state particles in each event are reconstructed with the PF algorithm (Section . The
requirements imposed on jets are the the topic of Section [8.2.1] The selection of leptons in the
analysis is covered in Section [8.2.2] including an in depth discussion on their machine learning based
identification in Section R.2.2.21

8.2.1 Jet selection

Reconstructed particles are clustered into jets with the anti-k7 algorithm (Section , and the en-
ergy of the resulting jets is corrected for pileup and nonlinearity and nonuniformity in the detector
response (Section . Jets identified as originating from anomalous energy deposits in the detector
are removed. To be considered for analysis jets must have pp > 25GeV, |n| < 5, and be separated
from any selected lepton by an angular distance of at least AR = 0.4. High |n| jets outside of the
tracking detector coverage are retained in the analysis because the outgoing quark in tZq events tends
to result in a forward jet. This feature can be clearly seen in the event displays of Fig. to
included later in this chapter. These figures display reconstructed events in pp collision data that
are highly likely to be from tZq production. At the time the analysis was performed a large amount
of noise was present in the very forward region of the ECAL in the data set collected in 2017. This
required the use of an increased threshold pr > 60 GeV in the selection of jets falling within the
pseudorapidity range 2.7 < |n| < 3.0. This requirement is only applied in the 2017 collision data
set. In later reconstructions of the data set this noise has been largely removed by modifying internal
parameters of the PF algorithm.

The presence of a top quark in the tZq signal makes b-tagging an important tool for isolating signal
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events. Jets are considered b-tagged if they meet the requirements of the medium working point of
the DEEPCSV algorithm (Section . This working point correctly identifies 68% of b jets, while
misidentifying 12 (1)% of ¢ quark (light-flavor) jets as a b jets. The identification of b jets primarily
relies on information from the tracking detector. Therefore the DEEPCSV b-tagging score is only
evaluated for jets that satisfy |n| < 2.4, a criterion which ensures that most of the jet constituents fall
within the coverage of the tracking detector. Jets at higher |n| values are assigned a zero probability
to contain b hadrons.

8.2.2 Lepton identification

The selection of leptons in this search uses a two-stage procedure. First, leptons are selected with a set
of very loose orthogonal requirements that ensure that the leptons are within the detector acceptance
and have a minimal quality. These selection criteria are the subject of Section [8.2.2.1] Thereafter,
a severe requirement on the output of a machine learning classifier that identifies prompt leptons is
applied. This procedure is covered in Section [8.2.2.2

8.2.2.1 Baseline selection

Reconstructed muons (electrons) are required to fall in the muon system (tracking detector) acceptance
of |n] < 2.4 (2.5). All muons and electrons must have pr > 10GeV and pass a set of very loose
preliminary requirements on several of the variables introduced in Section [6.1] The leptons must
be consistent with originating from the primary pp interaction vertex by satisfying d, < 0.05cm,
d, < 0.1cm, and dsp/o(dsp) < 8. Lepton candidates should at least be slightly isolated from
other activity in the detector and pass I;glini < 0.4, a very loose isolation requirement. Muons must
additionally satisfy the medium muon requirements (Section to guarantee a good quality in the
matching of the muon tracks in the inner tracker and the muon system. Electrons have to pass a set
of loose requirements on the properties of their ECAL supercluter, mirroring those imposed in trigger
paths that select multiple leptons. Reconstructed electrons are removed if they fall within AR < 0.05
of a muon passing the set of requirements outlined above. The selection described here is just the
first stage in the lepton selection. The described requirements have an extremely high efficiency in
selecting prompt leptons from tZq production, about 99%, while rejecting many obvious nonprompt
leptons. This selection is called the “baseline” lepton selection in the rest of the chapter. The final
lepton selection of the analysis adds an additional requirement on a machine learning discriminant,
described below, on top of the baseline selection.

8.2.2.2 Machine learning lepton classifier

We target tZq production in the multilepton channel where the decays of both the Z boson and
the W boson originating from the top quark decay are leptonic. The target events have three prompt
leptons in the final state, making the discrimination between prompt and nonprompt leptons of crucial
importance to the sensitivity the analysis can achieve. This is the case more so than in the other
analyses presented in this dissertation. The previous 13 TeV search for tZq production conducted by
CMS [244] provides an illustration of this. This search has two search regions: Events with a single
b-tagged jet and a total of two or three jets, and events with two b-tagged jets. Events without
b-tagged jets serve as a WZ control region. Search region events are binned in the output of BDT
classifiers, trained to separate the tZq signal from the total background. The resulting observed and
post-fit expected distributions are shown in Fig.|8.2] The background from nonprompt leptons is drawn
in dark blue and labeled “NPL”. This background source turns out to be difficult to kinematically
separate from the tZq signal and remains prominent in the search region bins at high BDT output
values. These are the bins where the tZq signal purity is highest. The nonprompt lepton background
proved to be the crucial limitation that prevented the observation of tZq in this search.

The earlier CMS search for tZq used a cut based identification for both electrons and muons, in
which I, is the main discriminant between prompt and nonprompt leptons (Section. This lepton
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Figure 8.2: Observed and post-fit expected event yields in the search regions (left- and middle) and
WZ enriched region of the previous CMS search for tZq production. The background from nonprompt
leptons is shown in dark blue and labeled “NPL” [244].

identification strategy is similar to that used in Chapter [7] of this dissertation. To tackle the large
nonprompt lepton background we took inspiration from the search that led to the observation of ttH
production [238, [239]. The multilepton final state proved crucial for observing the ttH process, and
its sensitivity could to a large extent be credited to the usage of a lepton identification strategy based
on BDT classifiers.

This strategy is further refined and optimized in this analysis, and customized to target leptons
from tZq production. An introduction to machine learning based lepton identification and an overview
of all the input variables used is given in Section Several BDT classifiers are trained to separate
prompt leptons originating from simulated tZq and ttZ production events from nonprompt leptons
produced in simulated tt events. Events from ttZ production are included to increase the size of
the training data set. Because of the high similarity of the lepton properties in tZq and ttZ events,
the added statistical power increases the performance of the BDT classifiers in tZq events, despite
the small bias introduced in the lepton properties. Separate BDT classifiers are trained for electrons
and muons. The 2016 and 2017 data sets are also treated individually to account for differences in
data-taking conditions and the detector, in particular the upgraded pixel detector (Section .

In order to enter the training data set, leptons must pass the baseline selection and no additional
requirements. The baseline selection is kept as loose as possible not to spoil the maximum prompt
lepton identification efficiency the BDT classifiers can reach. The lepton selection in the analysis
mirrors this: Almost no additional requirements E| are applied after the baseline selection except from
a requirement on the trained BDT classifiers. Having no further requirements on the training data set
ensures that no identification performance is lost by applying cuts which would be nonoptimal when
used without considering their dependence on all other input variables to the lepton selection. The
strategy of having a loose baseline selection and letting the BDT classifiers do all the identification
work leads to significant gains in the lepton identification efficiency. For electrons an efficiency higher
by about 20% per electron is achieved compared to the BDT based lepton identification used for the
ttH observation, at the same misidentification rate for nonprompt leptons ﬂ

The data set available per BDT training consists of about 15 million prompt leptons and 2 million
nonprompt leptons. Of these leptons, 80% are used for training and validation of the classifiers, and

'The only exception to this is a very mild cut on DEEPCSVjesest to ensure closure of the fake rate method for
predicting the background from nonprompt leptons. In retrospect it would have been more optimal not to apply this
cut in the tight selection and further refine the loose selection criteria instead.

%In the case of the ttH observation a preselection on the electron MVA is used in the training of the BDT classifiers
for electron selection. This turns out to limit the final lepton identification efficiency significantly.
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20% for testing. During the optimization of the BDT hyperparameters and the training configuration
only half of the training data set is used for the actual training of the algorithms, and the other half to
evaluate their performance. When the final training scheme and set of hyperparemeters are fixed for
each BDT, a new training is performed that uses all available events in the training data set. Not using
the test data set for hyperparameter tuning avoids potential overfitting of the BDT hyperparameters
on the test data set, which would result in biased conclusions about the classification performance.

The final BDT classifiers used in the analysis are technically gradient boosted random forests of
decision trees [309]. Optimizing a single decision tree is NP-hard [310], so a greedy approximation
is used: To train a single decision tree, all input variables are scanned individually and the optimal
cut on a single variable chosen from all input variables is used to split the tree node. Each tree node
is further split until a certain depth or number of events in the leafs is reached. Gradient boosting
algorithms aim to iteratively build a powerful discriminator out of a collection of small decision trees.
One starts by defining an objective or loss function that is to be minimized. An example of such a
minimization objective is the negative log-likelihood in a maximum likelihood fit. Each subsequent
tree in the gradient boosted forest fits the local derivative of the loss function with respect to the
output of the previous tree. After adding a new tree, the updated forest is given by the previous forest
minus the new decision tree multiplied by a scalar value set to minimize the loss function. We can
write the update from a forest of n trees F), to one with n + 1 trees F,,;1 as:

Foni () = Fo () =me1 Y VrL(y, Fo(x) (8.1)

training data set

Yn+1 = argmin Z Ly, Fr—1(x) —YVg,L(y, Fy (x))] . (8.2)

v training data set

In these equations the ground truth labels in the training data set are represented by ¥, in our case
whether a lepton is prompt or not. The feature vector x is the set of input variables to the BDT for each
training example, and L is the loss function. The derivatives Vg L of the loss function with respect
to the current boosted forest output are approximated by greedily optimized shallow decision trees.
We choose the negative log-likelihood for the binary classification problem as the loss function. This
means the BDT trainings effectively perform a maximum likelihood fit of the classification problem.

The final BDT classifiers all consist of 1000 trees with a maximum depth of four. Each node in the
trees is required to contain a minimum of 2.5% of the training data set events. This avoids statistical
fluctuations from significantly impacting the chosen node splitting criteria, and consequently reduces
overfitting. A shrinkage factor, or multiplier of the + coefficient introduced in Equation of 0.1
is used. Shrinkage factors smaller than one are empirically known to improve the generalization of
the resulting model EL In every iteration of Equation we randomly sample 60% of the training
data set to use in the summations. This significantly improves the generalization performance of the
algorithm. A decision tree forest trained with random sampling of the training data set in the update
step is known as a random forest.

The hyperparameters of the BDT discriminants are chosen based on the performance achieved
in the validation data set as mentioned earlier. The performance is quantified by the integral of the
receiver operating characteristic (ROC) curve, commonly denoted as area under ROC curve (AUC).
The ROC curve evaluates the signal efficiency as a function of the misidentification rate for background
events when varying the a threshold on the classifier. The AUC value of a classification algorithm is
higher when it achieves a higher degree of separation between signal and background.

After freezing the hyperparameters, the performance and output shape of the classifiers is evaluated
in the test data set. No statistically significant differences are found between the output distributions

3Tt is theoretically not fully understood why this is the case. It is my opinion that this is likely to be related to the
fact that learning by means of gradient descent in small steps seems to be an implicit form of regularization that results
in good generalization, even when fitting a model with far more parameters than data points. An in depth study of this
in the context of deep neural network training can be found in [311].
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in the training and test data sets. This indicates that no notable overfitting occurs during the BDT
training. The cause for this is the relatively limited parametric size of the BDT classifiers, which
contain 1000 small decision trees, compared to the massive training data set of about 17 million
leptons available to train each individual BDT.

The BDT training is performed with the TMVA package [312]. As an additional performance cross
check similar BDT algorithms are trained in the state of the art XGBOOST library [313]. An equivalent
performance to the TMVA training is found. Fully-connected neural networks are also trained and
optimized on the lepton classification task using TENSORFLOW [314] with the KERAS [315] interface.
The neural networks are found not to give to significant performance benefits in this particular classi-
fication problem. This builds additional confidence that the BDT classifiers achieve close to optimal
performance on the given set of input variables and training examples.

Fig. shows the efficiency in selecting prompt leptons from a mixture of simulated tZq and ttZ
events as a function of the misidentification rate for nonprompt leptons in a tt simulation for continu-
ously varying thresholds on the BDT outputs. A stringent requirement is placed on the BDT output
to select leptons for analysis. The requirement has an efficiency of 85 (92)% for correctly identifying
prompt electrons (muons) with pp > 25 GeV in simulated tZq events. This corresponds to an increase
in identification efficiency of 12 (8)% per electron (muon) compared to the lepton identification strat-
egy in the previous CMS search for tZq production. At the same time, the misidentification rate for
nonprompt electrons (muons) is reduced by a factor 2 (8). This improvement in lepton identification
is the crucial ingredient in the observation of tZq production presented later in this chapter. The
powerful BDT based lepton selection algorithm allows the lowering of the pr threshold in the lepton
selection to 10 GeV in this analysis, down from 25 GeV used in earlier work. In the previous search
such a low pt threshold would have drowned the signal in background events from nonprompt leptons.
We expect a far greater tZq signal yield in this analysis than could previously be achieved considering
that we target three leptons in the final state and that the efficiency in the selection of each lepton is
increased at a given pr value, while we also manage to drastically reduce the pr thresholds. At the
same time the number of background events with nonprompt leptons is still well below what it was
in the previous search, despite the fact that nonprompt leptons predominantly have low pr.

The lepton selection algorithm developed for this search proved extremely successful. Therefore
the decision was made by other CMS analyzers to use it for selecting muons in the search for H — pup
decays in the full Run 2 pp collision data set [240]. The same working point as here is used, and the high
selection efficiency combined with the rejection of almost all nonprompt leptons was a contributing
factor to the analysis seeing the first evidence of the rare H — pu decay mode. The same lepton BDT
classifiers were also used in the CMS precision measurement of the ttZ production cross section in the
2016 and 2017 pp collision data sets [316)].

To enable a data-driven prediction of the background from events with nonprompt leptons with
the fake rate method (Section a second set of lepton selection criteria are introduced. Leptons
passing the BDT selection are called “tight” and this is the nominal selection of the analysis. Leptons
that either pass the BDT selection, or fail the criterion on the BDT output but still pass a set of
requirements on prTatio and DEEPCSV usest, are labeled “loose”. The loose lepton selection is fine
tuned so that the fake rate method precisely predicts the nonprompt lepton background.

8.2.3 Event selection

Events are required to contain three tight leptons, and are vetoed if a fourth loose lepton is found.
Events where one or more of the leptons fail the tight selection but pass the loose selection requirements
are retained as a sideband used for predicting the background from nonprompt leptons. The selected
leptons, ordered by pr, must have pr values greater than 25, 15, and 10 GeV. These requirements
ensure that all events efficiently pass the trigger requirements.

Events are triggered with a mix of single, two, and three lepton triggers. The efficiency of this
trigger cocktail, after applying the specified lepton selection, is measured using a data set collected with
orthogonal trigger paths that require a high p%iss or large amounts of hadronic activity (Section .
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Figure 8.3: Efficiency in identifying prompt leptons from a mixture of simulated tZq and ttZ events
as a function of the misidentification rate for nonprompt leptons from simulated tt events. The left
plot contains the results for electrons, while the right plot covers muons. The curves for continuously
varying thresholds on the BDT classifier outputs are shown in black and red for the classifiers trained
for 2016 and 2017 data-taking conditions respectively. The black circle and red square indicate the
selection thresholds chosen in the analysis. The blue triangle represents the selection used in the
previous CMS search for tZq production [244]. All leptons are required to have pp > 25 GeV to enable
a fair comparison since this was a selection requirement in [244].

The trigger efficiency is found to be compatible with 100% across the kinematic space of the analysis.

Nonresonant t¢7¢~q production, shown in the bottom right diagram of Fig. is considered part
of the tZq signal. This component is small compared to resonant tZq production, so we choose to
explicitly target events with a Z boson candidate. The three selected leptons must contain at least
one OSSF pair with a mass within a 30 GeV window around myz. While this requirement reduces the
signal efficiency by a minute amount, it significantly lowers the yields of a host of background sources,
in particular tt, ttW, and ttH production, as well as photon conversions.

To target the top quark decay in tZq events at least two jets are required to be present, one of
them b-tagged. Events without b-tagged jets, or with less than two jets, have a minuscule signal to
background ratio and add no significant signal sensitivity to the analysis. Such events are vetoed.
Events with two or more b-tagged jets are kept because the initial state b quark in tZq production
typically comes from a gluon splitting into a b quark-antiquark pair. In a nonnegligible fraction of
tZq events a second b jet is consequently identified.

8.3 Signal extraction

The selected events are categorized into three distinct search regions, characterized by their jet and
b jet content. The set of events with two or three jets, exactly one of them b-tagged (SR-2/3j-1b),
contains the largest event yield from tZq production and constitutes the most important event category.
Events with four or more jets, only one of them b-tagged (SR-4j-1b), as well as events with two or
more b-tagged jets (SR-2b) also have a significant signal to background ratio and are analyzed in
parallel.

A distinct BDT classifier is trained and optimized in each event category and data-taking year to
maximally separate the tZq signal from the total background. Similar to the case of lepton selection,
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discussed in Section the discriminants are gradient boosted random forests that do a maximum
likelihood fit to the classification task. Note that the BDT classifiers introduced here differ from those
used in lepton identification in that they classify entire events. The tZq search and cross section
measurements are done by performing a binned maximum likelihood fit to the number of events as a
function of the BDT outputs in each event category.

The BDT classifiers are entirely trained on simulated events, including the background contribution
from nonprompt leptons. Using simulated events to model the nonprompt lepton background in the
BDT trainings prevents overfitting the limited amount of sideband events in data that are used in the
actual nonprompt lepton background prediction. Of the simulated data set, half is used for training
and half for testing. Each background event is weighted according to the cross section of its parent
process so the training data set accurately reflects the background yields expected in the analysis.

For the most part the event-level BDT classifiers share most of the training configuration and
hyperparameters of the lepton classifiers. Each classifier is a forest of 1000 decision trees in which
each tree has a maximum depth of four. The training of each decision tree and the corresponding
update to the boosted forest uses a randomly sampled subset that contains 60% of the training data
set events. This smears out statistical fluctuations across the trees to improve the generalization
performance. Compared to the lepton classifiers a more stringent limit is placed on the node splitting,
reflecting the more limited training data sets: Each leaf in a decision tree must contain at least 5% of
the weighted events in the subset of data used to train the tree.

For WZ and ttZ production, the largest background sources, different simulated samples are used
during BDT training and in the nominal analysis. This ensures that the prediction of these back-
grounds as a function of the BDT output remains unbiased, while we can still utilize the full statistical
precision of the simulated samples. No tZq simulation samples with equivalent configurations to the
nominal one were available. For the tZq signal and for small background sources with exclusively
prompt leptons, the same simulated samples are used during BDT training and analysis. No statisti-
cally significant differences between the BDT output distributions in the training and test data sets
are seen for any of these processes, so all events are reused for analysis. The statistical uncertainties
in the comparison of the output shapes are sufficiently small that any remaining bias that could be
caused by reusing events must be negligible compared to the systematic uncertainties that effect the
analysis.

A number of distinguishing features of tZq production are used to define the set of input variables
on which the BDT classifiers operate. These are described in the rest of this section. First the Z
boson decay products are identified by finding the OSSF lepton pair of closest invariant mass to
my. Subsequently, the lepton and jet that stem from the top quark decay are identified. The lepton
not forming the best Z boson candidate is taken to originate from the W boson in the top quark
decay chain. This lepton is called fyw. The jet from the top quark decay is identified by finding the
combination of candidate objects, a lepton, a b jet, and a neutrino, that form the invariant mass
closest to the top quark mass. The longitudinal momentum of the neutrino from the leptonic W
boson decay can be estimated by postulating that the p™ in the event is solely induced by this
neutrino. One then imposes the requirement that fw and the neutrino form an invariant mass of
mwy, resulting in a quadratic equation with two possible solutions for the neutrino momentum. The
invariant masses of each possible combination of a b-tagged jet, fw, and either of the solutions for the
neutrino momentum are evaluated. The b-tagged jet used in the combination giving the mass closest
to that of the top quark is hypothesized to originate from the top quark decay.

Studies in simulation show that tZq events very often contain a forward jet recoiling against the top
quark and the Z boson. This feature is crystal clear in Fig. which displays a tZq event candidate
in pp collision data. The forward jet and variables derived from it are the foremost kinematic features
for separating tZq events from the background events that remain after the event selection. The jet of
highest pt that is not the b-tagged jet associated to the top quark decay is called the “recoiling jet”
in what follows. This naming is chosen because the jet from the final state quark in the tZq matrix
element is expected to recoil against the top quark and Z boson system.
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A large number of kinematic variables are checked for their discriminating power between tZq and
background events. A number of these variables have a clear physical motivation backing them and
are found to be useful in the analysis. These variables are listed below:

e Recoiling jet |n|: The recoiling jet tends to be forward in tZq events whereas it is central in most
background events.

e Highest |n| among all jets in the event: Signal events almost always have at least one forward
jet, background events often only have relatively central jets.

e Maximum invariant mass made up of any pair of jets in the event (m[;**): Because of the

presence of a relatively hard forward jet, tZq events usually have far higher m}“ﬁx values than
background events.

e Angular separation in terms of AR between the b jet from the top quark decay and the recoiling
jet: In signal events the recoiling jet typically recoils against the top quark and the Z boson.
This results in a large angular separation between the recoiling jet and the top quark decay
products.

e Asymmetry of fy: The asymmetry of fw is defined as its |n| value multiplied by the sign of
its charge. The LHC is a pp collider, and the initial state in tZq production consists of a
quark and an antiquark at leading order. For these reasons tZq production favors top quarks
to top antiquarks, resulting in fw having an asymmetric charge distribution. Background pro-
cesses involving top quark pair production or nonprompt leptons have more symmetric charge
distributions. Even other charge asymmetric processes such as WZ production have different
production mechanisms to tZq and do not have an identical charge asymmetry distribution.

e Highest DEEPCSV value among all jets in the event: In the event selection and categorization
we choose a threshold on the b-tagging score above which we consider jets b-tagged. Real
b jets generally have a higher DEEPCSV score than misidentified jets that passed the b-tagging
requirement. This makes it a powerful variable for separating processes involving one or more
top quarks from those without top quarks.

e Angular separation in terms of AR between the b jet from the top quark decay and fvw: This
quantity is sensitive to the presence of a top quark and tends to be smaller for signal events than
for processes without a top quark.

e Scalar sum of the lepton pr values (Lt) and p%liss: This variable captures the leptonic momentum
scale of the event and provides a degree of separation between tZq and all background processes.
It is particularly important for separating tZq production from events with nonprompt leptons
that passed the event selection. The latter frequently have low lepton pt values.

e Scalar pp sum of all jets in the event (Hr): The hadronic equivalent of L, this variable captures
the total hadronic momentum scale of the event. Processes involving pair production of top
quarks, such as ttZ, ttW, and ttH have significantly harder Hr distributions than tZq production.

e Number of jets in the event: Pair production of top quarks results in a large number of jets,
making this a potent discriminating variable in SR-4j-1b and SR-2b where ttZ production is the
dominant background source.

e Transverse mass of fyy and pp™* (Mr): Processes involving a leptonic W boson decay, such as
tZq production in the three lepton final state, have an My distribution that peaks at myw and
then sharply falls off (Section . Processes which do not include a W boson decay, such as
77, Z'y(*), and Drell-Yan production in association with a nonprompt lepton have a markedly
different Mt distribution.
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e Three lepton invariant mass (Msp): In similar fashion to Ly this variable is sensitive to the total
amount of leptonic activity in the event. Note that in the other analyses in this dissertation
My is mainly important for discriminating Z~*) events from other processes, but this is only a
minor background source in this analysis because of the b jet requirement.

In addition to the variables listed above, a number of discriminating variables are found to provide
additional discriminating power on a purely empirical basis. The invariant masses, angular separations,
and transverse momenta of all combination of the recoiling jet, the jet from the top quark decay, fw,
and the leptons from the Z boson decay are checked for discrimination power between signal and
background events. In addition, the minimal and maximal angular separations, invariant masses, and
transverse momenta of all combinations of two particles are examined. In this large pool of variables,
the following are found to improve the discrimination power of the BDT classifiers when added on top
of the variables listed earlier:

e Maximum pr of any dijet combination in the event (pr(j,7)™**).

e Maximum azimuthal separation between any two leptons in the event (AP (¢, £)™%).

e Minimum angular separation in terms of AR between any b-tagged jet and lepton. This variable
is strongly correlated with the AR between the b jet from the top quark decay and fvw, but is
nonetheless found to provide additional sensitivity to the analysis.

Many other variables have discrimination power between signal and background events but do not
necessarily further improve the BDT performance. The BDT classifiers can learn complex nonlinear
relations between the input variables and might in this way infer the relevant information that would
be contained in another input variable. To choose a set of input variables, a performance metric
for the BDT classifiers is needed. Like for the BDT classifiers trained for lepton identification, the
chosen performance metric is the AUC. As mentioned earlier, half of the available simulated data set
is used for BDT training and half for testing the BDT performance. To choose the input variables and
hyperparameters only half of the training data, so one fourth of the total data set, is used for actually
training the BDT classifiers and the other half for evaluating the results. After the hyperparameters
and input variables for a BDT classifier are fixed, it is retrained on the entire training data set. The
test data set is only evaluated after freezing the BDT configurations to avoid the statistical bias that
might result from fine tuning the BDT configuration to get a better test performance.

The presented set of input variables is selected by iteratively training and evaluating BDT classifiers
with one new input variable added at each iteration. This is done separately for each of the three
search categories. The variables are ranked in terms of their individual separation power between
signal and background. In a first iteration the two most discriminant variables are used for training
classifiers, and the performance is evaluated. Then subsequent discriminating variables are added one
by one, and each time a new training and evaluation are performed. If the BDT performance does not
increase by adding a given variable, it is removed from the list of input variables. The modeling of each
input variable is checked in several control regions, introduced in the next section. Poorly modeled
variables are removed from the BDT training. Two variables that improve the BDT performance in
simulation are found to be unreliably modeled and are removed: The reconstructed top quark mass,
and the maximum azimuthal separation between any two jets in the event. The final list of BDT input
variables used in each of the analysis search categories is given in Table

The distributions of some of the most important discriminating variables in each event category are
shown in Fig. to Fig. It has to be noted that the observed distributions shown in these figures
were not unblinded until the entire analysis strategy was finalized. The most important discriminating
variables are m;** and the || of the recoiling jet. In SR-2/3j-1b the recoiling jet is typically the most
forward jet, but in the other search regions this is not the case and the || of the most forward jet is
also among the most important variables.
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Table 8.1: List of variables used to build the BDT classifiers that separate tZq production from the
total background. Foreach variable the signal enriched categories where it is a BDT input are listed.

Variable SR-2/3j-1b SR-4j-1b SR-2b

In| (recoiling jet) v
|n| (most forward jet) -
ms v

fw asymmetry v
v

v
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Number of jets -
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mass of any pair of jets in the event (left), the |n| of the recoiling jet (middle), and the asymmetry of
lyw (right).



8.3.

SIGNAL EXTRACTION

@& Data
[ Itz
8ol CItiX /X

CMS supplementary
2

Events / 80 GeV

L =Xy

L [ Multiboson
r >4 jets, 1 b-tagged

] Nonprompte / p

mzz |
B4 Total unc. il

77.4fb* (13 TeV)

s
[ tZq 4
wz |

Data / Pred.

1000
mi® (GeV)

Events / 0.33

Data / Pred.

CMS supplementary 77.4 " (13 TeV)
100 T T T
é Data [ tzq
I ttZ wz R
— ttX[tX [ Nonprompte / p
= xy” 2z 1
[ Multiboson g Total unc.
24 jets, 1 b-tagged

f

[JTotal unc.

PS
L T

pe TAT
Tyt e

1

2 3 4
Recoiling jet |n|

5

Events /1

Data / Pred.

133

CMS supplementary 774" (13 TeV,

L B B

& Data [ tZg 7
L mmtiz wz i

CtEiX / tX 1 Nonprompt e/ u
rExy” Emzz

200+ [ Multiboson g2 Total unc. —

L 24 jets, 1 b-tagged ]

15 é [ stat. unc. [JTotal unc. %
1 .8 =
0.5¢ LI ! ;
0= E|

0 2 4 6 8

10
number of jets

Figure 8.5: Observed and post-fit expected distributions in SR-4j-1b of the maximum invariant mass

of any pair of jets in the event (left), the |n| of the recoiling jet (middle), and the number of jets in
the event (right).

CMS supplementary 77.4fb* (13 TeV)
—— T
% [ & Data I tZq b
O r Emtz CtEX / tX B
o [ Owz =Xy )
© 80~ —]Nonprompte/pn [@EmZZ 7
; [ [ Multiboson B3 Totalunc. 7
c [ >2bjets ]
$ 6ol a
L L i
401~ =
20—
o f [stat. unc. [J Total unc. * E
S ssesig ;M”I;g
2 0s: LI S TR B
o E
© 00 500 1000
a mr (GeV)

Events / 0.33

Data / Pred.

CMS supplementary 77.4 " (13 TeV)

B L e o o e N
100 é Data I tZq

itz Ctix /X |
wz =Xy

[JNonprompte/p [ ZZ i

[ Multiboson B3 Total unc.
22b jets 1

E []Stat. unc.

[JTotal unc.
= e g ; % b [ 3
oa T
0O 1 2 3 4 5

Recoiling jet |n|

Events /1

Data / Pred.

CMS supplementary 7741 (13 TeV,
e R B e e AR
é Data [ tZq
[ mEmtz X/ tX
P Cowz =Xy .
L [ Nonprompte/ p (4 il
1 [ Multiboson 23 Total unc.
00 >2b jets
50
15 é [ stat. unc. [JTotal ung T E
1t § e L3
0.5 ' .
of
0 2 4 6 8 10

number of jets
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Figure 8.7: Observed and post-fit expected distributions of the highest || value among all jets in the
event in SR-4j-1b (left) and SR-2b (right).

The signal extraction procedure of the analysis consists of a simultaneous binned maximum likeli-
hood fit to the BDT classifier output distributions in each of the search categories. A uniform binning
with 15 bins is used in each search categoryﬂ In general using more bins results in a better sensitivity
to the signal as more information is retained in the binned distribution. On the other hand, one
must ensure that each bin has a sufficient expected background yield to have a robust background
estimation. Using 15 bins is found to be a good compromise between these two objectives.

8.4 Background estimation

An overview of SM processes that contribute to the multilepton final state is given in Section [6.3)
The expected event yields of background processes in which all selected leptons are prompt are esti-
mated from simulation. The background contribution from events in which one or more leptons are
nonprompt is predicted directly from data with the fake rate method (Section . In all presented
figures we collectively label pair production of top quarks in association with a W or H boson, multiple
electroweak bosons, or additional top quarks as ttX production. This does not include ttZ production,
which is considered separately because it is a particularly large background source in this analysis.

In SR-2/3j-1b WZ production gives the greatest background contribution, with ttZ production and
nonprompt leptons the second and third largest sources of background events. The background com-
position of SR-2/3j-1b can be seen in Fig.[8.4, Nonprompt leptons form a more important background
source than the total corresponding event yield suggests since it is found to be hard to separate this
background source from signal events based on kinematic event properties. This was already seen in
the previous CMS search for tZq as shown in Fig. [8.2] and is also the case here.

In SR-4j-1b and SR-2b the dominant background source is ttZ production. The contribution from
nonprompt leptons is much smaller in these event categories. The dominant sources of nonprompt
lepton events are tt and Drell-Yan production. In tt events nonprompt leptons tend to come from
the semileptonic decay of one of the b hadrons stemming from the top quark decays. Selected jets

4A more optimal result might have been achieved by using a binning scheme that depends on the expected background
yield in each bin such as the one used in Chapter [J] The exact output distribution of a BDT classifier is arbitrary in
the sense that it depends on the normalization (or equivalently probability priors) of the signal and background events
in the training data set. A uniform binning in this semi arbitrary output distribution is unlikely to be optimal. In the
limit of a high number of bins the binning scheme becomes irrelevant. Given that the uniform binning leads to several
bins that are highly pure in tZq production we conclude that impact on the results of a more refined binning scheme
would probably have been minor.
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Figure 8.8: Observed and pre-fit expected distributions in the WZ enriched region of the |n| of the
recoiling jet (left), the maximum invariant mass of any pair of jets in the event (middle), and the
asymmetry of fyw (right).

are required not to overlap with any selected lepton, so having two identified b jets in a tt event
severely reduces the probability to have a nonprompt lepton that passes the selection. Most Drell-Yan
production events contain only light quark or gluon jets, and rarely have two jets that manage to pass
the b-tagging requirements of the analysis.

Control regions enriched in WZ and ZZ production are used to constrain the normalizations of
these processes directly from data, and to verify the accurate modeling of all BDT input variables
in simulation. The WZ control region is defined by selecting events that pass the nominal analysis
selection criteria, with the requirement on the presence of a b jet inverted. In addition, a requirement
of p%iss > 50 GeV is introduced to reduce the contribution from photon conversions and nonprompt
leptons. The ZZ control region is defined by selecting four tight leptons that form two separate OSSF
pairs compatible with the Z boson mass. The presence of a b jet is vetoed, and the same lepton pr
requirements as in the rest of the analysis are used. The WZ and ZZ control regions are both included
as single bins in the final analysis fit, in addition to the search region events binned in their BDT
classification score. Prior uncertainties of 10% are assigned to the normalizations of both the WZ and
77 processes, and are constrained to smaller values by the control region data.

The distributions of some of the most important input variables to the BDT classifiers used for
signal extraction are shown in Fig. for the WZ control region and Fig. for the ZZ control
region. Distributions of the pr of the leading, subleading, and trailing leptons in the WZ control
region are shown in Fig. The distribution of the number of jets in both the WZ and ZZ control
regions is shown in Fig. All analysis variables are found to be well modeled.

There is no dedicated control region enriched in ttZ production, but the normalization of this
process is implicitly constrained in search region events. Search region events are binned as a function
of the BDT output. Bins at low BDT output values in SR-4j-1b and SR-2b are highly enriched in ttZ
production, the dominant background source in these event categories. These bins are almost depleted
of tZq events. This can be seen in Fig. and when the analysis results are discussed. The ttZ
enriched search region bins effectively operate as a control region and constrain the normalization of
ttZ production directly from data.

A control region enriched in nonprompt leptons is defined to verify that the fake rate method gives
correct predictions. The same selection criteria as in SR-2/3j-1b are used, aside from the requirement
of having a Z boson candidate. The events should either not contain an OSSF lepton pair, or all
such pairs should have an invariant mass outside of a 30 GeV window around my. Distributions of

mj*™ and the |n| of the recoiling jet in this control region are shown in Fig. The lepton flavor
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enriched region (left) and the ZZ enriched region (right).

composition of events, and the output value distribution of BDT classifier used for signal extraction
in SR-2/3j-1b are shown in Fig. [8.13] The fake rate method is found to give accurate predictions of
the nonprompt lepton background within the 30% normalization uncertainty assigned to the method.
This 30% uncertainty is based on closure tests in simulated events following the description given
in Section The purity of the nonprompt control region is lackluster as a result of the power of
the BDT based lepton selection. The distributions shown here stand in stark contrast with those
of Fig. from the previous analysis presented in this work. With a standard I, based lepton
identification similar event selection criteria result in a region dominated by nonprompt leptons.

In addition to the control regions, signal region events depleted of the tZq signal are used to
provide an additional verification of the background modeling. In each search category an upper limit
is placed on the score of the BDT used for signal extraction. This results in the vast majority of
tZq events being vetoed. All of the analysis variables introduced in Section and the partial BDT
output distributions are checked in the signal depleted versions of the search regions, and in each of
the control regions. The full search regions, without an upper limit on the BDT output value, were
unblinded after the background modeling was thoroughly verified.

8.5 Systematic uncertainties

A general overview of sources of experimental and theoretical uncertainty affecting the analyses in this
dissertation is given in Section All the systematic uncertainties listed there are considered here,
except for effects from the jet energy resolution (not to be confused with jet energy scale). This section
only gives some additional analysis specific details. With a few exceptions all uncertainty sources are
treated on an event to event basis. This results in uncertainty sizes that vary across the analysis bins.
Variations caused by systematic uncertainties in the integrated luminosity EL b-tagging efficiency,
trigger efficiency, and jet energy scale are considered to be fully uncorrelated between the data-taking
years ﬂ Variations due to the lepton selection efficiency are partially correlated between data-taking
years, as explained below. All other uncertainty sources are considered to cause variations that are

5In reality the uncertainty in the measurement of the integrated luminosity is partially correlated between data-taking
years. We refer to Section for more details. The necessary information to account for the correct correlation in this
uncertainty source between the data sets was not available at the time this analysis was performed.

5The recommendations by the responsible CMS subgroups were followed at the time of publication. The presented
analysis was one of the first to be published that included the 2017 data set. Many of these recommendations were
updated for later analyses.
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fully correlated between the data-taking years. Uncertainties in event simulation are also propagated
to the subtraction of the prompt contamination to the sideband data events used to predict the
nonprompt lepton background. In this way, all of the uncertainty sources affecting simulation also
affect the nonprompt lepton background prediction, albeit to a far smaller extent.

When the analysis was published the jet energy scale parametrization and the corresponding
uncertainties (Section were not finalized for the forward detector region in the 2017 data set. The
uncertainties are therefore much larger than what they would be if the analysis was repeated with a
more recent version of the jet energy scale parametrization. The large jet energy scale uncertainties
are clearly visible in the distributions on the left of Fig. and The jet energy resolutions were
not calibrated yet for 2017 data-taking conditions when the analysis was performed. The effect is
therefore not taken into account, but is expected to be minute.

Trigger efficiencies are measured in an unbiased data set collected by triggering on p?iss and the
hadronic transverse momentum in events. The efficiency of the trigger cocktail is found to be compati-
ble with 100% in both data and simulation across the phase space of the analysis. A flat normalization
uncertainty of 2% is applied to simulated events, corresponding to the statistical uncertainty in the
trigger efficiency measurement at low lepton transverse momenta.

Uncertainties in the lepton identification efficiency are the most important source of experimen-
tal uncertainty in this analysis. As such, they are treated with slightly more care than in the other
chapters of this dissertation where they are of relatively minor importance. As usual, the lepton iden-
tification efficiencies are measured in dilepton events enriched in Z boson production (Section [6.1.3]).
The systematic and statistical parts of the uncertainty in the measured efficiencies are separately
propagated to the analysis results. The statistical uncertainties in the measured efficiencies are un-
correlated between muons and electrons, between the data-taking years, and in different pr and |n|
bins. We therefore treat the statistical uncertainties in the lepton identification efficiencies as a large
number of separate sources of systematic uncertainty.

The systematic uncertainty in the lepton identification efficiency measurement in Z — £/ events
is partially correlated |Z| between muons and electrons, and almost fully correlated between data-
taking years. Aside from uncertainties in the lepton efficiency measurement itself, uncertainties in
the extrapolation of the measured efficiencies to the analysis signal regions should also be considered.
Extrapolation uncertainties arise from differences in the density of the underlying event and the
probability for accidental overlap between leptons and jets in various processes. These extrapolation
uncertainties are expected to be largely correlated between electrons and muons and should be treated
as such to not underestimate their impact.

This analysis uses eu events enriched in tt production to gauge the effect of the extrapolation
uncertainties in the lepton identification efficiencies. The efficiency for selecting leptons is measured
and compared to a simulation in which the data to simulation scale factors measured in events enriched
in Z boson production are applied. Good agreement is observed, except for small discrepancies at
low lepton pt values. These discrepancies however fall within the systematic uncertainties in the
lepton selection efficiencies measured in Z — £ events ﬁ The analysis signal regions explicitly target
Z — ¢f decays with one additional lepton. We therefore expect differences between per-lepton selection
efficiencies measured in tt and Z — £¢ events to be an upper limit on the extrapolation uncertainties
of the measured lepton selection efficiencies to the signal regions. We conclude that no additional
extrapolation uncertainties are to be applied. The systematic uncertainties in the lepton efficiencies
are assumed to be fully correlated between electrons and muons and between data-taking years. This

"The extent of this correlation was a hot topic of debate in CMS at the time the work presented in dissertation was
performed. The efficiency measurements are based on fitting the mass shape of Z boson candidates. The systematic
variations considered in the fits are similar for electrons and muons which should cause some degree of correlation. On
the other hand, the energy measurements of electrons and muons, which determine the shape of the reconstructed Z
boson mass distribution, rely at least partially on different subdetectors. This last fact could significantly reduce the
correlation between the uncertainties in the measured muon and electron identification efficiencies.

81t should be noted that the precision of lepton efficiency measurements in Z — £ events has improved in recent
analyses. The extrapolation uncertainties are typically no longer covered by them in analysis involving top quarks.
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stems largely from the expectation that uncertainties in the extrapolation are largely correlated and
that we should ensure our uncertainties are not underestimated.

Theoretical uncertainties from the limited knowledge of the proton PDFs and the choice of the
QCD renormalization and factorization scales cause variations in the cross sections and shapes of
simulated processes. The shape effects are taken into account for all processes, while there are three
exceptions in which the effect on the cross section is not taken into account: For the WZ and ZZ
processes a 10% prior normalization uncertainty is used instead of the exact theoretical uncertainty.
This eases the interpretation of the control region results and has no impact of any kind on the
analysis. The normalization of both processes is measured in data, and the cross section uncertainties
get constrained accordingly. The analysis aims to measure the cross section of tZq, and therefore no
theoretical normalization uncertainties in the tZq cross section itself are considered in the analysis
fit. Note that theoretical uncertainties that affect the expected shape or selection efficiency of tZq
production are taken into account.

In the control region used to extract the WZ normalization the presence of a b jet is vetoed. The
WZ events that form the main background in SR-2/3j-1b contain a b jet on the other hand, which is
not present in the bulk of WZ events. For this reason we consider an additional uncertainty source
which accounts for potential mismodeling of the cross section of WZ production in association with
real b jets. Simulations indicate that real b jets in WZ events mainly come from gluon splitting. The
modeling of gluon splitting is studied by selecting Drell-Yan events with two additional b jets. At a low
angular separation between the b jets, these events predominantly originate from gluon splitting. In
this regime the Drell-Yan simulation is found to agree with collision data within 20%. The contribution
from gluon splitting in simulated WZ events is then varied by 20% and found to induce an 8% variation
in the number of WZ events with at least one b-tagged jet. This 8% uncertainty is added as a source
of systematic uncertainty in the WZ contribution in the signal regions. Note that the uncertainty due
to misidentification of light jets as b jets is also taken into account as part of the set of experimental
systematic uncertainties.

Uncertainties in the parton shower simulation are considered for the ttZ and tZq processes. The
estimation of these uncertainties is briefly explained in Section For processes other than ttZ and
tZq production the necessary information to gauge the size of these uncertainties is not available in
the simulated samples and no corresponding sources systematic uncertainties are taken into account.

A full list of the systematic uncertainties considered in the analysis and the variations they cause in
the expected yields across the signal region BDT bins, is given in Table More important than the
variations in the expected event yields caused by an uncertainty source is its impact on the measured
tZq cross section. Table lists the relative uncertainty in the measured tZq cross section resulting
from the most important uncertainty sources. Only sources causing uncertainties larger than 1% in the
tZq cross section measurement are shown. The impact factor of an uncertainty source is computed by
removing it from the analysis fit and reevaluating the measured cross section. The difference between
the resulting uncertainty in the cross section measurement and that of the nominal analysis comes
from the uncertainty source that was removed. This procedure implicitly assumes that the sources of
systematic uncertainty are uncorrelated and therefore only provides an approximation. Details about
how the cross section measurement is done are given in the next section.
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Table 8.2: Overview of the systematic uncertainties in the analysis. For each uncertainty source the
minimum and maximum variations caused in the expected event yields across BDT bins are listed for
both data-taking years. The table also includes which processes are affected by a given uncertainty
source and whether it affects only the normalization of processes or also their shape.

Source Affected processes  Range in 2016 (%) Range in 2017(%) Treatment
General experimental uncertainties

Jet energy scale all 1.5-15 1.8 - 38 shape
Unclustered energy all 0.8-79 0.4-33 shape
Pileup all 0.7-43 0.7-5.0 shape
Light flavor b-tagging efficiency all 0.1-3.0 0.1-44 shape
Heavy flavor b-tagging efficiency all 0.4-3.0 0.3-44 shape
Luminosity measurement all 2.5 2.3 normalization
Trigger efficiency all 2 2 normalization
Trigger prefiring all 0.02-1.1 0.07-1.8 shape
Lepton reconstruction efficiency all 0.54 - 1.2 0.7-0.9 shape
Lepton identification efficiency systematic all 2.5-4.9 2.7-34 shape

1 identification efficiency statistical all 0.2-0.9 0.3-0.7 shape

e identification efficiency statistical all 0.3-0.8 0.2-04 shape
Theoretical uncertainties

QCD scale cross section ttX and multiboson 0.2-1.6 0.16 - 1.5 shape
PDF cross section ttX and multiboson 0.1-0.9 0.01 - 0.08 shape
QCD scale shape all 0.6 - 6.8 0.8-9.6 shape
PDF shape all 03-1.5 0.05-0.9 shape
ISR scale tZq and ttZ 0.1-6.5 0.2-6.0 shape
FSR scale tZq and ttZ 03-73 0.3-6.6 shape
Process specific uncertainties

WZ normalization WZ 10 (of WZ) 10 (of WZ) normalization
77 normalization 77 10 (of Z7) 10 (of ZZ) normalization
ttZ normalization ttZ 15 (of ttZ) 15 (of ttZ) normalization
X~®) normalization XAy 10 (of Xy™) 10 (of Xy®)) normalization
WZ + b jet extrapolation W2z 0.07 - 5.0 0.02 - 4.6 normalization
Nonprompt lepton normalization nonprompt e/ 30 (of nonprompt) 30 (of nonprompt) normalization

Table 8.3: Mean impact of the major sources of systematic uncertainty on the measured tZq signal
strength. The computation of the impact of an uncertainty source is done by removing this uncertainty
source and reevaluating the measured cross section. When assuming the uncertainty sources to be
uncorrelated, the squared impact of an uncertainty source is given by the difference between the
squares of the total uncertainty in the measured tZq cross section with and without the uncertainty
source in question. Uncertainty sources with an impact factor smaller than 1% are grouped in the
“other” category.

Uncertainty Impact (%)
Experimental
Lepton selection 3.2
Trigger efficiency 14
Jet energy scale 3.3
b-tagging efficiency 1.7
Nonprompt lepton normalization 4.1
ttZ normalization 1.0
Luminosity 1.7
Pileup 1.9
Other 1.3
Theoretical
Final-state radiation 2.0
tZq QCD scale 2.0

ttZ QCD scale 1.4
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Figure 8.14: Observed and post-fit expected number of events as a function of the BDT used for signal
extraction in SR-2/3j-1b (left) and SR-4j-1b (right). A large expected tZq signal, compatible with the
collision data, can be seen at high BDT scores.

8.6 Observation and measurement

The observed and post-fit expected yields in SR-2/3j-1b and SR-4j-1b (SR-2b) as a function of the
BDT classifier outputs are shown in Fig. . The total observed and post-fit expected number
of events in each of the search regions are listed in Table [8.4]

The tZq signal strength, defined as the ratio of the observed to the expected number of tZq events,
is measured in a simultaneous binned maximum likelihood fit to the BDT classifier output distributions
in the search regions. The WZ and ZZ control regions are each included as a single bin in the fit. The
best fit signal strength and the 68% confidence interval are computed with the methods explained
in . Systematic uncertainties are included as nuisance parameters in the likelihood function.
Sources of systematic uncertainty which exclusively affect the normalization of one or more processes
are taken to have log-normal probability density functions. Uncertainty sources whose effect varies bin
by bin are incorporated in the likelihood with the template morphing technique with Gaussian

Table 8.4: Overview of the post-fit expected yields for the background and tZq production in each of
the signal regions, as well as the observed yields in data. The total uncertainty in the expected yields
is given.

Source 2-3 jets, 1 b-tagged > 4 jets, 1 b-tagged > 2 b jets WZ enriched ZZ enriched
SR-2/3j-1b SR-4j-1b SR-2b
Exp. background 357 £ 34 278 + 32 228 + 25 6308 + 478 847 £+ 69
Exp. tZq 103 £5.1 38+5.3 37+1.8 67 £2.8 0.01 £ 0.004
Total exp. 460 £ 37 316 £+ 35 265 + 25 6375 + 478 847 + 69

Observed 475 310 278 6373 852
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Figure 8.15: Observed and post-fit expected number of events as a function of the BDT used for signal
extraction in SR-2b. A large expected tZq signal, compatible with the collision data, can be seen at
high BDT scores.

probability density functions. The Barlow-Beeston method is used to account for the finite size
of simulated samples and of the sideband data set used in the prediction of the nonprompt lepton
background.

A large excess of events over the background-only hypothesis can be seen in Fig. and
To quantify this excess we define the following test statistic:

L (data|r =0, éo)

g=—2In , (8.3)

L (data|r =7, é)

in which L represents the likelihood of the observed data, 8 the set of nuisance parameters, r the tZq
signal strength, and the notation % is used to represent best-fit values of different parameters obtained
by maximizing the likelihood of the observed data. The likelihood in the numerator is determined
under the hypothesis of a zero signal strength, and ég represents the best-fit nuisance parameter values
under this assumption. The significance of an excess is given by the p-value of the test statistic of the
observed data. This is the probability that a test statistic value larger or equal to the observed one
occurs under the background-only hypothesis. To estimate the p-value of the observed test statistic,
one must generate MC pseudoexperiments to model the expected test statistic distribution. When
generating the pseudoexperiments, the nuisance parameter values are frozen to their best-fit values
under the background-only assumption and in each pseudoexperiment the corresponding constraint
terms are randomized when evaluating the likelihood. The expected test statistic distribution obtained
by generating 510 million pseudoexperiments is shown in Fig. [8.16] The observed test statistic value
is so large that it exceeds all values found in the generated pseudoexperiments by a large margin. In
other words, the excess of events over the background-only hypothesis is of such significance that it can
not be quantified without making approximations. The background-only hypothesis is conventionally
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Figure 8.16: Expected distribution of the test statistic from Equation under the background-only
hypothesis compared to the observed test statistic value. A total of 510 million MC pseudoexperi-
ments were generated to compute the expected test statistic distribution, and it seems that orders
of magnitude more would be needed before any pseudoexperiment reaches the observed test statistic
value.

considered rejected when the p-value for the observed test statistic is smaller than 2.87 x 10~7. This
corresponds to the probability of drawing a value from a Gaussian distribution that is at least 5
standard deviations larger than the expectation value. The excess shown here is far more significant
than that.

The asymptotic approximation of the profile likelihood test statistic [291} [292] is used to compute
the significance of the tZq signal. The observed (expected) significance is found to be 8.2 (7.7)
standard deviations over the background-only hypothesis. A significance of 8 standard deviations is
approximately equivalent to a p-value of 1071, so more than 10'® MC pseudoexperiments would have
to be simulated to compute the exact significance. Analyzing the 2016 and 2017 data sets separately
results in observed (expected) significance values of 7.2 (5.7) and 5.4 (6.0) standard deviations above
the background-only hypothesis. Here we also used the asymptotic approximation of the test statistic.
We conclude that tZq production is observed with a significance well over five standard deviations. In
addition, the process is observed in the 2016 data set alone, in which it remained elusive in an earlier
CMS search. The result presented here is the first ever observation of the tZq process.

The tZq cross section is calculated from the fitted signal strength relative to the SM expectation
computed at NLO in QCD with MADGRAPH5_aMC@NLO. The cross section is found to be:

o(pp — tZq — t0707q) = 111 4 13(stat) 75" (syst) fb, (8.4)

for ¢ an electron, muon, or 7 lepton and dilepton invariant masses above 30 GeV. The dilepton
invariant mass requirement is a fiducial cut used in the calculation of the reference cross section. The
abbreviations “stat” and “syst” refer to the statistical and systematic uncertainty components. The
corresponding signal strength is:

o(pp — tZq — t4T0q)

0.14 +0.11, .
= oSN (pp 5 12 = ) 1187715 (stat) Ty 1o (syst) £ 0.04(theo), (8.5)
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Figure 8.17: Display of the SR-2/3j-1b event with the highest BDT score in 2017 collision data. The
high BDT score signifies that this event is highly likely to originate from tZq production. Electrons
(muons) are drawn in green (red), and the two muons form a Z boson candidate. Jets are represented
by orange cones. The jet on the right has high a |n| value and recoils against the rest of the event.
The jet on the left passes the b-tagging requirements of the analysis.

where “theo” stands for the effect of the theoretical uncertainty in the expected tZq production
cross section. The measured cross section is compatible with the SM expectation. The signal strength
values obtained by analyzing the 2016 and 2017 data separately are:

fia016 = 1.3670:22 (stat) T0- 15 (syst) & 0.04(theo) (8.6)

pia017 = 1.037018 (stat) 015 (syst) 4 0.03(theo). (8.7)

Both measurements are compatible with each other and with the expectation of the SM. The
systematic uncertainty is relatively larger in the 2017 data set because the jet energy scale correc-
tions available at the time of analysis were preliminary and had larger associated uncertainties. The
combined cross section measurement has a relative uncertainty of 15%, more than twice the precision
achieved in any previous measurement. Before this result the most precise measurement of the tZq
production cross section came from the ATLAS and CMS searches in the 2016 pp collision data sets.
Both of these obtained a relative uncertainty of around 35% in the tZq production cross section. In
the 2016 data set alone this analysis has a relative uncertainty of just under 20%, demonstrating the
considerable improvements in analysis techniques that were made.

Events at extremely high BDT classification scores are likely tZq candidates. To visualize tZq
production, event displays are made of the SR-2/3j-1b events that have the highest BDT score in the
2016 and 2017 collision data sets. The top scoring 2017 collision event is shown in Fig. while the
2016 event is shown from different angles in Fig. to

The tZq process is exceptionally sensitive to the presence of new physics. Small modifications to
the SM might result in the top quark and Z boson in tZq production events having a far harder pr
spectrum than expected in the SM. To investigate this possibility, the pt spectrum of the Z boson in
tZq events is studied in the three search region categories. To achieve a high purity in tZq production
a stringent requirement that the BDT classifier output is larger than 0.5 is applied in each search
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CMS Experiment at the LHC, CERN
Data recorded: 2016-Aug-15 01:00:30.361728 GMT
Run / Event / LS: 278822 / 837399836 / 484

Figure 8.18: Display of the SR-2/3j-1b event with the highest BDT score in 2016 collision data. The
high BDT score signifies that this event is highly likely to originate from tZq production. The contents
of the figure are as described in the caption of Fig. The two electrons form a Z boson candidate,
one jet has a high || value, and the central jet passes the b-tagging requirements.

Figure 8.19: Display of the SR-2/3j-1b event with the highest BDT score in 2016 collision data. This
is a display of the same event as in Fig. seen from a different angle, and an explanation of the
contents is given in the corresponding caption.
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Figure 8.20: Display of the SR-2/3j-1b event with the highest BDT score in 2016 collision data. This
is a display of the same event as in Fig. [8.18] seen from a different angle, and an explanation of the
contents is given in the corresponding caption.

category. The results are shown in Fig. for SR-2/3j-1b, in Fig. for SR-4j-1b, and in Fig. |8.23
for SR-2b. The pr spectrum of the Z boson is found to agree well with the SM expectation. The
statistical precision is limited by the rarity of tZq production. Future studies of this pr spectrum in a
larger data set are needed. The aforementioned figures also show the lepton flavor composition in tZq
enriched events and the || distribution of the recoiling jet. In each case the observed distributions
match the SM expectation well.

8.7 Summary and outlook

A search for single top quark production in association with a Z boson (tZq) was presented. The
tZq process is an extremely rare SM process with an exceptional sensitivity to deviations from the
SM. Given its rarity, the process remained unobserved prior to this search. Out of all the possible
tZq decay modes, the one in which both the top quark and the Z boson decay to leptons is the most
promising for an observation and accurate measurement of tZq production in the current data set.
Other decay modes have higher branching fractions, but orders of magnitude more background events.
We therefore search for tZq in events with three light leptons, electrons or muons. The analyzed data
set consists of 13 TeV pp collisions collected with the CMS detector throughout 2016 and 2017. The
total integrated luminosity of the data set is 77.4fb~1.

We identify an aspect of earlier searches for tZq production that can be drastically improved: The
lepton identification algorithms used in those searches are not satisfactory, resulting in a large back-
ground from nonprompt leptons. A machine learning based lepton identification algorithm tailored
for the identification of leptons from tZq decays is introduced. Compared to the lepton identification
strategy used in the previous CMS search for tZq production, this algorithm increases the identification
efficiency by 12 (8)% per signal electron (muon) with pp > 25 GeV, while reducing the background
rate of nonprompt electrons (muons) by a factor 2 (8). The new lepton identification algorithm has
the added bonus that it allows one to introduce far lower lepton pt thresholds in the event selection
than those used in earlier work. This further increases the signal selection efficiency.
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Figure 8.21: Observed and expected yields for events in SR-2/3j-1b with BDT scores in excess of
0.5, as a function of the pr of the reconstructed Z boson candidate (left), the || of the recoiling jet
(middle), and the lepton flavor content of the event (right).
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Figure 8.22: Observed and expected yields for events in SR-4j-1b with BDT scores in excess of 0.5, as
a function of the pr of the reconstructed Z boson candidate (left), the |n| of the recoiling jet (middle),
and the lepton flavor content of the event (right).
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Figure 8.23: Observed and expected yields for events in SR-2b with BDT scores in excess of 0.5, as a
function of the pr of the reconstructed Z boson candidate (left), the |n| of the recoiling jet (middle),
and the lepton flavor content of the event (right).

The general analysis strategy is redesigned compared to earlier search iterations. Events are cate-
gorized into three search categories defined by their jet and b jet content, and several control regions
are introduced to constrain the rates of background processes. One of the three search categories is
made up of events with four or more jets, one of them b-tagged. This event topology has a significant
signal sensitivity but was not analyzed in earlier searches. In each of the search categories a BDT
classifier is trained to identify events from tZq production, and the set of input variables to these BDT
classifiers is entirely reoptimized compared to earlier work.

The analysis of the data is done by simultaneously fitting the BDT distributions in the search
categories and the event yields in the control regions. An excess over the background-only hypothesis
is observed, and its significance is so large that it can not be quantified without making approxima-
tions given the available computational resources. Using the asymptotic approximation of the profile
likelihood test statistic, we find an observed (expected) significance of 8.2 (7.7) standard deviations
over the background-only hypothesis. Separately analyzing the 2016 and 2017 collision data sets yields
observed (expected) significances of 7.2 and 5.4 (5.7 and 6.0) standard deviations. We conclude that
tZq production is unambiguously observed for the first time.

The total cross section o(pp — tZq — t/t¢~q) is measured to be 111 4 13(stat) 3! (syst) fb for
dilepton invariant masses exceeding 30 GeV, with “stat” and “syst” referring to the statistical and
systematic uncertainty components. This is compatible with the SM expectation. Separate analyses
of the 2016 and 2017 collision data sets give consistent results. The relative uncertainty of 15% in the
tZq cross section measurement is more than twice lower than in any previous measurement.

The kinematics of tZq production events are highly sensitive to modifications to the SM by new
physics, even if direct production of the involved particles would be out of range of the LHC. The
distribution of the Z boson pr is studied in very tZg-like signal region events, and the shape is found
to be compatible with the SM expectation.

Several improvements to the current analysis could still be made, but the low hanging fruits have
been picked. Some minor improvements would be to use the DEEPJET algorithm (Section for
identifying b-tagged jets, which was not available at the time the presented results were obtained. Deep
neural networks could be used in the identification of leptons, though preliminary studies indicate that
improvements would be minor compared to the current BDT based strategy. The BDT classifiers used
to identify tZq events might also be replaced by a neural network, and instead of separate classifiers in
each event category a single classifier could be used. Several sources of systematic uncertainty might
be reduced, the most obvious being the uncertainty in the jet energy scale. The analysis presented here
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was one of the first published using the 2017 pp collision data set, and the jet energy scale corrections
for this data set were not finalized at the time. As a consequence, the uncertainties are significantly
larger than they would be nowadays.

A new analysis by the CMS Collaboration using the full Run 2 pp collision data set has recently
been published [245]. The work was led by UGent researchers, and relied heavily on software frame-
works I wrote for this analysis and the one presented in Chapter[9] My direct involvement was limited
to tips and discussions. The analysis strategy of this new tZq measurement is a slightly modified ver-
sion of the one presented here, and with a data volume roughly 80% greater than what was available in
the presented measurement, a relative uncertainty of 12% in tZq production cross section is obtained.
Extrapolating the presented analysis to the same data volume yields a relative uncertainty of roughly
13%, showing that improving the uncertainty in the total tZq production cross section measurement
is challenging at this point. Meanwhile, the ATLAS Collaboration achieved a relative uncertainty of
15%, the same as the presented search, by analyzing the full Run 2 pp collision data set [308]. In
recent measurements of the total tZq production cross section the size of the statistical uncertainty
has become comparable with the total systematic uncertainty. Increasing the collision data volume
further will give quickly diminishing results without improvements to the analysis techniques.

An important area where the presented analysis can be extended and where an increased data
volume would bring great benefits is in the measurement of the kinematic distributions of tZq events. A
differential measurement is in order and has been performed in the full Run 2 CMS analysis mentioned
above [245]. All distributions are found to be compatible with the SM expectation. As the data volume
increases, so will the precision of such differential measurements, and surprises might yet be revealed.
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Chapter 9

Search for charginos and neutralinos

“They sought one to strike

one to knock the great bull down
in Karelia the fair

on the great farms of Finland

in Russta’s mild land

in the bold land of Sweden

in Lapland’s broad distances—

the mighty land of Turja;

they sought one in Tuonela

the Dead Land, underground too—
they sought but they did not find
they searched but they did not see.”

Elias Lonnrot, Kalevala

9.1 Introduction

Several open problems in fundamental physics can be addressed by supersymmetry, one of the most
popular extensions of the SM. Supersymmetry is a symmetry under transformations that turn bosonic
states into fermionic ones and vice versa. The addition of such a symmetry to the SM results in the
prediction of the existence of a host of new particles, “superpartners” of the SM particles [317-321].

The problem of the quadratic dependency of the squared H boson mass on the ultraviolet energy
scale, the hierarchy problem (Section , is naturally solved in supersymmetry. The mass correc-
tion terms stemming from bosons and fermions have opposite signs. The introduction of superpartners
therefore resolves the mass divergence of the H boson. Dark matter can be accounted for in supersym-
metric models by introducing the conservation of R-parity, a multiplicative quantum number that is
positive for SM particles and negative for superpartners |119]. Consequences of R-parity conservation
are that superpartners are always produced in pairs, and that the lightest supersymmetric particle
(LSP) is stable. The decay chain of every heavy supersymmetric particle ends with an LSP. The LSP
is usually predicted to be weakly interacting. Most often it is the lightest neutralino, a mass eigenstate
made up of a mixture between the superpartners of the electroweak bosons. A stable and weakly inter-
acting LSP provides an excellent dark matter candidate. The search presented here explicitly targets
supersymmetric models in which R-parity is conserved. Scenarios in which the LSP is a neutralino
are considered, as well as those in which it is a gravitino, superpartner of the hypothetical graviton
that carries gravitational interactions.

The existence of supersymmetry could affect a plethora of measurements in experimental high
energy physics, but only the direct observation of superpartners can unambiguously confirm the exis-
tence of supersymmetry. At the LHC, the experimental search for direct superpartner production has
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Figure 9.1: Overview of production cross sections of different superpartner pairs in 13TeV pp col-
lisions . The cross sections for electroweak superpartner production are computed with the
techniques described in [332] while those for squarks and gluinos are from [333]. Superpartners are
represented by the same symbols as their SM partners, but with an additional tilde. Charginos and
neutralinos, mixed states of the superpartners of the electroweak bosons, are represented by the symbol

X-

been carried deep into the TeV frontier. Most searches at both ATLAS [322-325] and CMS [326-330]
set their sights on the production of strongly interacting superpartners. The production cross sec-
tions of these superpartners are expected to be much higher at the LHC than those of superpartners
that only have electroweak couplings. This becomes clear in Fig. where the expected production
cross sections of different superpartner pairs in 13 TeV pp collisions are shown. The large production
cross sections of strongly interacting superpartners are a consequence of the LHC being a pp collider
and the fact that strong superpartners can be produced through gluon fusion. At a pp collider the
production of superpartners through electroweak interactions would be favored because the necessary
initial states consist of quarks and antiquarks . All of the referenced searches have returned null
results and stringent constraints have been set on the existence of strongly interacting superpartners.
An overview of the exclusion limits on the production of gluinos, the superpartners of gluons, is given
in Fig. [9.2l The exclusion limits on their mass have been pushed beyond 2TeV under some model
hypotheses.

The lack of experimental evidence for strong superpartners could indicate that they are heavy and
out of reach of the LHC. Under these circumstances electroweak superpartner production provides an
alternative path to the discovery of supersymmetry. Because of the relatively low cross sections of
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Figure 9.2: Overview of the current most stringent exclusion limits set on gluino production by the
CMS Collaboration [334]. Similar results by the ATLAS Collaboration can be found in [335].

electroweak superpartner production, shown in Fig. the associated exclusion limits are nowhere
near as stringent as those on strong superpartner production. An overview of the limits on electroweak
superpartner production set by the CMS Collaboration at the time of writing is presented in Fig.[9.3
Compared to the limits on strong superpartner production shown in Fig. [9.2] these are much lower.
Moreover, all of the limits exceeding 1TeV (labeled with SUS-19-012) are results of the analysis
presented in this chapter. Several other searches for electroweak production of superpartners have
recently been performed by the ATLAS [336-341] and CMS collaborations [342-345].

Here a search for the direct production of charginos (Yi) and neutralinos (Y3, XV), admixtures of
the superpartners of the electroweak bosons, is presented. Events with two light leptons of the same
sign and those with three or more leptons, out of which up to two are 7, candidates (Section , are
analyzed. The search covers a wide variety of chargino and neutralino decay hypotheses, introduced in
Section [9.2] necessitating the analysis of a large number of final states. Only final states with multiple
leptons are considered because of the relatively low SM background rates encountered there. The
lower purity in the identification of 7, candidates compared to light leptons drives the upper limit of
two 7, candidates in analyzed events. The full Run 2 data set of 13 TeV pp collisions, collected by
CMS from 2016 to 2018, is analyzed. The data set corresponds to a total integrated luminosity of
137fb~!. This search is an updated version of the one presented in [5], the first project I worked on
in the context of this dissertation. The use of parametric neural networks, a complete overhaul of all
search region definitions, and a four times larger data set significantly increase the sensitivity of this
search compared to the previous iteration. The improvements made in the analysis techniques extend
the reach of the search more than the increased data volume does.

If R-parity is conserved, superpartner production at the LHC always results in two LSPs in the
final state. In the majority of supersymmetric theories, including those we probe, LSPs are weakly
interacting and are expected to escape detection. This means that each superpartner production
event contains at least 2mpgp of missing energy. In a hadron collider this translates into a tendency
of these events to have a large p1™. Supersymmetry searches at LHC almost always leverage pp™s
or related quantities.

In most supersymmetry searches p1™*° and a host of other event properties are used to define a set
of orthogonal search region bins. The bins are designed to maximally isolate a large variety of potential

manifestations of supersymmetry from SM background events. This is similar to the approach taken
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production by the CMS Collaboration [334]. Similar results by the ATLAS Collaboration can be found
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in Chapter [7] to search for sterile neutrinos. The search regions must account for a very large number
of model hypotheses spanning a range of possible particle masses and couplings. This makes it a highly
challenging optimization problem. In practice, there is no straightforward method to optimize search
region bins. Performance metrics based on a few signal hypotheses are typically defined. One then
starts from one or a few initial guesses for search region bins and evaluates the performance metrics.
The initial guess is refined through trial and error until no further improvements are found. At this
point the search region bins are considered optimal. Such an approach covers only a tiny fraction of
the space of possible search region bins and is likely to be suboptimal for all or several signal models.

This search is among the first to address the aforementioned optimization problem. A novel
search approach, parametric machine learning [346], is used for the first time to probe superpartner
production. Parametric machine learning introduces one or more variables that represent unknown
parameters of a new physics theory into machine learning models. The resulting modelsH can optimally
separate the SM background from the signal at every possible hypothesis of the unknown new physics
parameters. The details of the approach are given in Section [9.4.1.2l Parametric machine learning is
only used in events with three light leptons containing at least one OSSF pair. Such events dominate
the search sensitivity under several signal hypotheses and suffer from a much larger irreducible SM
background than any other type of event that is analyzed. In all other event categories the classical
approach of orthogonal search region bins is used.

This chapter is structured similarly to chapters [7] and [8} First the concrete signal models that
we search for are introduced in Section followed by the description of the event selection scheme
used to target these signals in Section [9.3] The strategy for separating selected signal and background
events is laid out in Section This covers both the machine learning and search region bin based
approaches. Section discusses the systematic uncertainties that affect the search. The final results
are presented in Section and the interpretation of these results in terms of the signal models is
the topic of Section Section succinctly summarizes the search and gives an outlook.

9.2 Signal models

The search focuses on pair production of charginos and neutralinos resulting in final states with
three or more leptons. There is a vast range of supersymmetric models with many free parameters.
Even the minimal supersymmetric extension of the standard model (MSSM), contains far too many
unknown parameters for a complete interpretation of the LHC data. To facilitate interpretations of
the search results, several simplified models are constructed. These serve as benchmarks for different
manifestations of supersymmetry that might be found at the LHC [347, 348|. In each simplified model
the only free parameters are the masses of two or three of the superpartners.

A first class of models that we consider in this search is the production of chargino-neutralino
pairs (ﬁcig) In these models the chargino and heavy neutralino are taken to be admixtures of the
superpartners of the SU(2);, gauge field. The lightest neutralino (X) couples mainly to the U(1)y
field and is the LSP. The neutralino X3 and charginos ﬁc are assumed to have equal masses and
are the next-to-lightest supersymmetric particles (NLSPs). The masses Mgx = Mgy and Mgz are free
parameters in the models. More details on the models in this class are given in sections and[9.2.2]

Scenarios in which )Zli, X9, and X? are nearly mass-degenerate and mostly made up of the H boson
superpartners form a second class of models targeted by this search. The LSP is assumed to be a
nearly massless gravitino and the only free parameter in the model is the mass of the mass-degenerate
charginos and neutralinos. This family of models is discussed in Section [9.2.3

The MSSM contains five scalar bosons that have similar properties to the SM H boson. In all
signal models we assume one of these five scalar bosons to have an equal mass to the SM H boson and
the same couplings. We refer to it simply as the H boson. The other scalars are assumed to be much

!Trained machine learning algorithms are often referred to as models. Model can also be used to indicate a particular
set of hypotheses for the supersymmetry signal we search for. Throughout this chapter the context should make it clear
which of the two meanings is attached to the word model.
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heavier and of no consequence to our search. All superpartners that are not explicitly considered in
the production diagram of a particular model or the subsequent decay chain are assumed to be out
of reach of the LHC and decoupled. These superpartners therefore do not affect any of the model
predictions.

The kinematic properties of superpartner production events vary considerably depending on the
mass difference between the superpartners that take part in the decay chain. In the discussions that
follow we use the umbrella term “compressed” to refer to models in which the mass splitting between
two or more of the superpartners is small. Final state particles in compressed scenarios tend to have
low pr values, even if the superpartners that were produced are relatively heavy. Models in which
the mass differences between superpartners are large have high-pt particles in the final state and are
called “noncompressed”.

The rest of this section defines the specifics of each model this analysis is optimized to search for.

9.2.1 X{X) production with slepton-mediated decays

We consider models of Sdtig production in which the superpartners of the charged leptons and neu-
trinos, sleptons (Z) and sneutrinos (7) are lighter than ili and X9. The 5{%5{3 pair decays to X! via
intermediate sleptons and sneutrinos, as illustrated in Fig. We only consider decay modes with
three charged leptons in the final state. The branching fraction of ﬁt and X3 to sleptons and sneu-
trinos is taken to be 100%. The sleptons and sneutrinos are assumed to have equal masses, lying in
between msy and mso. A parameter z is introduced that governs the slepton mass via the following
relation:

my = -mzg + (1 —x) - mgo (9.1)

Three different = values are considered in the analysis, each of them serving as a benchmark for
a part of the spectrum of yﬁg production models with slepton-mediated superpartner decays that
might occur in nature:

e = 0.5: The mass of the slepton lies exactly in the middle of msy and mso. All of the final state

leptons shown in Fig. carry a similar amount of energy from the 3 and )ﬁc decays, resulting
in noncompressed models as long as the mass difference between Y9 and x? is sufficient.

e 1 = (0.95: The mass of the slepton is close to msy and Mot Leptons and neutrinos coming from
1

the initial decay of ﬁc and Y9 to sleptons and sneutrinos are relatively soft. At this z value
models are generally compressed unless the mass difference between Y9 and X! is huge.

e z = 0.05: The mass of the slepton is close to mgo. Depending on the mass splitting between

msgy and mgo this results in compressed models with one or two soft leptons. Sleptons and
sneutrinos are emitted with significant momentum in the decays of )?f and X9, making models

in this scenario generally less compressed than those which have z = 0.95.

For this family of models the target final state of the analysis always contains three leptons. In
compressed models the probability that one of the final state leptons fails to be reconstructed or
identified is relatively large. To partially recover events in which a lepton failed to be identified,
we also analyze events with two leptons of the same sign, in addition to those with three or more
leptons. Same-sign dilepton events have a low SM background rate and add significant sensitivity to
highly compressed models of slepton-mediated superpartner decays. These events also add some search
sensitivity for compressed models with WZ- and WH-mediated superpartner decays (Section .

The decays of Y9 and 5{% might be more likely to result in 7 leptons than electrons or muons [119].
Whether this is the case depends on the masses of Y9 and ﬁt relative to those of the other superpart-
ners, and the superpartner admixtures making up %g and )A{Ii We consider three different hypotheses:
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Figure 9.4: Production of a ﬁcig pair with slepton-mediated decays. Only decay chains with three
leptons in the final state are targeted in the search.

e Flavor-democratic scenario: In this scenario Y9 and )ﬁt decay to left-handed sleptons. All lepton
flavors occur in the final state with equal probability.

e 7-enriched scenario: The left-handed sleptons and sneutrinos are assumed to be heavy and
decoupled so that ili and Xy must decay to right-handed sleptons. The decay of ﬁ[ strongly
favors 7 leptons since right-handed sleptons only couple to )ﬁc via its Higgsino component and
the 7 lepton has a far larger Yukawa coupling than the light leptons. The decay of X3 still
proceeds with equal branching fraction to all lepton flavors.

e 7-dominated scenario: This scenario covers the possibility that the first and second generation
of sleptons and sneutrinos are heavy and decoupled, and only the 7 lepton superpartners are
lighter than ﬁc and X3. The decays of both )ﬁc and X3 now exclusively result in 7 leptons. Final
states with light leptons still provide sensitivity to models in this class because of leptonic 7
decays.

The sensitivity to flavor-democratic models is entirely driven by events that exclusively contain
light leptons in the final state. Compared to 7, candidates light leptons are reconstructed and identified
with a far higher efficiency and a lower misidentification rate. In the 7-enriched and 7-dominated
scenarios, events containing 7, candidates significantly boost the reach of the search.

9.2.2 Y;ixJ production with W, H, and Z boson-mediated decays

If all slepton generations are heavy and out of reach, )ﬁc and X3 decay to XV by respectively emitting
a W, and an H or Z boson. These decay chains are illustrated in Fig. The branching fraction to
three leptons is far smaller than in the models with slepton-mediated superpartner decays introduced
earlier: 3.3% for WZ-mediated superpartner decays and 2.9% for WH-mediated superpartner decays.
Because of lepton universality the sensitivity to this family of models is dominated by events with
only light leptons in the final state.

9.2.3 Production of mass-degenerate neutralinos and charginos

Lastly, we consider models of neutralino pair production in which the LSP is an almost massless grav-
itino [349H351|. Direct neutralino pair production has a negligibly small cross section [332, 352, [353].
Effective neutralino pair production is possible if ﬁ[, X9, and X9 are nearly mass-degenerate. In such a
scenario production of chargino pairs, or chargino-neutralino pairs, becomes effective YJx? production
with additional soft particles. We assume the soft particles escape detection. The remaining X! pair
decays to two LSPs by emitting H or Z bosons. The different decay chains possible in this model
family are drawn in Fig.
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Figure 9.5: Production of a )Zf)zg pair with subsequent decays of )ﬁt and X3 via the emission of a W
and a Z boson (left), or a W and an H boson (right).
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Figure 9.6: Effective XXV pair production with subsequent decays of the neutralinos via two H bosons
(top left), an H and a Z boson (top right), or two Z bosons (bottom).
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9.2.4 Simulation and cross sections

Simulated signal samples are generated with the MADGRAPH5_aMCQNLO generator at LO in pertur-
bative QCD. Up to two additional partons are considered in the computation of the matrix elements.
Signal cross sections are computed with Resummino [332, 352, 353] at NLO in perturbative QCD
including resummation of soft gluon emission at next-to-leading logarithmic precision.

A vast number of simulated signal events must be generated to probe the entire superpartner
mass spectrum accessible to the analysis for all signal classes. For this reason the simulation of the
detector and its response are performed with the CMS fast simulation package [354]. This package
makes the trade-off of giving slightly less accurate results than the GEANT4 based detector model
used in the simulation of background events, in return for having a much faster run time. For several
signal hypotheses and mass points the agreement between the predictions of the fast simulation and a
GEANT4 based simulation are made. No large differences are observed in any variable of importance to
the analysis, and systematic uncertainties are introduced to cover any remaining discrepancy. Details
on the related uncertainties are provided in Section [9.6]

9.3 Event selection

As elsewhere in the dissertation all particles in the event are reconstructed with the PF algorithm
(Section [5.1]).

The selection criteria imposed on light leptons in this search are conceptually very similar to those
used in the observation of tZq (Chapter[8). The selection consists of two stages: The leptons must first
pass a preselection based on a set of independent cuts. Almost every lepton from a superpartner decay
passes this preselection stage. Leptons that passed the preselection are required to satisfy a threshold
on a BDT classifier trained to optimally separate prompt from nonprompt leptons. All variables used
in the light lepton selection are introduced in Section [6.1

To pass the baseline selection muons must have pr > 5 GeV and be within the muon system accep-
tance of |n| < 2.4. They must also pass the loose muon identification requirements (Section [6.1.1.1]).
Electrons have to satisfy pr > 7GeV and be within the longitudinal tracking detector coverage
In| < 2.5. The number of missing hits in the tracker is not allowed to exceed two in the baseline
electron selection. All light leptons must pass a set of loose requirements on their impact parameters
to ensure they are compatible with originating from the primary pp collision vertex: dg, < 0.05cm,
d, < 0.1cm, and dsp/o (dsp) < 8. The most obviously identifiable nonprompt leptons are removed
with a very loose isolation requirement: Irnelli“i < 0.4. Electrons within AR < 0.05 from a muon passing
the baseline selection are vetoed. These requirements have an efficiency of more than 99% for prompt
leptons stemming from W and Z boson decays and reject most nonprompt leptons.

In addition to the baseline selection we define a tight and a loose selection in similar fashion to what
is done in chapters |7| and The tight selection represents the nominal analysis selection, while the
loose selection is fine tuned to facilitate a data-driven prediction of the background from nonprompt
leptons with the fake rate method (Section [6.4).

Leptons coming from superpartner decays have very similar properties to prompt leptons from
decays of W, H, or Z bosons. In both cases the final state leptons are generally isolated from other
activity in the detector and originate from the primary pp interaction vertex because of the short
lifetime of the mother particle. The BDT classifiers developed for lepton identification in the CMS
measurement of the ttH process with the full Run 2 data set [60] are found to be highly effective at
selecting final state leptons in the signal models of this analysis ﬂ For this reason the tight lepton

2This selection is less fine tuned for the specific target signals than that used in Chapter [8] to search for tZq. In
the tZq search the lepton selection algorithm is trained to provide a maximum likelihood classification between prompt
leptons from signal events and nonprompt leptons. In this search an algorithm is used that is trained on ttH events which
have a different underlying event structure and lepton pr spectrum compared to the signal events of this supersymmetry
search. In practice, the ttH lepton classifier identifies the final state leptons in any of our signal hypotheses with high
efficiency and low background rates. The selection is much more powerful than any standard cut based identification
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selection is based on these BDT classifiers. Separate classifiers are used for muons and electrons, and
for 2016 and 2017-2018 data-taking conditions. The input variables to the BDT classifiers are the
same as those used in the lepton selection BDT of the tZq search (Chapter [§]) with the exception that
DEEPJET jogest 1S used instead of DEEPCSV ¢gsest- The more powerful DEEPJET b-tagging algorithm
makes the lepton selection slightly more effective. The DEEPJET algorithm was not available at the
time of the tZq search.

The thresholds on the output of the BDT classifiers used for lepton selection are optimized by
evaluating the expected upper limits that can be set on the cross sections of several representative
signal models in the absence of a signal. These expected upper limits are computed by running
the entire search on only simulated events. During this procedure differences in the lepton selection
efficiency and trigger efficiency in data and simulation are not accounted for, and the yields of all
background sources are predicted directly from simulation. The BDT output thresholds resulting
in the lowest expected upper limits are chosen for lepton selection in the analysis. Separate lepton
selection working points are used in events with three or more leptons and in those with two light
leptons of the same sign, with or without an additional 7, candidate. In same-sign dilepton events
nonprompt leptons make up a larger fraction of the background than in events with three or more
light leptons, making a more stringent lepton selection desirable.

To be considered tight, leptons must pass the baseline selection, a threshold on the output of
the appropriate BDT classifier, and some additional requirements listed here. Muons must pass the
medium muon requirements which ensure a good matching between the track in the muon system and
tracking detector (Section. Electrons have to satisfy a loose requirement on the electron MVA
(Section, which is applied in the training data set of the ttH lepton selection BDT, and on the
properties of their ECAL supercluster to ensure efficient triggering. Both electrons and muons must
have pt > 10 GeV to be considered tight.

The total tight selection efficiency for prompt muons typically ranges from 90-99%, depending on
their pp and |n|. Meanwhile, the misidentification rate for nonprompt muons that pass the baseline
selection is between 5 and 10%. Prompt electrons are selected with an efficiency of 75% with the
working point used in events with three or more leptons. The corresponding misidentification rate for
nonprompt electrons passing the baseline selection is around 5%. In events with two leptons of the
same sign the tighter selection working point results in an efficiency of 50-60% for prompt electrons
with a typical misidentification rate of 2% for nonprompt baseline electrons El

To pass the loose selection electrons and muons must pass the same requirements as for the tight
selection, with the exception of the BDT classifier. They can either pass the BDT requirement or in
case they fail it a lower bound on prTaLtiO and a pp-dependent upper bound on DEEPCSV jpgest- LiOOSE
electrons are additionally required to satisfy a tighter requirement on the electron MVA than the one
used in the tight selection, but only if they fail the BDT selection. The loose selection definition
is strictly looser than the tight one, so leptons that are tight are also loose by construction. The
loose requirements are fine tuned to enable an accurate prediction of the background from nonprompt
leptons with the fake rate method. A single loose selection definition is used despite the different

strategy. It is unlikely that more than small improvements to the lepton selection could be made by tailoring it exactly
to our signal. Given the fact that the exact properties of the signal we search for are unknown, doing so would be highly
nontrivial. In addition, this search is not as crucially dependent on a completely optimized lepton selection as the search
for tZq because the major backgrounds in events with light leptons are irreducible.

3A careful reader might notice that this value is considerably lower than the electron selection efficiency in the tZq
search of Chapter |8] even though the latter selection algorithm had a lower misidentification rate. The reason for this
is that the BDT classifiers trained for the tZq search have less requirements on the electrons entering the training data
set. In particular, no direct cut on the electron MVA is used in the tZq lepton selection, while it is used in the lepton
selection developed for the ttH measurement. When training machine learning algorithms it is preferable not to apply
any preselection on the input variables. Doing so will only reduce the maximum efficiency the algorithm can achieve
because predefined cuts do not take into account the relation between all of the variables accessible to the algorithm.
The decision to use the ttH BDT classifier was made because the training was available under the latest reconstruction
conditions and for 2018 collision data. This analysis is less sensitive to the lepton selection than the tZq search, so
we decided it would be overkill to train and validate our own lepton identification algorithms to alleviate the electron
selection efficiency issue.
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BDT requirements imposed in events with two leptons of the same sign and events with three or more
leptons. This makes the tuning of the loose selection working point more complex but enables an
unambiguous categorization of events depending on their lepton flavor and sign content. The event
categorization is based on the number of loose leptons of each sign and flavor in events and is explained
in Section

In this analysis 73, candidates are part of the target final state. This stands in contrast to the
analyses in chapters [7] and [§| that are entirely based on light leptons. The reconstruction of 7, candi-
dates is done with the hadron-plus-strips algorithm (Section. The candidates must be compatible
with either the one- or three-pronged hadronic decay modes of the 7 lepton. They must satisfy
pr > 20 GeV, and have |n| < 2.3 so that the bulk of the jet from which they are reconstructed falls
inside the tracking detector volume. A large number of quark and gluon jets are misidentified as 7,
candidates. This background is reduced by using a BDT classifier that aims to identify prompt m,
candidates (Section . The tight working point of this BDT is used for 7, candidate selectionﬁ (not
to be confused the nominal lepton selection which is also called tight in this dissertation). Prompt 7,
candidates from W and Z boson decays have a 50% efficiency in passing this selection requirement,
while the misidentification rate for QCD jets is 0.2% [232].

In Section [5.5]it was explained that both muons and electrons can have a significant misidentifica-
tion rate as 7, candidates. Because of their similarity to charged hadrons, muons might be mistaken
for single-prong hadronic 7 lepton decays. Electrons, on the other hand, emit bremsstrahlung photons
that can resemble the 7° mesons from a 7 lepton decay.

The rate of misidentification of muons as 7, candidates is reduced by requiring all 7, candidates
to pass a selection aimed at vetoing misidentified muons. If track segments (Section in two
or more muon detector planes are found within AR < 0.3 of a 7, candidate, or when the energy
deposited in the calorimeters by the highest-pr track in a 7, candidate is lower than 20% of the track
momentum, the 7, candidate is vetoed. The efficiency for prompt 7, candidates from Z — 77 decays to
pass these requirements is larger than 99%. Prompt muons from Z — ppu decays are misidentified as 1,
candidates at a rate of about 0.35% after the application of the aforementioned selection criteria [232].

Another BDT classifier is used to distinguish genuine prompt 7, candidates from misidentified
electrons. The inputs to this classifier are several properties of the photons clustered into the jet that
makes up the 7, candidate. We use the loose working point of this BDT selection, which has a selection
efficiency of slightly more than 80% for prompt 7, candidates in Z — 77 decays. The misidentification
rate for prompt electrons from Z — ee decays is approximately 1%. Any 7, candidate within AR < 0.4
of an electron or muon that passes the baseline selection is vetoed to ensure orthogonality between
the selected objects in the analysis.

All 7, candidates that pass the selection outlined above are considered tight. The loose selection
criteria are identical, except that the requirement on the BDT that discriminates prompt 7, candidates
from QCD jets is relaxed. The loose definition of the BDT defined in [232] (again not to be confused
with the nominal meaning of the word loose used in this dissertation) is used in the loose 7, candidate
selection. The loose selection of light leptons is heavily fine tuned for closure of the fake rate method.
For 1, candidates the fine tuning options in the selection are limited but the fake rate for 7, candidates
is far easier to measure than for light leptons. Separate measurements of the 7, fake rate in a tt enriched
region and a Drell-Yan enriched region are performed. More details on this are given in Section [9.5

Lepton sign misidentification is an important background source in events with two same-sign light
leptons. Even a small sign misidentification rate can lead to a large pollution in the same sign dilepton
event category because of the copious rate of events with two opposite-sign leptons. To reduce the
rate of this background source we impose additional requirements on the leptons in events with two
same-sign light leptons, whether or not the event contains an additional 7, candidate. For muons
the relative uncertainty in the pr measured purely from the tracking detector track must be smaller

1A significant improvement to the 7, candidate selection in the analysis can be made by replacing the BDT based
selection with the neural network based DEEPTAU algorithm [355]. This algorithm was unfortunately not ready for use
in physics analyses at the time the search presented here was developed.
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than 20%. After imposing this requirement the sign misidentification rate for muons is found to below
1079, negligibly small. The remaining background contribution from muon sign misidentification is
estimated directly from simulation. The probability that a prompt muon passes the aforementioned
requirement is greater than 99.9%.

The sign of electrons is determined from the full GSF fit used in their reconstruction (Sec-
tion . The nominal sign measurement is required to be consistent with a simplified sign
measurement: The direction of the electron when crossing the pixel detector is linearly extrapolated
to the calorimeter surface. The relative position of the extrapolation to the calorimeter deposit of
the electron gives a measurement of its sign because of the bending of electron trajectories in the
CMS magnetic field. If the two sign measurements give different results, the electron is vetoed. The
consistency requirement pushes the sign misidentification rate for electrons down to values that range
from 3 - 1073 to well below 10> depending on the pr and 7 of the electron. The sign measurement
consistency requirement has an efficiency of over 99% for prompt electrons that pass the tight selec-
tion. The sign misidentification rate is at its maximum for high pr and n electrons in 2016 data.
In the 2017 and 2018 data sets the sign misidentification rate is lower by more than a factor two
at almost any electron pr and n value. This is due to the new pixel detector which is lighter than
the previous one, resulting in less electron bremsstrahlung, and which has an additional measurement
layer (Section [4.4.1)).

We target the signal models introduced in Section [9.2)in their decays to three or more leptons. To
mirror this, events are selected for analysis if they contain three or more tight leptons. To increase
the selection efficiency in compressed scenarios where it is likely that at least one lepton fails to be
identified, events with two tight light leptons of the same sign are also retained. If more than two 7,
candidates are present in an event, it is discarded. In such events the signal sensitivity is drowned
by a gigantic background from nonprompt 7, candidates. Events are required to pass at least one
unprescaled trigger path out of those selecting one, two, or three light leptons. Triggers selecting m,
candidates have a markedly lower efficiency than those selecting light leptons and including them is
found not to give meaningful improvements to the analysis. They are therefore omitted to the reduce
complexity of the analysis.

Additional pr thresholds are introduced on light leptons to ensure all events selected for analysis
can efficiently pass one or more of the chosen trigger paths. These requirements are applied on top of
those mentioned above in the selection of individual leptons. In events with two, three, or more light
leptons, the leading light lepton must have pr > 20(25) GeV if it is a muon (electron). If the there is
only a single muon in the event, this pr threshold is increased to 25 GeV. The subleading lepton must
satisfy pr > 10(15) GeV in case it is a muon (electron). No additional pt requirements are imposed
on any of the other leptons present in the event. In events with only a single light lepton and two
mh candidates, the pp threshold for the light lepton is increased to pr > 25(30) GeV if it is a muon
(electron).

As in the other analyses, the total trigger efficiency in each event category is measured in a data set
collected with independent triggers requiring the presence of significant p%iss or hadronic transverse
momentum (Section. The presence of 73, candidates has a negligible impact on the trigger efficiency
since the chosen trigger paths only impose requirements on light leptons. Trigger efficiencies are
therefore measured in events with one, two, or three light leptons. The trigger efficiency in events
with 7, candidates and light leptons is taken to be that of the measurement with the corresponding
number of light leptons ﬂ The trigger efficiency in events with two same-sign light leptons is measured
without applying criteria on the sign of the leptons since the trigger efficiency should be independent
of the lepton signs.

Data to simulation scale factors in the trigger efficiency are used to correct simulated events.

5 A small caveat here is that the single lepton data set used for the trigger efficiency measurement was preselected with
the requirement of having two 7, candidates in each event. This reduces the statistical power of the trigger efficiency
measurement, but it is still more than high enough for an accurate measurement. This is augmented by the fact that
the background from nonprompt 7, candidates is dominant in events with two 7, candidates and one light lepton. This
background is predicted directly from data, thus requiring no data to simulation scale factor for the trigger efficiency.
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Table 9.1: Total trigger efficiency in data and simulation and the corresponding scale factor as a
function of the number of light leptons in the event. The uncertainties in the efficiency measurements
are purely statistical, while the data to simulation scale factors also have a systematic uncertainty.
The systematic uncertainty on a given scale factor is taken to be the difference in the scale factors
obtained from separate measurements in each data-taking year.

Data set Total trigger efficiency Data to simulation scale factor
16 data 0795 = 0.009 0.927 + 0.010(stat.) = 0.07(syst.)
14 simulation 0.858 70009
2¢ data 0-953 = 0.001 0.980 = 0.002(stat.) = 0.02(syst.)
2¢ simulation 0.973 +£0.002

+0.002
3¢ data 0-995 0001 1.001 = 0.004(stat.) = 0.001(syst.)
3¢ simulation 0.994f8:888§

Trigger efficiencies in simulation are obtained from large samples of simulated WZ events, one for
each data-taking year. The trigger efficiency measurements are done in an integrated fashion across
the pr and 7 of the leptons. Data sets taken with orthogonal triggers lack statistical power for a
parametrization of the trigger efficiency in terms of the pt and 7 of the leptons. Separate measurements
of the trigger efficiency scale factors are done for 2016, 2017, and 2018 collision data. Differences in
the resulting scale factors between the data-taking years are taken as a systematic uncertainty. The
measured trigger efficiencies in data and simulation, their statistical and systematic uncertainties, and
the resulting scale factors are given in Table Because of the large redundancy between trigger
paths in events with three light leptons, the trigger efficiency in these events is compatible with 100%.
The analysis also uses events with four light leptons. Such events are too rare to be able to perform an
accurate trigger efficiency measurement in a data set collected with independent trigger paths. The
trigger efficiency in events with three light leptons, which is already 100%, serves as a lower limit for
the trigger efficiency in events with four or more light leptons. The motivation for this is that four
lepton events have one additional lepton which results in an even higher degree of redundancy in the
trigger selection. So we can safely conclude that four light lepton events have a trigger efficiency of
100%.

A typical feature of superpartner production in supersymmetric models with R-parity conservation
is the presence of a large p1™** caused by the LSPs escaping detection. Many background events,
on the other hand, have a small p7™5. For this reason a threshold of piss > 50 GeV is introduced
in events with three or more leptons. In events with two light leptons of the same sign the more
stringent requirement p%liss > 60 GeV is applied. This is motivated by the relatively larger background
contribution from events with a small p™, for instance due to electron sign misidentification.

Events containing an OSSF pair of leptons passing the baseline selection with an invariant mass
below 12 GeV are vetoed. This criterion reduces the background yield from photon conversions and
low-mass resonances, while leaving the signal selection efficiency nearly unaffected.

The anti-kr algorithm with a distance parameter of 0.4 is used for jet clustering (Section ,
and these jets are further corrected for the nonuniformity and nonlinearity of the detector response
(Section . Jets must have pyr > 25GeV, |n| < 2.4, and be separated from any loose lepton by a
distance greater than AR = 0.4. Jets that are compatible with the hypothesis of originating from
noise or anomalous energy deposits are rejected.

None of the signals targeted by this analysis involve top quarks, so the vast majority of signal
events is expected not to contain b jets. Jets in the analysis are considered b-tagged if they pass the
tight working point of the DEEPCSV algorithm. This criterion has an approximate efficiency of 50%
in identifying genuine b jets while having a misidentification rate of 0.1 (2.4)% for light quark and
gluon (¢ quark) jets. Events are vetoed if they contain one or more b-tagged jets.
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Table 9.2: Overview of the different event categories used in the search.

Event category Requirements

20SS Two same-sign light leptons

3CA Three light leptons at least two of which form an OSSF pair

3(B Three light leptons, none of which form an OSSF pair

3(C uwrpu~ or ete” pair and a 7, candidate

3¢D e*uT pair and a 7, candidate

3E Two same-sign light leptons and a 7, candidate

3F Two 1, candidates and one light lepton

4G Four light leptons, including two separate OSSF pairs

4/H Four light leptons, including one or no OSSF pairs

401 Three light leptons and a 7, candidate

40] Two light leptons and two 7, candidates, including two OSSF pairs
4K Two light leptons and two 73, candidates, including one or no OSSF pair

At the time this analysis was performed the newer DEEPJET b-tagging algorithm was already
available and it is an input to the BDT classifiers used for selecting light leptons. The older DEEPCSV
algorithm is however found to be the better choice in this search because the associated uncertainties
in the misidentification rates of light quark and gluon jets are far smaller. The vast majority of signal
and background events in this search have no genuine b jets. In this situation keeping the uncertainty
in the misidentification rate small is more important than the slight decrease in the background yield
that would result from using the DEEPJET algorithm.

9.4 Signal extraction

The signal models listed in Section lead to a large variety of final states with different lepton flavor
and sign combinations across a wide kinematic spectrum. The masses and couplings of superpartners
are unknown so all possibilities must be explored. With this search we aim to cover a set of manifes-
tations of supersymmetry as broad as possible. This is achieved by allowing almost any combination
of multiple light leptons and 7, candidates in the selected final states. Events are categorized based
on their lepton flavor and sign content. Each event category adds search sensitivity to particular
supersymmetric scenarios. Table gives an overview of the different event categories used in the
search and the labels we use to refer to each of them. All of the categories are motivated in more
detail in the following sections.

The events in each category are further divided into an array of search regions based on their
kinematic properties. The search regions are defined with the aim of separating signals at varying su-
perpartner masses from background events. This strategy is identical to the one followed in Chapter
to isolate a signal from hypothetical sterile neutrinos. The complexity of this search is however far
greater because of the vast amount of free parameters in supersymmetry.

In events with three light leptons, at least one of them forming an OSSF pair, a more powerful
search strategy based on parametric neural networks is used. With this novel search strategy we try
to address innate problems in the optimization of search region bins and the fact that only one set
of bins is defined to simultaneously probe all signal hypotheses. Further motivation and details are
provided in Section An overview of the search region definitions in all the other event categories

is given in sections [9.4.2] to [0.4.5
9.4.1 Three light leptons with at least one OSSF pair

Light leptons can be reconstructed and measured with much greater efficiency than 7, candidates
while at the same time having far lower background rates in their identification. Consequently, if
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superpartners do not favor decays to 7 leptons over the other lepton flavors, the sensitivity of the
analysis is almost completely determined by events which exclusively contain light leptons. This is
the case for models of flavor-democratic slepton-mediated superpartner decays (Fig. , and WZ-
mediated superpartner decays (Fig. . In both of these scenarios superpartner decays to light
leptons, without an intermediate 7 lepton, always result in the presence of an OSSF lepton pair.
Events with three light leptons at least two of which form an OSSF pair are therefore of extraordinary
importance to this search. We refer to this event category as 3¢A. The 3¢A category has the highest
background yield out of any event category in the analysis by a large margin. The main background
component is SM WZ production, which is irreducible.

Much of the effort in previous iterations of this analysis [5, [356] was concentrated on 3¢A events.
A large and complex set of search region bins was optimized in this event category. These search
regions aim to be sensitive to both WZ- and slepton-mediated superpartner decays. A vast range of
kinematic possibilities must be covered for the search to be exhaustive. The kinematics of the event
strongly depend on msy and mso, with larger mass differences resulting in more energetic final state
particles. The search must probe mass differences ranging from a few GeV to more than a TeV. In
slepton-mediated superpartner decays, the pt spectra of the final state leptons and the distribution
any variable derived from them strongly depend on whether mj is close to msg (z = 0.95), mso
(x = 0.05), or in between them (x = 0.5). Each of these scenarios should be simultaneously targeted
by the search. Superpartner production with WZ-mediated decays is kinematically similar to SM WZ
production in many respects, one example being the invariant mass of the Z boson decay products.
Exploring this decay scenario requires a very different set of search regions from those one would need

for probing slepton-mediated superpartner decay models, which do not contain a Z boson.

Particularly difficult are WZ-mediated superpartner decay scenarios in which the mass difference
between msy and mso approaches the Z boson mass. In this case the kinematics of the signal become
highly similar to those of SM WZ production. The superpartner mass difference is just enough to
produce a real W and Z boson, and the LSPs are emitted at low pp. The bulk of the pp™ comes from
the neutrino from the W boson decay, just like in SM WZ production. This region is called the “WZ
corridor” for the characteristic gap, or corridor, that appears in exclusion limits on ﬁcig production
as the difference between msy and mso approaches my. The exclusion curves in the previous iteration
of the analysis provide a striking example of this [5]. There are however small differences between the
signal in the WZ corridor and the WZ background: SM WZ production has interference with W~®*)
production. This interference alters the event kinematics, such as the invariant mass distribution of
the Z boson decay products, somewhat. The electrically neutral X3 does not couple to photons so the
interference effect is not present in signal events. Another difference is that while the final state is
similar between SM WZ production and superpartner production, this is not necessarily the case for
the underlying event in which the initial state particles were produced. Different amounts of ISR can
alter the observed kinematics and the amount of hadronic activity in the events is generally different.
Nonetheless, separating signal and background events in the WZ corridor remains difficult.

Given the possibilities outlined above it becomes clear that defining a set of search regions that
satisfies the requirement of being as sensitive as possible to all the possible signal scenarios is a daunting
task. At their core search regions are an attempt to approximate a, often highly nonlinear, multivariate
function that separates signal and background events optimally with a set of discrete sequential cuts.
In practice, there is no straightforward or computationally tractable method of finding a truly optimal
set of search regions. In a typical search for new physics one starts by defining a set of search regions
based on physical intuition, experience from prior work, a guess, or a combination of these. One then
evaluates the performance of the search regions in terms of some metric of choice. This metric is
typically the expected exclusion limit for a few cherry-picked signal mass and decay hypotheses. The
set of search regions is then iteratively refined by varying bin definitions, increasing or decreasing the
number of bins, and changing the kinematic variables in terms of which the bins are defined. This
procedure has often given good analysis results but it is extremely unlikely that the search region
bins of any search for new physics could not be further improved if more possibilities are explored.
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Conceptually one can imagine the standard search region optimization procedure as starting at a not
entirely random point in a high dimensional space that covers all possible sets of search regions one
could define. A small space around the initial guess is explored during the optimization procedure but
the true optimum might lie somewhere else completely. One has no guidance about what direction to
move in to find the optimum. Out of the explored points the optimum one is chosen in terms of only
a select few signal hypothesis, not all of them.

In this analysis we explore an alternative to the classical approach of search region bins. Machine
learning classification algorithms can be used to separate signal and background events in a nearly
optimal fashion. The main difference with the approach of defining discrete search region bins is
that some machine learning algorithms can efficiently find an optimum for their objective. Given the
current configuration of the learning algorithm and the performance on some data examples, there is a
well defined rule to update the configuration in a direction that brings it closer to the optimum. Such
algorithms essentially have a sense of direction in the configuration hyperspace they are exploring.
A good example of this is the gradient descent algorithm that is used in the optimization of neural
networks. A training example is passed through the neural network and the objective, also called
loss function, is evaluated for the resulting output. The partial derivatives of the loss function with
respect to the weights in the neural network are computed in a backwards pass through the neural
network, and the weights are updated with this gradient to move the neural network one step closer
to optimal performance. Another example is a gradient boosted forest in which each tree added to
the forest represents a gradient of the current output in the direction of the objective (Equation .
Gradient based optimization strategies stand in stark contract with the semi-directionless strategy
used for choosing search region bins. Because of the discrete nature of search region bins gradient
based optimization approaches can not be applied to search region optimization in a straightforward
manner.

To increase the reach of the search, neural network classifiers are introduced to separate signal
and background events in 3/A. The neural networks use parametric machine learning [346], a tech-
nique that is applied for the first time in a supersymmetry search. This approach is explained in
Section We also repeat the analysis of 3¢A events with the classical orthogonal search region
approach to facilitate an easier reinterpretation of the results by other researchers. The search region
based analysis in 3¢A is outlined in Section To evaluate the analysis results in 3/A, the neural
network and search region approaches are always evaluated separately because the same data events
are used in both approaches. The results of the neural network analysis are better than those of the
search region analysis for every signal mass point and decay hypothesis for which a neural network is
used. The nominal analysis results are therefore those obtained with the neural networks.

9.4.1.1 Parametric machine learning

When the properties of the signal one searches for are unambiguously defined it is straightforward to
train a machine learning classifier to separate signal and background events. This is exactly what is
done to search for tZq production in Chapter [8| Being a SM process, tZq production has well defined
properties and a classifier can be trained to identify simulated tZq events. Trying to apply such an
approach in our supersymmetry search presents us with a clear problem: Supersymmetry has many
unknown parameters. In this analysis the free parameters in each of the signal models are msy and
mso, and the kinematics of signal events are highly dependent on these masses. One can think of
several naive approaches of training a machine learning classifier to separate superpartner signals for
from the background. Some are listed here.

e A first tentative solution might be to train a single machine learning model on a training data set
that contains a mixture of simulated signal events covering the range of msy and Mo one wants
to have sensitivity to. This approach has the problem that the classifier is trained to find the
average signal in an optimal |E| way, not the individual signals. The average is arbitrary because

SWhen the term optimal is used, it is only with respect to machine learning models of the same family, with a fixed
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it depends on the number of simulated signal events for each mass configuration. Mass points
with a larger number of events in the training data set will be favored by the machine learning
model and will have a relatively better classification performance. In addition, the classifier is
in general nonoptimal for each individual mass point since it must take all of them into account
at once.

e An alternative to the aforementioned solution is to train the machine learning algorithm on a
single mass point. This yields a classifier that is optimal for the mass point used during training,
but is suboptimal for all other mass points. The further separated a mass point is from the one
used for training, the worse the classification performance for this mass point generally is.

e Another straightforward solution is to train a separate classifier for each signal mass point that
is available in simulation. This approach results in an optimal classifier for each simulated signal
mass point. Obvious drawbacks are that a great deal of complexity is introduced in an analysis
in this way and that training all machine learning models is costly in terms of computational
time. A more fundamental problem in this method is that one can only simulate and evaluate the
signal at a discrete set of mass points. It is not obvious how to treat signal mass points for which
there are no events in the training data set. For a signal falling in between two points present in
the training data set there are no guarantees on the performance of any of the trained classifiers.
In the worst case none of the classifiers provides any sensitivity at all and a new physics signal
gets missed. More likely is that the results for signal points not seen in the training data set
are simply suboptimal. An attempt to solve this could be to use a linear interpolation between
the outputs of the classifiers trained to identify the two nearest trained mass points. In general
however, the classification output varies in a nonlinear way as a function of the signal mass
point.

Parametric machine learning, introduced in [346], fills the holes in the tentative solutions outlined
above. The unknown parameters of a new physics model are added as input variables to a machine
learning algorithm, on top of the reconstructed event quantities nominally used as inputs. Each
simulated signal event has a well defined value for the new physics parameters: The parameter values
at which it was simulated. On the other hand, the new physics parameters are meaningless for
SM background events. For each background event random parameter values are sampled from the
parameter distribution over the set of simulated signal events. This means that the overall probability
distribution of the new physics parameters for signal and background events seen by machine learning
algorithm are identical by construction. The machine learning algorithm can therefore not use the
new physics parameters directly to classify events. During training the machine learning algorithm
learns that no relation exists between the new physics parameters and the properties of background
events. Meanwhile, the algorithm learns the dependency of signal event properties on the new physics
parameters.

By learning how the properties of a signal event change with the new physics parameters, a single
trained machine learning algorithm can achieve optimal performance at all parameter values. Para-
metric machine learning algorithms also have the ability to achieve optimal performance at parameter
values not present in the training data set. This is an important property to be able to discover
a signal at parameter values not represented in the set of simulated signal events used to train the
machine learning algorithm. Optimal performance for each seen and unseen point is not guaranteed
for an arbitrary algorithm training and must be explicitly verified. It should also be noted that a
general property of supervised machine learning algorithms is that they are powerful tools for interpo-
lation but can not accurately extrapolate to points outside the manifold spanned by the training data
set. It is therefore important to simulate signal events up to the extreme values of the new physics

set of hyperparameters, and a given amount of events in the training data set. It will always be possible to further
increase the performance, although probably only slightly, with alternative machine learning models and more training
data.
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parameters the analysis might have sensitivity to. For parameter points exceeding the range spanned
by the training data set there are no guarantees whatsoever on what a machine learning algorithm
will output.

Neural networks are preferable to other machine learning algorithms for practically achieving the
idealized properties of parametric machine learning sketched above. In their simplest form, so called
fully-connected neural networks, they are a sequence of layers, each of which transforms the output
of the previous layer yr_1 in the following way:

yr = fL(WL - yr-1). (9.2)

Here fr, can be any simple nonlinear function applied to each element in a vector , and W7, is an
m X n matrix with n the size of vector y;_1 and m the size of vector yr. The set of input variables
forms the vector y; and the weight matrices W of every layer are set to minimize an error function on
the training data set (more details are given in Section. Neural networks are smooth functions
of their input variables and can learn arbitrarily complex multivariate nonlinear functions. The only
limits are the number of learnable parameters in the neural network and the size and quality of the
training data set. The output of a parametric neural network varies smoothly as a function of the new
physics parameters, which is important to be able to evaluate the neural network at any arbitrary
parameter value. In addition, a neural network with a sufficient amount of internal weights is able
to learn any dependency of event kinematics on a set of new physics parameters, however complex
and nonlinear. Tree based methods, such as the BDT classifiers used elsewhere in this work, are
piecewise functions that do not vary smoothly as a function of their input variables. Their ability to
learn nonlinear relationships is also more limited than that of neural networks. Deep neural networks
are particularly powerful because they tend to learn nonlinear relationships by building a hierarchical
structure throughout their layers. They can even learn to solve complex problems while only having
access to low-level inputs without human feature engineering. Deep neural networks are behind the
recent revolution in fields such as computer vision and natural language processing, but are equally
powerful when applied to high energy physics [357, [358]. For the reasons listed above we choose to
use parametric neural network classifiers to search for various signal models in this analysis.

One drawback of neural networks compared to tree based methods is that properly training them
and choosing their configuration requires more care. Section [9.4.1.3]is included for this reason. It is
a relatively dense and technical section on the design choices and optimizations that went into the
neural networks used for the analysis.

In a standard machine learning classifier used in high energy physics the output for a given event
only depends on the values of the reconstructed quantities serving as inputs to the algorithm. A single
event has a single output value for the classifier. This is the case in Fig. where each selected
event has a single output value for one of the BDT classifiers used to search for tZq production. In
a parametric machine learning model the output depends on both the reconstructed event properties
and the new physics parameters. In other words, given an event with fixed reconstructed quantities
the output is a function of the parameters. This is visualized for a parametric neural network in
Fig. 9.7

9.4.1.2 Parametric neural networks to search for superpartner production

The signal models targeted in the 3¢A event category have several unknown parameters. For models
of WZ-mediated superpartner decays the free parameters are msg (= mﬁ) and mso. The kinematic
properties of signal events under this decay hypothesis are in approximation governed by a single
parameter:

m = Mso — M0 = Mt — Me0. )
0 Xp MY T Mg TR (9:3)

The mass gap dm between X} and Y9 determines the momenta of the particles produced in the
decays of X3 and ﬁc A XV is only observable through the p7™*° it induces, and LSPs of different
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Figure 9.7: Illustration of a simple parametric neural network. Given a new physics parameter ¢ one
could train separate neural networks to target fixed values of € (left) or a single parametric model that
uses 6 as an input (right). Given an event with the reconstructed scalar quantities 1 and x4y classical
neural network classifiers have a single output value, while the output of a parametric neural network
is a function of the parameter 6 [346].

mass but equivalent p1 look identical in a reconstructed event. Small kinematic differences with
varying superpartner masses at a given dm do occur because the underlying interaction needed to
produce a )fo(g pair of high and low mass differs. These differences are minor and found to be largely
inconsequential in the search.

For models of slepton-mediated superpartner decays mj is another free parameter. We express it
in terms of the quantity = introduced in Equation which governs the proximity of mj to msy and

mso. Three values of z are studied. These serve as benchmarks for scenarios in which my is close to

msg, close to ms9, Or in the middle between both.

We opt to train four neural networks parametric in dm: One to search for WZ-mediated superpart-
ner decays and three to probe slepton-mediated superpartner decays, one for each value of x. Each
neural network has one output value: The predicted probability that a collision event stems from
superpartner production. For slepton-mediated superpartner decay models a single neural network
parametric in both dm and x could be trained. The three x values available in simulation are however
not enough to verify the properties of a neural network parametrization in terms of . We therefore
opt to train separate neural networks. An alternative would be to train a neural network parametric

in msg, M0, and mg, but this is unfeasible for reasons laid out below.

Using a neural network parametric in the single parameter m has some clear practical advantages
over a parametrization in the masses of all superpartners present in a particular signal model. As
discussed in Section [9.4.1.1} given an event the output of a parametric neural network is a function of
the parameters. Standard new physics searches bin events in a set of search regions or a single machine
learning classifier. This results in a unique distribution of data and simulated events. When using a
parametric neural network this is no longer the case: The distribution of data and simulated events
as a function of the neural network output changes when evaluated at different parameter values. In
other words, the set of selected collision events produces a continuum of output distributions instead
of a single one. To illustrate this point, the expected distribution of events from SM WZ production
as a function of the output of the parametric neural network targeting WZ-mediated superpartner
decays (slepton-mediated superpartner decays at = 0.5) is shown in Fig. (Fig. . Each dm
slice contains the same events.

To practically search for a signal, the parametric neural networks must be evaluated at a discrete
set of parameter values. This set must be large enough to probe the entire parameter space where
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Figure 9.8: Expected yield of 3/A events from SM WZ production as a function of ém and the output
of the parametric neural network targeting WZ-mediated superpartner decays. Each slice at a constant
om value contains the same set of events. A clear ridge can be seen around dm = my, indicating that
the discrimination power of the neural network between signal and background events is reduced in
this dm region. This is the WZ corridor.

sensitivity to superpartner production might be achieved without risking that a signal at a parameter
value in between those evaluated is missed. Each evaluation of the neural network requires processing
the entire set of selected collision events. We evaluate the neural networks at each dm value for which
simulated signal events exist. Doing so gives a maximal resolution in the exclusion limits of the analysis
while a significant signal would not be missed. At neighboring points in the set of evaluated dm values
the neural networks still vastly outperform the search region based analysis introduced later. The
full set of dm points at which the analysis is evaluated can be found later in this chapter in Fig.
to

With a single new physics parameter in the neural network the analysis becomes considerably more
demanding in terms of computing resources than typical analyses, hundreds of times more so than
the analyses presented in chapters [7] and [§] Evaluating the analysis for two or more parameters was
unfeasible with the computational setup available for this work.

One can get a rough idea |Z| of the computing resources necessary to evaluate the analysis by esti-
mating the number of floating point operations needed to compute the neural network output at each
evaluated parameter. We look at the neural network used to identify slepton-mediated superpartner
decays at = 0.95 as an example. A single evaluation of the neural network requires roughly 10°
floating point operations. The amount of events the neural network has to be evaluated on is of the
order 107, including collision data, and simulated signal and background events. At a fixed ém value

"The reasoning that follows is simplistic in the sense that it ignores every other computational step in the analysis
other than the evaluation of the neural networks. The real increase in execution time that would result from adding
multiple new physics parameters to the neural networks depends on the structure of the analysis software. Nonetheless,
one can get a notion of the orders of magnitude in the relative analysis execution times for different parameter choices.
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Figure 9.9: Expected yield of 3/A events from SM WZ production as a function of ém and the output
of the parametric neural network targeting slepton-mediated superpartner decays at x = 0.5. Each
slice at a constant dm value contains the same set of events.
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each event requires seven evaluations of the neural network to account for systematic uncertainties
that directly modify the event kinematics. We established that the neural network is evaluated at
each dm value available in the signal simulation, in this case 34 distinct dm points. Putting all of this
together results in a total of more than 2 - 10'® floating point operations that have to be carried out.
A full analysis evaluation takes a bit less than twenty-four hours on a few hundred CPU cores. The
available number of (m%g, mi?) points in the same signal simulation is about 1000. The amount of

floating point operations required to evaluate a neural network parametric in both msg and mso would

be approximately 8 - 10'°. This would require several weeks of computing time on the infrastructure
that was available for this work. This is too long considering that using two parameters would only
improve the results marginally compared to one parameter and that the neural network evaluation
has to be carried out many times during the course of the analysis development.

Verifying the agreement between the observed and expected event yields and the robustness of
the results also becomes considerably more challenging when using a parametric neural network.
Presenting the results to a reader is an additional challenge since all event yield distributions used
to obtain the analysis results can not be shown in a journal paper. There are simply too many of
them. Plots such as those in Fig. to of a kind which has not been used in any earlier CMS
analysis, are made to be able to concisely present the results. When using more than one parameter,
the verification of the results and the subsequent visualization would become even more difficult. The
aforementioned summary plots can not easily be extended to multiple parameters. In addition, this
analysis was also the first supersymmetry search to use parametric machine learning in practice. For
all the reasons listed above, we decided to use a single new physics parameter in the neural networks
not to drive the complexity, both computationally and in terms of the interpretation of the results,
too high.

Aside from the new physics parameter dm, the neural networks require a set reconstructed event
quantities to determine whether an event is signal- or background-like. The following input variables
are found to be sensitive to superpartner production in 3/A events and are used as inputs to each of
the four neural networks:

e Invariant mass of the dilepton pair forming the best Z boson candidate (Mys): The leptons
forming the OSSF pair of closest invariant mass to my are assigned to the Z boson decay. The
dominant background contribution in 3¢A events comes from SM WZ production in which My,
peaks around myz. For slepton-mediated superpartner decays My, depends on dm and the slepton
mass parameter z, and has no peak at myz. In events with WZ-mediated superpartner decays My
can be used to separate signal events from SM processes without a Z — ¢¢ decay. The structure
of My in SM WZ production and WZ-mediated superpartner decays also differs substantially
at low My, because of the interference between the WZ and Ww(*) amplitudes in the SM.

. p?issz Signal events contain two LSPs that escape detection. For sufficiently high dm values this

results in a signal prrfliss spectrum that is much harder than that of the SM background.

e Transverse mass of the lepton not forming the best Z boson candidate and p1™ (Mr): In SM
WZ events M is the transverse mass of the W boson if the leptons from the Z boson decay are
identified correctly. Beyond the value of myy, the WZ background distribution falls steeply as
a function of My (Section . In signal events with WZ-mediated superpartner decays there
is no clear cutoff for Mt because of the additional p7™* induced by the escaping LSPs. In
events with slepton-mediated superpartner decays there is no intermediate W boson, resulting

in a completely different Mt distribution from background events.

e Scalar sum of the transverse momenta of the three leptons in the event (LT) and p2ss: This
variable represents the scale of leptonic momentum in events and is generally high for signal
events at high dm. Events with nonprompt leptons or photon conversions tend to have low L
values.
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Figure 9.10: Novel architecture of the parametric neural networks used in this search. The new physics
parameter dm is not only one of the input variables but is also directly injected into each hidden layer
of the neural network. The thick orange lines depict the unity transforms that give each hidden layer
direct access to dm. The blue and black arrows are normal weighted connections and at each node the
incoming connections are summed after which a simple nonlinear function is applied. Reconstructed
event quantities used as input variables are depicted by x;. The actual neural networks used in the
search use the seven input variables listed in the text (not counting dm) and have orders of magnitude
more nodes in each hidden layer and have more hidden layers. This architecture differs from the
original parametric neural network proposed in [346] which simply uses the new physics parameter as
one of the input variables. Our architecture is found to converge faster during training and to yield
models with superior final performance.

e Transverse mass of the three leptons in the event and pp™*® (M%Z): This variable probes the
total mass scale of an event. In signal events M%E is strongly correlated with dm and takes on
much larger values than in SM events.

e Invariant mass of the three lepton system (Msp): This variable is particularly useful for separating
superpartner production from Zv*) events with photon conversions, in which Ms, peaks strongly
around my.

e Scalar sum of the pr of all jets in the event (Ht): This variable is sensitive to the amount of
ISR in events, which generally differs between signal and background events due to the different
initial states. Signal models of WZ-mediated superpartner decays that fall into the WZ corridor
have highly similar lepton kinematics and p%liss distributions to SM WZ production. The Hr
variable is therefore of great importance for identifying such signal events.

The neural networks used in this search are fully-connected feed-forward neural networks with a
single output value. The parameter dm is used as one of the inputs in the first layer and is also directly
injected into each hidden layer of the neural network with skip connections. Having direct access to
the parameter at each neural network layer reinforces the learning of the parametrization by implicitly
stressing its importance to the neural network. This design differs from the parametric neural network
originally introduced in [346] and result in a significantly faster convergence of the neural network
training in all of our experiments and better final results. The neural network architecture described
here is illustrated in Fig.

The neural networks are trained to discriminate signal events from the total SM background. Only
simulated background events are used during training so the contribution from nonprompt leptons is
also estimated from simulation. Events from each background source are weighted according to the
cross section of the corresponding process. For the dominant W7 background alternative simulation
samples, simulated with MADGRAPH5_aMC@QNLO at NLO in QCD, are used in the training data set.
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The WZ simulation samples used in the nominal analysis are generated with POWHEG v2, also at NLO
in QCD. This makes the WZ and nonprompt lepton background predictions in the analysis immune
to any potential overfitting bias in the neural network, while still retaining a good statistical precision.
Of the available set of simulated events, 40% is used for training, 40% for validation, and 20% for
testing. The architecture and hyperparameters of the neural networks are optimized by evaluating
the results on the validation data set. The optimization and design strategies that went into the
neural networks are discussed in detail in Section [9.4.1.3] After fixing the configuration of each neural
network, the training and validation data sets are combined to retrain the final version of each neural
network. The predictions in the extended training data set are then compared to those in the test
data set and the differences are found to be negligible compared to the systematic uncertainties in the
analysis. All training data set events, with the exception of those from the WZ and nonprompt lepton
backgrounds, are therefore reused in the background prediction of the analysis.

It was anticipated earlier that in the ideal case a parametric neural network can achieve optimal
performance at each dm point in the training data set, and is able to interpolate to unseen dm values
without loss of performance. We check explicitly whether the four neural networks trained here
have both of these properties. The question of whether a parametric neural network is optimal at a
particular dm point can be answered by comparing the performance of the parametric neural network
at this dm value to a nonparametric neural network trained only at this single dm value. The ability
of a parametric neural network to operate at unseen dm points without loss of performance is verified
for each dm point by training a parametric neural network with this particular ém point removed from
the training data set. At the vetoed dm point the performance is compared to that of the nominal
parametric neural network trained on all dm points. If at all available dm points the performance of
the neural network remains unchanged after vetoing the dm point in question from the training data
set, we can conclude that the neural network can optimally interpolate to any unseen dm value falling
in between the minimum and maximum Jdm values in the training data set. To pass this check the
neural network needs to be able to interpolate twice as far in dm as it will ever need to do in the actual
search. The reason for this is that in reality it would only have to be able to interpolate in between
the dm values in the training data set. The results of the two checks described above are shown in
Fig. [9.17] to [0.13] From these studies we conclude that all four parametric neural network achieve
optimal performance at each dm point and that their predictions generalize with optimal performance
to dm points not seen during training.

Care has to be taken to compare the performance of neural networks trained with different dm
distributions and signal event yields in the training data set, as is done in the studies explained above.
To choose an adequate metric for the performance comparisons, we write out what the output the
neural networks really means. Each neural network used here has a single output value given a set of
event quantities x and a value for the parameter dm. This output is the estimated probability that
the event with quantities x is a signal event given that we search at the mass splitting ém. We can
write:

neural network (x, dm) =~ p (signal|x, dm) (9.4)
_ p(x,dmlsignal) p (signal)
B p (x,0m) 09
p (x|dm, signal) p (dm|signal) p (signal)
= (9.6)
p(x,6m)
_ p(x|dm,signal) p (émlsignal) p (signal) 9.7)
p (x[dm) p(dm) '
p (x|dm, signal) )
= - p (signal) . 9.8
b (sizual 99)

We use Bayes’ theorem to obtain Equation Applying the general product rule of probability
theory to respectively the numerator and the denominator results in Equations and Equa-
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tion holds because we constructed the training data set of each neural network so that background
events have an identical dm distribution to signal events. We suggestively split the final two forms
in two terms. The first term is the ratio between the probability density for observing a signal event
with quantities x at a parameter value dm and the general probability density for observing such
an event given the parameter value ém. Considering that p (x|dm, background) = p (x|background)
holds because each background event is assigned a random dm value in the training data set we can
interpret this term as the degree to which signal events with a given dm can be separated from the
SM background. This term can be compared between any two trained neural networks, regardless of
the number of signal events and signal dm distribution in the training data set. The second term is
arbitrary because it depends on the number of simulated signal events in the training data set. This
term is also trivial for any neural networks to learn, so we could easily factor it out of a trained neural
network. From this discussion we can conclude that we need to compare neural network performances
in terms of a metric that is invariant under the relative number of signal events. The AUC introduced
in Chapter [§) fulfills this criterion. The ROC curve of any classifier is invariant under the prior class
distributions. Imagine training two binary classifiers ¢; and ¢z on the same problem but with different
prior class probabilities. In the idealized case, if a threshold ¢ on the output of ¢; has a signal effi-
ciency s and a background rate b then a threshold ¢’ exists on the output of ¢y that also results in an
identical signal efficiency s and background rate b. This motivates the comparisons of the performance
of trained neural networks in terms of their AUC in Fig. to

The performance of the parametric neural networks as a function of dm (Fig. to and
their expected output distribution in SM WZ production events (Fig. and reveals interesting
physics. For WZ-mediated superpartner decays a clear ridge in the neural network output distribution,
with higher background yields at signal-like neural network values, is seen when dm approaches my.
At the same dm values a sharp drop in the classification performance is observed. This is the infamous
WYZ corridor where the similarity between SM and signal events limits the ability of the neural network
to correctly classify them. A similar structure is also seen for slepton-mediated superpartner decays,
but far less pronounced because no W and Z bosons are involved in the superpartner decays. At
higher édm values a clear downward slope as a function of dm can be seen in the expected yields at
fixed neural network output values. Simultaneously, the classification performance clearly increases at
high dm. This matches the physical intuition that signal events with a larger mass splitting between
the superpartners are easier to separate from the background.

To use the parametric neural networks to search for superpartner production we must define a way
in which events are binned as a function of the neural network output. The output shapes of the neural
networks change significantly as a function of dm, and are also different for each of the four neural
networks. This is clear in Fig. [9.8) and [0.9] The variable output shape makes it impossible to define a
single set of bins in the raw neural network output that is satisfactory at each dm value. In general a
narrower binning results in better search results because more information is preserved. On the other
hand, each bin should have a sufficient expected SM yield to ensure the background estimation remains
reliable. When fitting a neural network the exact output shape of the neural network does not matter
because it depends on the arbitrary prior signal probability as seen in Equation Only the first
term in the equation, the extent to which the signal and background shapes differ, matters. We exploit
this and transform the output distribution of each neural network at every evaluated dm value. The
transformation is specified so that when 3¢A events are uniformly binned in the neural network output
the last bin always contains one expected background event in the 2016 data set ﬂ Each preceding
bin is defined to contain twice the yield of the next bin, and the first bin contains the remainder.
This binning scheme results in good expected exclusion limits at all dm values, while simultaneously
guaranteeing that every bin at any dm value has a sufficient expected yield for a robust background
estimation. The reason for requiring at least one expected event per bin in the 2016 data set is that
it is the smallest of the three collision data sets. The background prediction is done separately for

8Because of the finite number of simulated and sideband data events used in the background prediction, the actual
expected yields in each bin might deviate from the targeted values by a small margin.
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Figure 9.11: Studies of the parametrization of the neural network used to search for WZ-mediated
superpartner decays (left) and the neural network used to search for slepton-mediated superpartner
decays at x = 0.05 (right). The blue curve in each figure shows the AUC performance in the validation
data set for the nominal parametric neural network trained at all dm values available in the signal
simulation. Each point on the green curve shows the performance at a particular dm value of a
parametric neural network trained at all ém values except for the one on the x-axis of that particular
point. The points on the red curve show the performance of nonparametric neural networks trained
while solely using signal events corresponding to the represented dm point. Each neural network is
trained ten times to assess the performance variations due to the random initialization of its internal
weights. Each green and red point thus correspond to ten separate neural network training iterations,
while the entire blue curve is also obtained from ten training iterations. The drawn points show the
mean across the ten iterations and the error bars the estimated standard deviation. From these figures
we conclude that the parametric neural networks achieve optimal performance at each dm point in
the training data set and that they generalize to any unseen dm point between the minimum and
maximum ém values in the training data set without loss of performance.
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Figure 9.12: Studies of the parametrization of the neural network used to search for WZ-mediated
superpartner decays at low dm values (left) and in the WZ corridor (right). These figures zoom in on
parts of the left-hand side of Fig. @ and the contents are explained in the corresponding caption.
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Figure 9.13: Studies of the parametrization of the neural network used to search for slepton-mediated
superpartner decays at © = 0.5 (left) and at = = 0.95 (right). The contents of the figure are explained

in the caption of Fig.
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each data-taking year and a high enough expected background yield is necessary in each bin. The
results of the binning scheme can be seen in Fig. to when the analysis results are shown. In
each histogram the expected number of SM events has approximately the same distribution although
different events fall into different bins in each of these histograms. The expected signal event yield
distributions are determined by the extent to which particular signal hypotheses can be separated
from the background and vary strongly with dm.

It has been mentioned before that neural networks can only be assumed to interpolate in the
manifold spanned by the training data set and can not safely extrapolate outside of this manifold.
When given input variable combinations that fall outside of the training data set manifold, the output
of the neural network could take on any arbitrary value allowed by its architecture. Pathological events
in real collision data therefore present a possible danger to the neural networks. Mismeasurements
or detector noise might result in large or otherwise unexpected values for one or more of the neural
network input variables. Such an event might be neither signal- nor SM-like. No guarantees on the
prediction of the neural networks can be given for such events, a situation which is to be avoided. For
that reason we impose a cutoff on each of the input variables. When a variable exceeds its cutoff, the
cutoff value is passed to the neural network instead of the real value of the variable. This ensures that
no event in the collision data processed by the neural networks can fall in a regime where the neural
networks have undefined behavior. The maximum allowed value for Lt + p%ﬁss, Hry, M3y, and M%Z
is 2 TeV, while p%iss and My, are limited to 1 TeV, and Mt to 500 GeV. These values are chosen to
guarantee safety in the neural network evaluation, while limiting the loss of analysis sensitivity.

9.4.1.3 Neural network optimization

In what follows the technical design choices that went into the neural network classifiers are laid out.
Some of this discussion is relatively dense and requires a deep knowledge of the inner workings of
neural networks. An introduction to all the necessary aspects of neural networks is beyond the scope
of this dissertation and can be found in [359]. This section can be skipped without losing any insight in
the physics behind the analysis, but is included to make the results reproducible by future analyzers.

Except for the parameter dm all the input variables to the neural networks are high-level kinematic
quantities defined based on knowledge about the physics processes involved. Each of these is found
to provide discrimination power between signal and background events. A well studied property of
deep neural networks is that if they are sufficiently deep they can, given enough data, efficiently
learn arbitrary nonlinear functions of the input variables. Neural networks often achieve this by
hierarchically building higher level knowledge from the inputs at each layer. This means that a neural
network can be trained to find new physics using only low-level inputs such as pp™, the Lorentz
vectors of the leptons and jets in the event, and the lepton charges. No specialized knowledge in
constructing discriminating variables is required. A neural network can implicitly learn everything it
needs and might construct high-level variables similar to those designed by human physicists in its
hidden layers. In [360] it is demonstrated that studying the internal states of neural networks might
even lead to new physics insights. A general procedure for understanding what a neural network is
learning internally is introduced in [361]. What is more, deep neural networks trained on low-level
inputs are found to generally outperform those trained with human engineered high-level inputs. This
is demonstrated in [357, 358]. The reason for this is that a set of low-level input variables generally
contains more information about the event than precomputed high-level inputs.

Nonetheless, we proceeded to train neural networks with the list of high-level input variables given
in the previous section. To a good approximation these variables contain all the event information
that can be used to classify the signal and background events in the search at hand. This is verified
for each neural network by training and optimizing an additional neural network that has access
to only low-level inputs and another one that has access to both low- and high-level inputs. The
performance of the nominal neural networks, trained with high-level inputs, is equal to those of the
other neural networks. This shows that any feature the neural networks build from low-level inputs
in order to separate signal and background events, can also be constructed from the set of high-level
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input variables used here.

If performance is equal, using high-level input variables is more convenient than using low-level
ones. The neural networks necessary to achieve optimal performance on preconstructed high-level
inputs are generally smaller than in the case of low-level inputs, and less training data is needed. It
is also easier to verify that the expected neural network output distribution in collision data can be
accurately predicted by simulation. When feeding low-level inputs to a neural network one has no
control over what variables are built internally and guaranteeing their accurate modeling in simulation
is difficult. That being said, this difficulty persists to a large extent for high-level inputs because one
still does not necessarily know what functions of the input variables the neural network uses. In
general it is best to directly compare the simulation of the neural network output to real collision
data to be confident in the robustness of simulated predictions. Such checks are done in several signal
depleted data sets, as explained in Section [0.5]

The set of input variables used in the final neural networks is further studied to asses whether it
is a minimal set. To verify that no input variable is superfluous, neural networks are trained with
and without each of the input variables. Removing any of the input variables listed in Section [9.4.1.2]
reduces the classification performance of all four of the neural networks. Trainings with additional
high-level input variables, such as the number of jets in the events and invariant masses of alternative
lepton pairings, are also performed. In all cases the performance of the neural networks is found not
to increase with additional input variables. From these findings and the studies with low-level inputs
we conclude that the set of input variables given in Section [9.4.1.2] is a minimal set of inputs that
contains all necessary event information for an optimal classification of signal and background events.

Given an event and a parameter value dm the neural networks give a single output value, namely
the probability that an event is from superpartner production. In each neural network a sigmoid
function is applied to the output of the final neural network layer to ensure that the outputs can
always be interpreted as probabilities. A sigmoid function is defined as:

1

T 1+exp (—x) (59)

sigmoid ()
and always has an output value between zero and one.

The objective function used to train the neural networks is the cross entropy between the predicted
probabilities and the ground truth labels in the training data set. In other words, the neural networks
attempt to minimize the negative log-likelihood of the classification predictions over the training data
set. The optimization procedure used to carry out this fit is a variant of the Adam algorithm [362]
that uses Nesterov momentum [363]. The basic algorithm for training neural networks is minibatch
gradient descent. A small batch of training data examples is used to compute the gradient of the
objective function with respect to all of the neural network weights. The weights of the neural
network are updated with this gradient to lower the objective function EL so the neural network
“learns” from the training data examples. The learning rate is a value used to scale the gradient
when updating the weights. A large learning rate results in large weight updates from each data
sample. During the initial training phases of a neural network large weight updates are desirable, but
smaller and smaller weight updates become preferable as the training progresses. This is handled in
modern neural network training setups by using adaptive optimizers that keep track of the updates
that have been seen previously for each weight in the neural network. The learning rate for each
weight can then be adjusted accordingly. Another important concept in the optimization procedure
is “momentum”. At a particular training step the gradient at the previous time step can be added
to the newly computed gradient, emulating physical momentum like that of a ball rolling down a hill.
This makes the gradient descent procedure less likely to get stuck in a local, nonoptimal, minimum.
The procedure can be further improved by using the current momentum to give a first estimate of

9Conventionally neural network training is always done by means of the minimization of an objective function.
Maximization of a reward would be equivalent. An example is the equivalence between the minimization of a negative
log-likelihood and the maximization of a likelihood.
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Figure 9.14: Dropout drops different random connections in a neural network for each event in the
training data set. A small fully-connected neural network is drawn on the left and a random subnetwork
sampled by applying dropout is shown on the right.

where the neural network weights will end up at the next time step and then computing the gradient
there. This is effectively momentum with precognition and is known as Nesterov momentum. It makes
the optimization procedure less likely to overshoot a minimum in the objective function. The Adam
algorithm combines momentum with adaptive weights and is one of the most powerful and robust
gradient descent algorithms at the time of writing. An overview of gradient descent procedures can
be found in [364], and all gradient descent algorithms listed in this reference were tried during the
optimization of the neural network training configuration.

Batch normalization [365] layers are used after each hidden layer. When training a neural network,
the gradient of the objective function with respect to the weights is computed for a batch of samples
at each training step. This gradient is propagated backwards through the network. Changes in the
weights of the deepest layers have to be compensated for in the earlier layers, reducing the rate at
which these layers can learn new useful information. This phenomenon is known as internal covariate
shift and is detrimental to the training of deep neural networks. Batch normalization normalizes the
output of each hidden layer over the training data batch so that the output distribution of the layer
is centered at zero and has a unit variance. This eliminates internal covariate shift to first order.
During training a running average of the per batch mean and standard deviation of the outputs of
each hidden layer are maintained. In this running average the contribution from older training batches
decays exponentially. The output mean and standard deviation values for each layer at the end of
training are used during inference of the neural network on new data.

The neural networks are regularized by applying dropout [366] to the outputs of all hidden layers.
For each single training data event dropout randomly drops connections between layers with a given
probability. This can be seen as randomly sampling a smaller subnetwork to train on each event.
A neural network trained with dropout is effectively an ensemble of smaller neural networks. Each
connection inside the neural network is forced to become independently useful because it can not rely
on the presence of any other connection during training. The application of dropout on a small neural
network is illustrated in Fig. The probability with which connections are dropped is fine tuned
together with the other free hyperparameters in the network. The inclusion of dropout in neural
networks is known to significantly reduce the bias from overfitting the training data set, thus boosting
the performance of the neural network on real collision data.

A colossal amount of design and hyperparameter choices have to be made for each neural network.
In this work the following properties of each neural network are all varied when optimizing their
configuration: The number of hidden layers, the number of nodes per hidden layer, the nonlinear
function used after each hidden layer, the dropout probability in each hidden layer, the gradient
descent optimization algorithm, the learning rate, and the size of the mini batches of training data
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used to compute each gradient step. There is no general prescription for how these parameters should
be chosen. We constrain the number of nodes to be identical in each hidden layer and use the same
nonlinear function and dropout probability for each hidden layer to reduce the freedom of choice. Even
so we are left with a seven dimensional optimization problem to which no gradient based algorithm
can be applied to find the optimum m

To choose the optimal hyperparameters the neural networks are evaluated in terms of their AUC
on the validation data set. The choice of this metric was motivated earlier on the basis of Equation [9.8|
Two independent optimization procedures are used. The first method is a simple grid scan in which
several thousand configurations are checked. This method is only able to probe a tiny fraction of
the possible configuration space. The second method is a custom evolutionary algorithm, based on
evolutionary biology, designed specifically for this analysis. At first, a group of neural networks with
random configurations is trained and the performance of each neural network is evaluated. Neural
network configurations belonging to the top half of the population in terms of performance are kept,
while the rest is discarded. Subsequently, a new generation of neural networks is spawned by randomly
mixing the configurations of the remaining 50%. In the mixing step individuals are randomly put into
nonexclusive pairs and no configuration can be paired with itself. Given a hyperparameter h; of one
neural network in a pair and a hyperparameter hs of the other neural network, a mixed hyperparameter
is generated as:

Prmixed = Bh1 + (1 — B)ha, (9.10)

where (8 is a random number sampled from a uniform distribution between zero and one. This
mixing procedure is repeated for all hyperparameters to create a new neural network configuration.
For integer or boolean hyperparameters the result of Equation [9.10]is replaced by the closest allowed
value. Nonnumerical hyperparameters are represented by integers spanning the range of possible
hyperparamter options. With this mixing procedure all neural networks that were discarded earlier
are replaced by new ones to spawn a new generation of neural network configurations.

The procedure of training, discarding the worst performing neural networks, and making new
configurations through mixing, is repeated many times. After each generation the average performance
of the neural network population increases. To make sure the exploration of the configuration space
does not become stale because it is limited by the randomly chosen population of neural network
configurations in the first generation, a mutation step is introduced. After spawning a new generation,
a small number of neural network configurations is randomly chosen and a random number of their
hyperparameters is set to random values. This ensures that each generation keeps trying to explore
previously unseen regions of the configuration space. The mutation step in the evolutionary algorithm
serves a similar purpose as it does in evolutionary biology.

The evolutionary algorithm is found to converge quickly in practice. It finds the same final perfor-
mance as the grid scans but requires more than an order of magnitude fewer neural network trainings
to do so. The fact that the grid scan and evolutionary algorithm give the same performance builds con-
fidence that the neural network configurations are optimized well and also shows that the performance
of the neural networks is relatively robust with respect to the chosen hyperparameters. Variations in
most hyperparameters only result in very small variations in the performance of the neural networks.

As a final check parametric and nonparametric BDT classifiers are trained to solve the same task as
the parametric neural networks. Their configuration is also optimized with the evolutionary algorithm
described above. We find that BDT classifiers give unilaterally worse results than the optimized neural
networks.

10The careful reader will observe that we ended up with a difficult optimization problem once again. This is precisely
the situation we wanted to avoid in the first place by using neural networks rather than search regions. The essential
difference is that the optimization of the neural network hyperparameters, after a reasonable base design has been chosen,
is a matter of squeezing out the final metaphorical drops of performance from the analysis data set. The optimization of
search regions, on the other hand, is absolutely crucial and changing the set of search regions in an analysis can easily
shift the expected exclusion limits by several factors. Even without a dedicated optimization of the hyperparameters a
neural network vastly outperforms an orthogonal search region strategy.
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Table 9.3: Definitions of the search regions for events with three light leptons at least two of which
form an OSSF pair, and which satisfy 75 < My, < 105GeV (labeled AXX).

30A: three light leptons with at least one OSSF pair, 75 < My < 105 GeV
My (GeV) | pP™ (GeV) | Hp <100 GeV | 100 < Hy < 200 GeV | Hy > 200 GeV
50-100 A23 A36

100-150 A2d A37 Ad9
150-200 A25 A38
0-100 200-250 A26 A39 AS0
250-350 A51
> 350 A27 A40 15
50-100 A28 A4l A53
100-150 A29 A42 A54
150-200 A30 A43 A55
100-160 200250 A56
250-300 A31 Ad4 A57
> 300 A58
50-100 A32 A45 A59
100-150 A33 A46 A60
150-200 A34 A47 A61
2 160 200-250 A62
250-300 A35 A48 A63
> 300 A64

9.4.1.4 Search regions

To probe WZ-mediated and flavor-democratic slepton-mediated superpartner decays the nominal
search in 3¢A events uses the neural networks introduced earlier. Here we define a classical set of
search regions which facilitate easier reinterpretations of the results. In addition, 3/A events add
sensitivity to the search for models of ﬁcfg production with 7-enriched slepton-mediated superpart-
ner decays, as well as for models of effective X{X{ pair production. For those models it is nontrivial
to properly evaluate the neural networks, and their performance might be far from optimal. The
search region bins are defined in terms of a subset of the neural network input variables introduced in
Section My, pPss, M3, and Hr.

Events falling inside the window 75 < My, < 105 GeV are binned in search regions optimized for
finding signal events from WZ-mediated superpartner decays with dm > my. The events are binned in
M, p%iss, and Hrp. Binning in Mt aims to reduce the SM WZ background which falls off rapidly as a
function of Mt when My > my (Section . Signal events often have high p%iss values because of
the escaping LSPs and differences between the signal and background p%nss distributions get further
enhanced at high Ht. The binning in Ht improves the sensitivity to signal models in the WZ corridor
in particular. The definition of the search regions in this My, window is given in Table

In events with slepton-mediated superpartner decays the OSSF lepton pair is produced nonreso-
nantly. Most of these events fall outside of the interval 75 < My, < 105 GeV. Low My, events provide
sensitivity to low dm scenarios of both WZ-mediated and slepton-mediated superpartner decays, while
high My, events are used to probe high dm slepon-mediated superpartner decays. Events are divided
into a number of My, and M%ﬁ bins because of the strong relationship between these variables and
om. The Mt variable is used once again to reduce the SM WZ background. The search region bins
are given in Table

In the previous iteration of this analysis [5] most of the optimization effort was spent on tuning the
search regions that target WZ-mediated superpartner decays. This was especially the case after the
refinement of the analysis for the combination of the results with those of other searches in [356]. No
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Table 9.4: Definitions of the search regions for events with three light leptons at least two of which
form an OSSF pair, excluding those with 75 < My, < 105 GeV (labeled AXX).

3¢A: three light leptons with at least one OSSF pair, My < 75GeV or My > 105 GeV
My (GeV) | M¥ (GeV) | My <50GeV | 50 < My < 75GeV | 105 < My < 250 GeV | My > 250 GeV

0-50 A01
50-100 A02 A6 Al13 A19
0-100 100400 A03 A07

> 400 A08 Al4 A20

0-200 A09 Al5
100-200 =200 | A04 A10 A16 A21

0-400 All Al7
> 200 >0 | A05 INE INE A22

binning strategy is found in the new analysis that significantly improves the search regions previously
defined in the 75 < My, < 105 GeV region, at least without increasing the number of bins. We decide
not to increase the bin count to avoid raising the complexity of the search. The search region bins in
the 75 < My < 105 GeV region are therefore left unchanged with respect to [356].

Outside of the 75 < My < 105 GeV window the new search region strategy is a major improvement
compared to what came before. Studies of the input variables to the neural networks revealed My
and M%e to be extraordinarily powerful variables to search for slepton-mediated superpartner decays.
Previously, the search regions were mainly defined in terms of Mt and p%ﬁss7 while only three My, bins
were used. The M%E variable was not used at all. Using more My, bins and replacing the binning in
p%liss by a binning in M%Z results in expected exclusion limits that are up to two times lower compared
to those achieved with the old search regions. This is a relative improvement of up to 100%. At the
same time, the number of search region bins is decreased compared to the previous analysis iteration.

However large the improvements to the search regions for slepton-mediated superpartner decays
are, the results still fall way short of those achieved with the parametric neural networks. For many
mass points the neural networks improve the exclusion limits by 100% compared to the new search
regions and by 300% (or expected exclusion limits on the signal cross sections that are four times
lower) compared to the old ones. More quantitative details on this are given in Section where
the interpretation of the analysis results is discussed. It should be noted that the search regions can
in the theoretical best case scenario only achieve a performance as good as that of a neural network
giving a single output distribution over the data set. In practice, even this is not achievable because
there is presently no gradient based optimization procedure for search regions. To theoretically be
able to achieve results on par with parametric neural networks, the search regions would have to be
parametric too. This means that the search region bin thresholds would have to vary as a function of
om.

9.4.2 Three light leptons without an OSSF pair

Events with three light leptons in which none of the leptons form an OSSF pair (3/B) do not occur
frequently in the SM. Most SM events in this region involve a Z — 77 decay with subsequent 7 — fv
decays or contain one or more nonprompt leptons. Because of the low SM background yields, 3/B
events provide sensitivity to WH- and HH-mediated superpartner decays. Production of an H boson
often results in two leptons via the H — WW — ¢Tv/~v decay chain. The zero spin of the H boson
tends collimate the two resulting leptons because of the parity violating nature of W boson decays.
Conservation of angular momentum forces the W bosons to have opposite spin. The left-handed
lepton £~ is almost always emitted opposite to the W™ boson spin axis, while the right-handed lepton
(* favors to be aligned to the W' boson spin direction. These spin correlations are illustrated in
Fig. To exploit this feature of H boson decays, 3¢B events are binned in the minimum angular
separation between any two leptons in the event (min AR(¢,¢')). Supersymmetric events with WH-
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1 1%

Figure 9.15: Spin correlations in an H — WW — ¢Tvf~v decay. The full black lines indicate the
directions of the particle momenta while the short doubly lined arrows show the orientations of the
particle spins [367].

Table 9.5: Definitions of the search regions for events with three light leptons, none of which form an
OSSF pair (labeled BXX).

3¢B: three light leptons without an OSSF pair
min AR((,¢) < 0.4 | 0.4 <min AR((,¢') <1 [ min AR((,¢) > 1
B01 \ B02 \ B03

mediated superpartner decays have a min AR(¢, ¢') distribution that peaks at low values. Background
events, which mainly come from SM WZ production or involve one or more nonprompt leptons, lack
strong spin correlations. These events tend to have larger min AR(/, ') values than signal events that
include one or more H bosons. The background from SM WH production has essentially the same
min AR(¢, ¢') distribution as the targeted signal events, but is minuscule. The definition of the search
region bins in 3¢B are given in Table [9.5

The previous version of this search [5] used twice as many 3¢B search regions, and they were binned
in p%liss, Myy, and M. This provides no particular sensitivity to H boson decays. The new approach
of targeting collimated leptons results in expected exclusion limits that are more than 50% better for
WH- and HH-mediated superpartner decays.

9.4.3 Two same-sign light leptons

Events with two light leptons of the same sign (2¢SS) are used to recover signal events with com-
pressed WZ-, WH-, or slepton-mediated superpartner decays in which one of the leptons fails to be
reconstructed or identified. Some additional event selection criteria are used in category 2¢SS on top
of those listed in Section to further reduce the background. Events are vetoed if they contain
more than two jets with a pt above 40 GeV. This requirement reduces the contribution of background
events with nonprompt leptons, while still leaving room for some ISR in signal events. Events with a
third loose lepton are vetoed, ensuring that category 2¢SS remains orthogonal to those with three or
more leptons. Events with a third lepton passing only the baseline and not the loose lepton selection
are retained because we target signal events in which three leptons are produced in the superpartner
decay chain. Events in which a third baseline lepton forms an invariant mass within 15 GeV of my
with one of the other leptons in the event are removed. This veto reduces the yield from SM WZ
production significantly, while having an efficiency of over 99% for the most compressed signal events.

The stransverse mass (Mrs) [368] of the two leptons and p7™** is the primary variable used to
separate signal and background events. In events with two semi-invisible decays, such as those from
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superpartner pair production, M9 is constructed to have a distribution that falls off sharply beyond
the mass of the decaying particle. Consider a WW — £*v£~v event. In the idealized case, the observed

— miss

DT is the sum of the neutrino transverse momenta:
P = o1+ Proe (9.11)

The transverse mass of the decay products of a particle, defined in Equation [6.4] is smaller or
equal to the mass of the decayed particle. So we have:

mw > max [Mrt (P, Do) , Mt (Pr.e2, Pr2))- (9.12)

The momenta of the two neutrinos in Equation [9.11] are unknown in collision data. One can split
up p™* into every possible combination of two neutrino momenta. Minimization of the right hand
side of Equation [9.12| over every pt™ split hypothesis gives a result that must also be smaller than

my. This gives us the definition of Mro:

Mry = min {max [Mr (pr,e1, Pr1) , M1 (P62, Dr2)]} < mw (9.13)

pT :ﬁT,Vl +ﬁT,V2

The production of two W bosons is used to illustrate the Mg variable, but the properties discussed
above hold for any pair of particles of the same mass undergoing semi-invisible decays. For )ﬁ[)zg
production to result in two leptons of the same sign both leptons have to come from the decay of
a different superpartner. The Mry of these two leptons and the pp™* (M2(4¢)) should therefore
not exceed the superpartner mass. This makes Mo (¢¢) an ideal variable for isolating different signal
mass points from each other and to separate a signal from background events which tend to have low
Mo (£0) values.

The Mr9(¢0) bins are further split in the pr of the dilepton system (pZTZ) and pss| both of which
are usually large for signal events at sizable dm values. The pp nature of LHC collisions makes events
with lepton pairs of positive sign more common than pairs of negative sign. The ratio of positively to
negatively signed lepton pairs in a particular process depends heavily on the underlying production
mechanism. This results in different sign distributions for signal and background events. All search
regions with a sufficiently high expected background yield are divided in terms of the sign of the lepton
pair, either positive or negative. The definitions of the search regions in 2¢SS are given in Table

9.4.4 Three leptons with one or more 7, candidates

Slepton-mediated S(Vic decays could strongly favor final states with 7 leptons if left-handed sleptons
are too heavy to participate in the chargino decay. This is the 7-enriched scenario introduced in
Section Sleptons of the first and second generations might also be much heavier than those of
the third generation. In such a scenario, called 7-dominated, both )ﬁ and X9 exclusively decay to 7
leptons. Retaining events with one or more 7, candidates markedly increases the sensitivity of the
search to the aforementioned scenarios.

Category 3¢C consists of events with an OSSF pair of light leptons and a 7, candidate. This
event category primarily provides sensitivity to T-enriched superpartner decay scenarios. The Y9
decay does not favor 7 leptons and always results in an OSSF lepton pair. The dominant background
contribution in the 3¢C event category comes from Drell-Yan production with an additional nonprompt
7, candidate. The majority of the Drell-Yan background events are removed by requiring the mass of
the light lepton pair to satisfy | My —myz| > 15 GeV. Another major background source is tt production
in which both top quarks decay to a light lepton and one of the jets from the top quark gives rise to
a nonprompt 7, candidate. To separate signal events from this background source, events with low

to moderate s are binned in the stransverse mass of the light leptons and p™* (Mpy(£€)). In tt
miss

production the Mro(¢f) distribution has an endpoint at my. At higher p™* values the transverse
mass of the same objects used in the Mro(£f) computation (M2) is found to be a more effective
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Table 9.6: Definition of the search regions for events with two same-sign light leptons (labeled SSXX).
The symbols (++) and (——) represent the sign of the lepton pair. Three bins of Mty (¢¢) are used.
The first bin contains all events where Mro(¢f) is exactly zero and the second bin contains those
events in which Mry(¢/) is greater than zero but less than 80 GeV. All other events fall into the third
Mo (€0) bin. If P17 Jies in between the lepton transverse momentum vectors it can be split into
two components, each of which is aligned with one of the transverse lepton directions. As a result,
the minimization in Equation invariably results in zero for such events [369].

20SS: two light leptons of the same sign
Mra(00) (GeV) [ pf (GeV) | 60 < p'™ <100 GeV | 100 < p™ < 200 GeV | p§s® > 200 GeV

<70 SS01
BT ——
0-80 =30 2282 tf% $509
> 30 SS10
S ki s ST s
SR = =

Table 9.7: Definitions of the search regions for events with a u*u~ or eTe™ pair and a 7, candidate

(labeled CXX).

30C: ptp~ orete + 7y

PR (GeV) | M (GeV) | Mpy(¢0) < 80GeV | 80 < Mrpa(€f) <120 GeV | Myy(¢0) > 120 GeV

50-200 >0 Co1 C02 Co03
200-300 >0 Co4 C05 C06
0-250 co7
> 300 250-500 Co8
> 500 C09

discriminant because of its strong correlation to dm. The search region definitions used in 3¢C are
listed in Table [9.7]

Events with an ey pair and a 7, candidate form category 3¢D. Category 3¢E is made up of
events with a same-sign light lepton pair and a 7, candidate. These event categories add sensitivity
to both 7-enriched and 7-dominated superpartner decay scenarios. In category 3¢D the stransverse
mass of the light lepton pair (Mra(¢4)) forms a powerful discriminator against the tt background
that is dominant in this category. In 3/E the stransverse mass is computed with the leading light
lepton and the 7, candidate (Mr2(¢7)), and aids in separating signal events from any background
source involving W bosons. Background events with a Z — 77 decay are separated from the signal
by binning events in the opposite-sign lepton pair mass closest to what is expected for the Z boson.
We call this variable My, in 3¢D and M,, in 3/E because any opposite-sign lepton pair must include
one of the 7, candidates in 3/E events. For a Z — 77 — ey (Z — 77 — m,{) decay the reconstructed
Z boson mass distribution peaks around 50 (60) GeV, and this value is taken to be the expectation.
In 3/E events where all three of the leptons have the same sign, My, is set to zero. In both category
3/D and 3/E, p%liss is used as an additional search variable. The definitions of the search region bins
in 3¢D (3/E) are given in Table (9.9).

The last three lepton event category contains events with two 7, candidates and a single light
lepton (3¢F). This category primarily provides sensitivity to 7-dominated signal models and less so to
T-enriched scenarios because of the large background from nonprompt 7, candidates. The principal
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Table 9.8: Definitions of the search regions for events with a e*u™ pair and a 7, candidate (labeled
DXX).

3¢D: et uT + 1,
Mro(£0) (GeV) | p (GeV) | My < 60GeV | 60 < My < 100 GeV | My > 100 GeV

50-100 D01 D06 D11

100-150 D02 DO7 D12

0-100 150-200 D03 D08 D13
200-250 D04 D09

> 250 D05 D10 bid
50-200 D15
= 100 > 200 D16

Table 9.9: Definitions of the search regions for events with a pair of light leptons of the same sign and
a 7, candidate (labeled EXX).

3/E: same-sign light lepton pair + m,
Myo(£7)(GeV) | ' (GeV) | My <50GeV | 50 < My, < 100 GeV | My, > 100 GeV

50-100 EO01 E04
0-80 100-250 EO02
> 250 E03 E05
50-150 E06
> 80 150-200 £07 E08
> 200 E09

source of these nonprompt 7, candidates is Drell-Yan production. The invariant mass of the light
lepton and the leading 7 candidate (Mp,) is found often to be large for signal events, and is therefore
used in the search region binning. The stransverse mass of the leading 7, candidate, the light lepton,
and pr™* (Mmo(€7)) is another variable that is found to separate different signal mass points from
each other and the SM background. The bins in My, and Mo (¢7) are further split in p%iss. The set of
3(F search regions is defined in Table Events with three 7, candidates are not selected because
of an overwhelming background to signal ratio.

Table 9.10: Definitions of the search regions for events with two 7, candidates and one light lepton
(labeled FXX).

3(F: two 1, candidates and a light lepton
Mo (f7) (GeV) [ p™ (GeV) | Mgy < 100GeV | My, > 100 GeV

50-100 FO1 FO7
100-150 F02 FOS
150—200 F03 F09
0-100 200—250 F04
250-300 FO05 F10
> 300 F06
50-200 F11
> 100 > 200 F12
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Table 9.11: Definitions of the search regions for events with four light leptons forming two exclusive
OSSF pairs (labeled GXX).

4¢G: four light leptons forming two exclusive OSSF pairs
M12(Z,7) (GeV) | Mzz > 60GeV | Mgy < 60 GeV

0-150 Go1
150-250 G02 \ G03
250-400 Go4

> 400 G05

9.4.5 Four or more leptons

The final state of effective X} X! production models, introduced in Section can contain four leptons.
Despite the limited branching fraction of the superpartner decays to four leptons, this final state yields
a lot of search sensitivity because of the very small SM background. The event selection described
in Section [9.3] includes events with four or more leptons. Events with more than four leptons are not
vetoed but are extremely rare. In events where more than four leptons are selected, the four highest-pr
leptons are used to divide the event into the appropriate search category.

Events with four light leptons forming two exclusive OSSF pairs (4¢/G) provide the bulk of the
sensitivity to effective XX production models in which both neutralinos emit a Z boson in their
decay. The OSSF lepton pair forming the mass closest to my is considered to be the primary Z boson
candidate Z;. The remaining two leptons form the second Z boson candidate Z,. The distribution
of the stransverse mass of the two Z boson candidates and p1™* (Mry(Z,Z)) extends up to Mmszo in
signal events before briskly diminishing. This makes Mr9(Z,Z) an ideal variable for isolating signal
models with different mso values and for separating the signal from the SM background which leans
towards low Mr2(Z,Z) values. To enhance the search for models in which the YJx? pair decays via
one Z and one H boson, one of the Mro(Z,Z) bins is further split in Mys. The 4/G search regions are
defined in Table [0.111

An event with four light leptons forming a single or no exclusive OSSF pair, belongs in category
4/H. Category 441 accommodates events with a single 7, candidate and three light leptons. If two
7, candidates of opposite sign and an OSSF light lepton pair are present in an event, it falls into
category 4¢J. All other events with two 7, candidates and two light leptons form category 4/K.
Events with more than two 7, candidates are rejected. Categories 4/H to 4¢K all provide sensitivity
to XIx? production events in which one or both neutralinos emit an H boson in their decay. In all
of these event categories the same search region bins are used. A potential Z boson candidate (Z)
is reconstructed by finding the OSSF lepton pair of closest invariant mass to the expectation for a Z
boson. If no OSSF lepton pair is present in the event, other combinations of opposite sign leptons
are considered when forming the Z boson candidate. The mass of the Z boson candidate (Mz;) is
used to distinguish events with a Z boson decay from those including only H boson decays. The two
leptons not forming Z; are taken to originate from an H boson decay. The angular separation in
terms of AR of these two leptons (ARM) is used as an additional discriminating variable between
signal and background. As in category 3¢B, the usage of ARM is motivated by the spin correlations
in H— WW — ¢Tvl~v decays, illustrated in Fig. The set of search region bin definitions used
in event categories 4/H to 4/K is given in Table

9.5 Background estimation

An overview of SM processes that form the background in the final states of this analysis is given
in Section As in earlier chapters of this dissertation, the background yields of processes that
solely involve prompt leptons are estimated from simulation. The yields of events with one or more
nonprompt leptons are estimated directly from data. The techniques and control regions used for the
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Table 9.12: Definitions of the search regions for events with four leptons with one or more 7, candidates,
or without two exclusive light lepton OSSF pairs (labeled XYY).

4/H-K: four leptons with one or two 7, candidates
or without two exclusive light lepton OSSF pairs

Mz (GeV) | ARM <08 | ART > 0.8
0-60 X02
> 60 X03 X01

background estimation in search categories that contain events with three or more light leptons and no
7, candidates are highly similar to those presented in chapters|7|and |8} This search also covers events
with two same-sign leptons and events with one or more 73, candidates, for which the background
estimation procedure differs somewhat from that in events with three light leptons.

9.5.1 Nonprompt leptons

The background from nonprompt light leptons is estimated with the fake rate method following the
recipe outlined in Section Section mentioned that two definitions of tight lepton selection
are used in this analysis, one for events with two light leptons of the same sign with or without an
additional 7, candidate, and one for all the other event categories. The former selection definition
is more stringent than the latter. This introduces an additional difficulty in applying the fake rate
method compared to the other two analyses in this dissertation. Namely that the loose lepton selection
criteria must be tuned to simultaneously result in a reliable background estimate for two different tight
selection definitions. Different definitions of the loose lepton selection across categories are not used
because this would lead to ambiguity in the event categorization. By scanning a large grid of cuts on
pff?tio, pr-dependent cuts on DEEPJET gest, and cuts on the electron MVA for electrons, a satisfactory
loose selection definition is found. Simulated closure tests for this analysis were shown earlier in
Fig. when introducing the fake rate method. A 30% normalization uncertainty is assigned to the
background prediction for nonprompt light leptons, enough to cover any nonclosure of the method
seen in simulation. The background prediction is verified in collision data in a region enriched in
nonprompt light leptons. Events with three light leptons that contain either no OSSF pair, or in
which all OSSF pairs satisfy |My — myz| > 15 GeV, are selected. The presence of one or more b jets
is required to ensure orthogonality with the search regions. The expected and observed yields in this
control region are compared as a function of all the search variables and the output of the parametric
neural networks at each dm value evaluated in the analysis. The background predictions are found to
consistently agree with the data within the 30% uncertainty assigned to the fake rate method. Some
of the neural network output distributions in this control region are shown in Fig.

The misidentification rate of jets as 7, candidates is far greater than their misidentification rate
as light leptons. Events with one or more nonprompt 7, candidates are in fact the most important
background source in the search categories that include 7, candidates. Luckily, performing a data-
driven estimation of the background yields from nonprompt 7y, candidates is technically much simpler
than it is for light leptons. When applying the fake rate method to light leptons we have to perform
the fake rate measurement in multijet events, and apply the measurement results to estimate the
background in the search regions where nonprompt lepton events mainly come from tt and Drell-Yan
production. This results in the need to heavily fine tune a loose lepton selection because jets from light
quarks and gluons have a different misidentification rate compared to those containing b or ¢ jets. The
measurement of the light lepton fake rate in multijet data is further complicated by a large prompt
lepton contamination, chiefly from W boson production. None of these complications arise for the 7,
fake rate measurement.

The background contribution with nonprompt 7, candidates is also dominated by the Drell-Yan
and tt production processes. The 7, fake rate in Drell-Yan events is measured by selecting events with a
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Figure 9.16: Observed and expected number of events in the nonprompt enriched region in 2018 data
as a function of the output of two of the parametric neural networks used in the search, evaluated at
a number of dm values. The top row shows the yields as a function of the neural network used to
search for WZ-mediated superpartner decays, evaluated at dm values of 50 (left), 200 (middle), and
800 GeV (right). The bottom row shows the yields as a function of the neural network that targets
slepton-mediated superpartner decays with = 0.5, evaluated at dm values of 100 (left), 300 (middle),
and 1000 GeV (right). In each case the neural network output distribution is transformed so that the
last bin contains approximately two expected SM events in the 2016 collision data set. The expected
yield in each preceding bin is constructed to be twice that in the following bin, and the first bin
contains the remainder of the events.
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putu~ or ete” pair and a 7, candidate. The light lepton pair is required to satisfy |My—mz| < 15 GeV
and p2 must be below 50 GeV. The fake rate is given by the ratio of the number of events with a
loose 7, candidate to the number of events with a tight 7, candidate. The contamination from prompt
7, candidates is estimated from simulation and found to be as good as negligible. The estimated
contamination is subtracted from the numerator and denominator of the fake rate computation. The
measurement of the fake rate is carried out in different bins of 7, candidate pr and |n|. A similar
measurement for the 7, fake rate in tt events is obtained by selecting e* 1T events with an additional
b-tagged jet and a 7, candidate. The same measurement procedure described above is repeated in
this data set. In this region the prompt contamination is as good as negligible as well.

Studies in simulation indicate that Drell-Yan production is the dominant source of events with
nonprompt 7, candidates in 3¢C and 3¢F. The nonprompt 7, candidate background prediction in
these event categories therefore uses the fake rate measured in Drell-Yan enriched events. In 3¢/D and
3(E, on the other hand, tt production is found to make up the bulk of events with nonprompt 7,
candidates, and the corresponding fake rate measurement is used in the background prediction. As
for light leptons, a 30% normalization uncertainty is assigned to the prediction of the background from
nonprompt 7, candidates with the fake rate method. This uncertainty is large enough to cover any
discrepancy seen in the fake rate method for simulated 7, candidates. The uncertainty is taken to be
uncorrelated between the tt and Drell-Yan fake rate measurements. The fraction of the nonprompt
mn candidate background in 3/C and 3/F that stems from tt production is estimated in simulation,
and an additional uncorrelated uncertainty source that is 30% times the tt fraction is introduced.
A similar uncertainty is propagated to account for the Drell-Yan contribution to the nonprompt 7,
candidate background in 3¢/D and 3/E.

9.5.2 Electron sign misidentification

Electron sign misidentification is a considerable background source in 2¢SS and 3/E. The sign misiden-
tification rate for light leptons is reduced significantly in these event categories by the additional re-
quirements imposed in the lepton identification (Section . For electrons the sign misidentification
rate remains high enough to require a precise estimation of the resulting background. In 2¢SS and
3/E this background is estimated from collision data by applying the probability that an electron sign
is misidentified to a sideband of events with two leptons of opposite sign. Aside from the lepton sign
combination, the sideband events must pass the same selection requirements as imposed on search
region events. For muons that pass the imposed selection requirements the sign misidentification rate
is negligible, and the tiny background contribution that remains is estimated from simulation.

The sign misidentification probability of electrons as a function of their pr and |n| is a priori
determined in a large cocktail of simulated events from Drell-Yan, tt, and diboson production. All
of these simulated samples are combined to reduce the statistical uncertainty in the prediction of
the very small electron sign misidentification rate. An integral data to simulation scale factor is
subsequently measured for the sign misidentification predictions in each data-taking year. The scale
factor measurements are based on a data sample of events with two tight electrons that satisfy |Mee —
myz| < 10 GeV. The number of events with electrons of the same sign is predicted by applying the
sign misidentification probabilities determined in simulation to collision data events with two opposite
sign electrons. The ratio of the number of observed and predicted same-sign electron events gives the
global scale factor for the sign misidentification predictions EL The scale factors for each data-taking
year are given in Table

After scaling up the data-driven sign misidentification predictions with the measured scale factors,
the number of predicted same-sign electron events as a function of each of the search variables used in
20SS and 3/E is compared to collision data. These comparisons are made in the same Z — ee enriched
data sample used to measure the prediction scale factors. Some of the closure tests in 2018 data

"Note that this is not a scale factor for the sign misidentification probabilities. Given that both electrons in a Z — ee
decay could have a misidentified sign, scaling up the charge misidentification probability by a ¢ will increase the predicted
background rate by a value ¢’ < c.
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Table 9.13: Ratio of the predicted event yield for the electron sign mismeasurement background to
the observation in a sample of same-sign electron events enriched in Z — ee decays. The prediction
is made by applying sign mismeasurement probabilities from simulation to collision data events with
two opposite-sign electrons. The listed uncertainties are statistical only.

data taking year 2016 2017 2018
data/prediction 0.89 £0.03 1.26+0.04 1.17+0.03

are shown in Fig. A robust prediction of all the analysis variables is found in each data-taking
year. A 20% normalization uncertainty is assigned to the data-driven prediction of the electron sign
misidentification background to cover any observed discrepancy.

9.5.3 Prompt leptons

Special care is taken in the estimation of the WZ background because it is the dominant source of SM
events in 3¢A. A control region enriched in SM WZ production is defined by selecting 3¢A events with
the additional requirement | My —my| < 15 GeV to enrich the sample in Z boson decays. The contribu-
tion from photon conversions is reduced by imposing | M3, —myz| > 15 GeV. The control region should
contain the bulk of SM WZ production events while not including potentially sensitive superpartner
production events, in particular from WZ-mediated superpartner decays. This is ensured by requiring
50 < p%iss < 100GeV and 50 < Mt < 100GeV. In order to constrain the WZ normalization the
control region is included in the fits used to evaluate the analysis results. The control region overlaps
with some of the 3¢A search regions, namely A23, A36, and A49 defined in Table These search
regions are removed when evaluating the analysis in 3¢A with the orthogonal search region approach.
When using the parametric neural networks, the overlap between 3¢A and the WZ control region can
not easily be removed, so the control region is not included in the corresponding analysis fits. Instead,
the bins at low neural network output values, containing events the neural network considers very
background-like, implicitly constrain the WZ normalization. Note that the neural network and search
region interpretations of 3¢A are always performed separately because they use the same events. The
WZ control region also provides utility for checking simulated predictions as a function of the output
of the parametric neural networks. The neural network outputs are found to be well modeled by the
simulation in the control region. Because of the control region definition the predictions can however
only be checked at low to moderate p%liss and M values.

Both the search regions and the neural networks in 3¢A rely on an accurate modeling of the SM
WZ background at high p?iss and M+ values. Very high p%iss events can occur if the pp of the W
boson is sufficiently high. The value of M7 should however not exceed mw in a W boson decay.
Simulated studies show that WZ events with an Mt value larger than my mainly originate from the
association of the wrong lepton to the W boson decay. In eteTe® or p*pTu® events it is ambiguous
which leptons originate from the Z boson decay and which lepton originates from the W boson decay.
We assign the OSSF lepton pair forming the closest invariant mass to my to the Z boson decay. In
rare cases the lepton from the W boson decay accidentally forms a mass closer to myz with one of
the other leptons, and the lepton assignment becomes incorrect. If leptons are assigned to the wrong
decay, Mt no longer has a physical boundary at myy, resulting in SM WZ production events with
high Mt values. Background events with high Mt values due to lepton mispairing are well modeled
by simulation because there is no experimental peculiarity to these events.

Significant mismeasurements of p1™*° contribute to the tails of the My distribution to a smaller
extent than the mispairing of leptons. Such mismeasurements are the most important source of
high Mt eteTpu®™ and ppTet events, in which there is no ambiguity in the origin of the leptons.
This contribution to the high Mr tails of WZ production is harder to model, so we substantiate the
predictions with collision data. To do this a data set enriched in W~ events is selected. The WZ
and W~ processes share a large degree of similarity due to their similar production mechanisms [370].
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Figure 9.17: Comparison of the number of observed same-sign electron events with |Me — myz| <
10 GeV in 2018 collision data to the prediction obtained by applying electron sign misidentification
probabilities from simulation to collision data events with two opposite-sign electrons. The predictions
are scaled by the integral scale factor given in Table The top row shows the comparison as a
function of the pr of the leading (left) and subleading (middle) leptons, and p&is (right). The
bottom row shows the comparison as a function of Mro(¢f) (left), the pr of the dilepton system
(middle), and the number of jets in the event (right). The total systematic uncertainty includes the
20% normalization uncertainty applied to the data-driven electron sign misidentification background
prediction.
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The W+ enriched sample consists of events with a single muon and a photon in the final state. The
muon must satisfy pp > 25(28) GeV in 2016 (2017 and 2018) data to pass triggers selecting a single
muon. As opposed to the Z boson in WZ production the photon in W+ events is often the result
of FSR. The contribution of FSR photons in the W~ enriched sample is reduced by not selecting
events with electrons in the final state and requiring pr(y) > 40 GeV, a minimum angular separation
of AR > 0.3 between the photon and the muon, and Mt > 40 GeV. The criterion p%“iss > 50 GeV is
introduced for the W+ enriched sample to be compatible with the 3/A selection. Simulated predictions
in the py region are compared to data in bins of Mt and p%‘iss. The level of agreement between data
and simulation in each bin is used to derive an uncertainty in the WZ background prediction at the
corresponding Mt and prTniSS values. The uncertainty ranges from 5% at low Mt and pPﬁiSS, up to
slightly less than 30% at high Mt and p%iss. The uncertainty is applied to both the search region and
neural network analyses of the 3/A region. It should be noted that these uncertainties constitute an
upper limit on the uncertainty in the prediction of the WZ background. The main source of high M
events from WZ production, assigning leptons to the wrong decay, is not present in W~ production.
Events with normal p7™% measurements but wrongly assigned leptons are far easier to model than
those with large p7™° mismeasurements which dominate the tail of the M distribution W~ events.
Additionally, the presence of a photon makes W+ production generally harder to model than WZ
production.

Studies of the assignment of leptons to different particle decays reveal an interesting property of
the parametric neural networks. The fraction of WZ production events that have leptons assigned
to the wrong boson decays in the computation of Mt and My, is found not to significantly increase
as a function of how signal-like the neural networks consider an event to be. Meanwhile, higher M
values generally do result in the neural network considering an event more likely to originate from
superpartner production, assuming dm is not tiny. These results indicate that the neural networks
implicitly learn to recognize events with wrongly assigned leptons by using the interplay between
all their input variables. The neural networks are not sensitive to wrong lepton assignments in the
computation of their input variables.

The modeling of the neural network predictions without constraints on Mt and p%liss is directly
verified in two control regions which have no requirements on either variable: A region enriched in
nonprompt leptons and one enriched in ttZ production. The nonprompt lepton enriched region was
already introduced when discussing the background prediction for nonprompt light leptons. The ttZ
enriched region consists of events passing the same selection criteria as those in 3¢A, but inverting
the b jet veto and adding the criterion |My — myz| < 15GeV. Because of the b jet requirement in
both control regions there is no overlap with any of the search regions. This means that the simulated
predictions of the neural network outputs can be verified without any limitations on Mt or p%ﬁss.
Some of the results in the nonprompt lepton (ttZ) enriched region in the 2018 collision data set are
shown in Fig. (Fig. . Similar closure tests are done in the 2016 and 2017 collision data sets,
and at all m values evaluated in the analysis. Good agreement between the expected and observed
yields as a function of the neural network outputs is found.

Control regions enriched in ZZ and Z+v production are defined in a similar way to chapters|7]and
The ZZ (Z7) enriched region consists of 4¢G (3¢A) events in which the pIsS veto is inverted to
prrf‘iss < 50GeV. In the ZZ enriched region one of the OSSF lepton pairs must have an invariant
mass within 15 GeV of myz, while in the Zv enriched region M3, must satisfy the same requirement.
Both control regions are included in the analysis fits to constrain the normalization of the ZZ and Z~vy
processes. In addition, the predicted neural network output values are compared to the observation
in both control regions, and no significant discrepancies are seen.

9.6 Systematic uncertainties

The experimental and theoretical uncertainties in the background prediction are very similar to those
in the analyses presented earlier in this dissertation. The general outline of the uncertainty estimation,
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Figure 9.18: Observed and expected number of events in the ttZ enriched region in 2018 collision
data as a function of the output of two of the parametric neural networks used in the search. The
top row shows the yields as a function of the output of the neural network used to search for WZ-
mediated superpartner decays, evaluated at dm values of 50 (left), 200 (middle), and 800 GeV (right).
The bottom row shows the evaluation of the neural network used to search for slepton-mediated
superpartner decays with z = 0.5 at dm values of 100 (left), 300 (middle), and 800 GeV (right). In each
case the neural network output distribution is transformed so that the last bin contains approximately
two expected SM events in the 2016 collision data set. The expected yield in each preceding bin is
constructed to be twice that in the following bin, and the first bin contains the remainder of the events.
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Table 9.14: Overview of systematic uncertainty sources affecting the search, the typical variations they
induce in the expected yields across the analysis bins, and their correlation across the data-taking years.
The values listed for general uncertainty sources represent variations in the total expected yields, while
those shown for process specific sources are the variations in the yields of the corresponding processes.

Correlation across

Source Typical uncertainty (%) data-taking years

General uncertainty sources

e/p identification efficiency 1-2 per lepton Correlated

m, efficiency 1-3 per lepton Correlated
Pileup 1-2 Correlated
Integrated luminosity 1.8 Partially correlated
Trigger efficiency 1.4-5 Partially correlated
Jet energy scale 1 Partially correlated
Jet energy scale (fast simulation) 1 Correlated
b-veto efficiency 1-3 Correlated
b-veto efficiency (fast simulation) 1-3 Correlated
PDF 1-10 Correlated
Renormalization and factorization scales 1-10 Correlated
Process specific undertainty sources

Signal ISR 1-5 Correlated
Signal pHiss 1-2 Correlated
WZ shape 5-30 Uncorrelated
WZ normalization 10 Correlated

77 normalization 10 Correlated
X~(*) normalization 10 Correlated
Nonprompt normalization (e/u/m,) 30 Correlated
Charge misidentification normalization 20 Correlated

ttX normalization 15 Correlated
Multiboson normalization 50 Correlated

common among analyses, is given in Section Additional analysis specific details are given below.
An overview of all sources of systematic uncertainty considered in the analysis and the size of their
effect on the expected yields across analysis bins is given in Table

As in the other analyses, the identification efficiencies for light leptons are measured in a Drell-
Yan enriched data set using the tag-and-probe technique (Section . The search is expected to
be sensitive to the production of superpartners with masses more than an order of magnitude larger
than those of the electroweak bosons. To estimate the impact high superpartner masses might have
on the lepton identification efficiencies, the lepton efficiencies are measured twice: Once in events
where the pr of the reconstructed Z boson candidate is below 80 GeV and a second time in events
where the pr of the reconstructed Z boson candidate is above 80 GeV. The effect of a high Z boson
pr on the measured lepton identification efficiencies in a given lepton pr and n bin gives an idea of
the impact the high superpartner masses might have on these efficiencies. The mean in each pt and
7 bin between the two efficiency measurements is used as the nominal lepton identification efficiency
by which all simulated yields are scaled. The difference between the two measurements is taken as
a systematic uncertainty. This uncertainty in the extrapolation to highly energetic events is around
0.5% per lepton for the bulk of leptons from SM processes, but ranges up to 3% for very low and high
pr leptons which are often present in respectively compressed and noncompressed signal models.

Measurements of the efficiency of the 7, identification algorithms used in the analysis were readily
available [232]. The efficiency for 7, candidates of pp below about 60 GeV is measured in p7, events
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enriched in Z — 77 decays. Efficiencies for 7, candidates with intermediate pt values, up to 100 GeV,
are measured in tt enriched pum, events. Single 7, events from high mass virtual W bosons are used
for measuring the efficiencies in the high pt regime. The resulting uncertainties range between 1 and
3% per T, candidate in an event.

Integrated trigger efficiencies in the different analysis final states are measured in a data set selected
with trigger paths independent of those used in the analysis selection. More details were given earlier in
Section[9.3] The statistical uncertainties in these efficiency measurements are propagated to simulated
events as normalization uncertainties that are independent between data-taking years. Variations
between the data-taking years in the data to simulation scale factors of the trigger efficiencies are taken
as an additional independent source of systematic uncertainty. This uncertainty source is considered
correlated among the data-taking years. The values of the uncertainties in the trigger efficiency scale
factors can be found in Table [0.11

Theoretical uncertainties from the limited knowledge of the proton PDFs and from the choice of the
QCD renormalization and factorization scales are estimated in accordance with the recipe presented
in Section [6.5] Both sources of theoretical uncertainty result in variations of the integral cross sections
and kinematic distributions of simulated processes. The kinematic variations are taken into account
for all processes. The cross section uncertainties are only considered for processes without a dedicated
data control region in which the normalization is measured. For WZ, ZZ, and X+ production, prior
normalization uncertainties of 10% are used instead. These priors are constrained based on the data in
the respective control regions. The input values of the prior uncertainties does not affect the analysis
results.

The prediction of the WZ background as a function of Mt and p%‘iss is validated in W+ enriched py
events, a procedure explained in more detail in Section[9.5] The maximum of the statistical uncertainty
in the data and the discrepancy between data and simulation in the W~ enriched region as a function
of Mt and p%iss is taken as a systematic uncertainty in the W7 prediction. This uncertainty ranges
from 5% at low to moderate Mt and pl}liss to values 30% at high Mt and p%‘“iSS values. This uncertainty
largely stems from the limited statistical precision in the W+~ enriched data sample at high Mt and
p%“iss values, rather than a systematic discrepancy between the expectation and the observation.

The simulation of superpartner production events under 2016 data-taking conditions does not
adequately model QCD ISR. This problem is addressed by correcting the distribution of the total ISR
transverse momentum (poh) in signal events. The corrections are derived from the observed Z boson
pr spectrum in dilepton events, which is compared to Z boson production events simulated under
the conditions as the signal simulations. The entire size of the correction is taken to be a systematic
uncertainty in the signal prediction. The signal simulations for 2017 and 2018 data-taking conditions
have a more modern configuration (Section , and studies of the Z boson pr spectrum in 2017 and
2018 collision data reveal that pIT$R is well modeled in the corresponding signal simulations. A small
residual correction of the spectrum of the number of jets per event is applied to these simulations.
This correction is also derived from data enriched in Z boson decays. The size of this much smaller
correction is also taken as a systematic uncertainty in the signal predictions.

The majority of kinematic quantities used in the search depend on pp™®. Accurate modeling of
P is therefore essential. Simulated signal events use a fast simulation of the CMS detector that is
less accurate than the GEANT4 based simulation used for the simulation of background events (Sec-
tion. The modeling of 1™ depends on the simulation of all particles and detector components
and is more sensitive to mismodeling than other event variables. For several signal mass points the
shapes of the pis distributions and those of all analysis variables derived from PSS are compared
between fast simulation events and GEANT4 based simulation events. The differences are generally
small, but nonetheless an additional uncertainty is applied to signal events. The difference between
the p1™° before and after simulating detector and reconstruction effects is taken to be a systematic
uncertainty. The resulting uncertainty is significantly larger than the differences observed between the

— miss

pr 0 in a GEANT4 based and fast simulation

12This overly conservative uncertainty estimate was prescribed to be used in all CMS supersymmetry searches. The
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A number of uncertainty sources are taken into account in the nonprompt background prediction. A
30% normalization uncertainty is applied to the background prediction of both nonprompt light leptons
and 7y, candidates. This uncertainty in the nonprompt lepton background prediction is considered to be
correlated between muons and electrons and uncorrelated between 7, candidates and light leptons. For
Th candidates the normalization uncertainty is also considered uncorrelated between the nonprompt
background predictions using the fake rate measurements from Drell-Yan and tt enriched data. We
also account for an additional uncertainty source that addresses the remaining fraction of nonprompt
7, candidates from Drell-Yan (tt) when the fake rate measurement in tt (Drell-Yan) enriched data is
used. This uncertainty is set to 30% multiplied by the contamination fraction, so its size varies from
bin to bin. For light leptons an extrapolation uncertainty is applied to account for uncertainties in
the fake rate measurement at high lepton p values. At high lepton pr the light lepton fake rate can
no longer be reliably measured in QCD multijet enriched data because of the large prompt lepton
background from W boson production (Section . In practice, the fake rate values measured
for lepton pt values above 45 GeV are unreliable. For leptons with higher transverse momenta the
fake rate for 45 GeV leptons is used. The difference between the fake rate in the last pr bin with
reliable measurements and the fake rate at higher pr is studied in simulated events. The difference
is applied as a fractional uncertainty to the data-driven prediction of events with high pt nonprompt
light leptons. This extrapolation uncertainty is taken to be correlated between data-taking years and
among electrons and muons.

A 20% normalization uncertainty is applied to the data-driven prediction of the electron sign
misidentification background. The size of this uncertainty is set based on closure tests in events with
two same-sign electrons enriched in Z — ee decays (Section .

9.7 Results

The observed and expected event yields are evaluated in each of the analysis bins. To search for )Z‘;E)zg
production with WZ-mediated and flavor-democratic slepton-mediated superpartner decays we use
the four parametric neural network introduced in Section [9.4.1.2] The neural networks are evaluated
at each dm value for which signal events are simulated, and some of these evaluations are shown in
Fig. to The list of evaluated dm values can be found in Fig. to The observed and
expected event yields in the search region bins are shown in Fig. to for each of the event
categories considered. The estimation of the expected background yields in all of these figures follows
the recipe of Section and the systematic uncertainties are those listed in Section

Given the large multiplicity of search region bins, we study the agreement between the SM ex-
pectation and the observation in terms of test statistic values. The test statistic values quantify the
goodness-of-fit of a background-only fit to the observed data. The expected test statistic distributions
under the background-only hypothesis are compared to the observed test statistic values in each event
category, and for each parametric neural network evaluation. The test statistic results for fits to the
search region bins in each event category are shown in Fig.[9.32] The test statistic distributions for the
parametric neural network evaluations in 3¢A events are shown in Fig. for S{{E X9 production with
WZ-mediated superpartner decays and in Fig. to for )Zli X9 production with flavor-democratic
slepton-mediated superpartner decays. The test statistic computation follows the procedure in [371].
These figures are a novel way to summarize the compatibility between the observed and expected
yields in a search for new physics. They are introduced to enable the simultaneous visualization of
the results of all dm evaluations of the parametric neural networks.

— miss

recommendation was introduced at a time when the modeling of pt1 in fast simulation events was much worse than
it was at the time this analysis was performed. The effect of this uncertainty on the expected exclusion limits of the
analysis is however minute.



9.7. RESULTS 199

CMS 137 b (13 TeV) ¢ CMS 137 b (13 TeV)
U) E T T T T T T T T T ‘ T T T ‘ T T E U) 10 T T T T T T T ‘ T T E
= g —}f;} wz 1§12(150/130) é Data ER —%Qs wzx? 1(275/185) é Data E
q>_) - [ lwz [ Nonprompt q>_) [ Jwz I Nonprompt |
L 10°: [ zzH I X+ y 5 W 10°: Ml zzH I X+ y E
- e+ X Il Multiboson 7 t Bl Multiboson
4 B otal bkg. unc. 7 . . 7
1078y~ PR wzem=20Gev 3 107y ?Q’ - WZK Bm=00Gev 3
10° = 10° E
10° E 10° E

10 . 10

. ]

5 F Obs./Bkg. ‘ Obs./Bkg. ‘ ‘ E
D 2p * el {,T 215 * e . {»—
e N SRPRY TP S e e
8 OE Stat. bkg. unc. Total bkg. unc. ] 8 ng Stat. bkg. unc. Total bkg. unc. E
O 02 04 06 08 1 O 0 02 04 06 08 1

Neural network output Neural network output
CMS 137 o (13 TeV)
U) T T T T T T ‘ T T T ‘ T T T ;
£ — Qjﬁg wz&{P ’(650/50) # Data E
g [ Jwz I Nonprompt
W 10° = I zzH B x+y =
Bl it + X Bl Multiboson 7

otal bkg. unc.

Q;s%gq WZQE, 3m = 600 GeV

10

1
xc) 1.55_ ® Obs./Bkg. _
@ 1;_.,,,,,,,,,.,,,,.,,,,.,,,,i,,,,. fffff PR ) % """""" =
8 Og* Stat. bkg. unc. Total bkg. unc. E
@) 0 0.2 0.4 0.6 0.8 1

Neural network output

Figure 9.19: Observed and expected number of events as a function of the output of the parametric
neural network used to search for ﬁc)zg production with WZ-mediated superpartner decays. Evalu-
ations of the neural network are shown at dm = 20 GeV (top left), 90 GeV (top right), and 600 GeV
(bottom). The expected yields for signal mass hypotheses close to the expected mass exclusion limits
of the analysis are shown in green, and the legend lists the masses of the superpartners in these signal
hypotheses as (mig / miﬁ’) in units of GeV.
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Figure 9.20: Observed and expected number of events as a function of the output of the parametric
neural network used to search for )ﬁc%g production with flavor-democratic slepton-mediated super-
partner decays at z = 0.05. Evaluations of the neural network are shown at dm = 50 GeV (top left),
100 GeV (top right), and 800 GeV (bottom). The expected yields for signal mass hypotheses close to
the expected mass exclusion limits of the analysis are shown in green, and the legend lists the masses
of the superpartners in these signal hypotheses as (mig / mﬁ)) in units of GeV.



9.7. RESULTS
CMS 137 b (13 TeV)
U) T T T T \ \ T T T ‘ T T T ‘ T T =
= — XK.~ IvII(750/700) é Data E
g [ WZ [ Nonprompt
W 10°:= Wl zzH X+ y =
Bttt + X Il Multiboson 7

otal bkg. unc.
Qi?} TVTI, x = 0.5, dm = 50 GeV

Events

201

CM 137 b (13 TeV)
E T ‘ T T T ‘ T T E
g —?%"L IvI|(900/800) é Data E
- DWZ I Nonprompt
= ElX+y E

Il Multiboson 7

Tvﬁ, x =0.5, dm = 100 GeV

X~

10 10
1
) g bs./Bkg. ‘ E ) g bs./Bk E
D15 & OB i T D 150 & Ol T

o 12 == S . e o2 . ; 7777777 3 o 1fe—o—0 o o 0 _ b i;% 777777 3
g ng Stat. bkg. unc. Total bkg. unc. E 8 ng Stat. bkg. unc. Total bkg. unc. E
O o 02 04 06 08 1 O 0 02 04 06 08 1
Neural network output Neural network output

CMS 137 o (13 TeV)

U) T T T ‘ T T T ‘ T T T E

= —Q’?Z |v||(1350/550) é Data ]

g C]WZ [ Nonprompt

W 10° M zzH I X +y =

Bl e+ X Il Multiboson 7

otal bkg. unc. 7

- Wi, x=0.5,3m =800 GeV 1

X%, :

W0 E

10° E

10 =

1
) g bs./Bkg. ‘

2 15 & P . * e

28] 1Et=———e=——g——e=merm =) o, =

8 0(5)7 Stat. bkg. unc. Total bkg. unc. E

© 0 02 04 06 08 1

Neural network output

Figure 9.21: Observed and expected number of events as a function of the output of the parametric
neural network used to search for )ﬁc)?g production with flavor-democratic slepton-mediated super-
partner decays at x = 0.5. Evaluations of the neural network are shown at dm = 50 GeV (top left),
100 GeV (top right), and 800 GeV (bottom). The expected yields for signal mass hypotheses close to
the expected mass exclusion limits of the analysis are shown in green, and the legend lists the masses
of the superpartners in these signal hypotheses as (mig / miﬁ’) in units of GeV.
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Figure 9.22: Observed and expected number of events as a function of the output of the parametric
neural network used to search for )ﬁc%g production with flavor-democratic slepton-mediated super-
partner decays at z = 0.95. Evaluations of the neural network are shown at dm = 50 GeV (top left),
100 GeV (top right), and 800 GeV (bottom). The expected yields for signal mass hypotheses close to
the expected mass exclusion limits of the analysis are shown in green, and the legend lists the masses
the superpartners in these signal hypotheses as (mig / m%&)) in units of GeV.
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Figure 9.23: Observed and expected event yields in the search region bins for events with three light leptons out of which at least two form an
OSSF pair (3¢A). Three bins are labeled “Masked” and are excluded from the analysis fits to the 3¢A search region distribution because they
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Figure 9.24: Observed and expected event yields in the search region bins for events with two same-sign
leptons (2¢SS). The expected yields for two hypotheses of )?li)}’g production with flavor-democratic
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units of GeV.
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Figure 9.25: Observed and expected event yields in the search region bins for events with three light
leptons, none of which form an OSSF pair (3¢B). The expected yields for an hypothesis of 55%553
production with WH-mediated superpartner decays at ém = 125 (150) GeV are drawn as a solid black
(dashed green) line. The masses of the superpartners in the shown signal hypotheses are given in the
legend as (mgg/mgo) in units of GeV.
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Figure 9.26: Observed and expected event yields in the search region bins for events with a u*uT or
eTeT pair and a single 73, candidate (3/C). The expected yields for an hypothesis of 52{5558 production
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Figure 9.27: Observed and expected event yields in the search region bins for events with an e*pT
pair and a single 7, candidate (3¢D). The expected yields for an hypothesis of 52{5528 production with
7-dominated slepton-mediated superpartner decays with jm = 100 (500) GeV at x = 0.5 are drawn as
a solid red (dashed green) line. The masses of the superpartners in the shown signal hypotheses are
given in the legend as (mgg/mso) in units of GeV.
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Figure 9.28: Observed and expected event yields in the search region bins for events with a same-sign
light lepton pair and a single 7, candidate (3¢E). The expected yields for an hypothesis of 52{5528
production with 7-dominated slepton-mediated superpartner decays with ém = 100 (500) GeV at
x = 0.5 are drawn as a solid red (dashed green) line. The masses of the superpartners in the shown
signal hypotheses are given in the legend as (mig / m)??) in units of GeV.
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Figure 9.29: Observed and expected event yields in the search region bins for events with two m,
candidates and a single light lepton (3¢F). The expected yields for an hypothesis of ﬁc X9 production
with 7-dominated slepton-mediated superpartner decays with om = 100 (500) GeV at = = 0.5 are
drawn as a solid red (dashed green) line. The masses of the superpartners in the shown signal
hypotheses are given in the legend as (mig / m)??) in units of GeV.
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Figure 9.30: Observed and expected event yields in the search region bins for events with four light
leptons forming two exclusive OSSF pairs (4/G). The expected yields for three hypotheses of effective
XIX) production are shown. A model of ZZ-mediated superpartner decays with mso = 300 GeV is
drawn in blue. A model of HZ- (HH)-mediated superpartner decays with mg = 150 GeV is drawn
in black (orange). The masses of the mass-degenerate charginos and neutralinos in the shown signal

hypotheses are given in the legend as (m%(l)) in units of GeV.
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Figure 9.31: Observed and expected event yields in the search region bins for events with four light
leptons forming one or no exclusive OSSF pairs (4¢H, top left), three light leptons and a single 7, can-
didate (441, top right), two light leptons and two 7, candidates forming two OSSF pairs (44J, bottom
left), and two light leptons and two 7, candidates forming one or no OSSF pairs (4/K, bottom right).
The expected yields for an hypothesis of effective Y0} production with HH- (HZ)-mediated super-
partner decays at dm = 150 GeV are drawn for each event category as a solid orange (black dashed)
line. The masses of the mass-degenerate charginos and neutralinos in the shown signal hypotheses are
given in the legend as (mgo) in units of GeV.
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Figure 9.32: Observed test statistic values compared to the expected test statistic distributions for background-only fits to the search region bins
in each event category. The computation of the test statistic values follows the procedure in [371]. The symmetrized expected probability density
functions of the test statistics are drawn as gray shaded areas. The green (orange) bars represent the 68 (95)% expected test statistic ranges, and
the black dots indicate the observed test statistic values.
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Figure 9.33: Observed test statistic values compared to the expected test statistic distributions for background-only fits to the output distributions
of the parametric neural network used to search for )A{f)“{g production with WZ-mediated superpartner decays in 3¢/A events. The computation of
the test statistic values follows the procedure in [371]. Test statistic distributions are shown separately for each dm evaluation of the neural network
used in the analysis. The symmetrized expected probability density functions of the test statistics are drawn as gray shaded areas. The green
(orange) bars represent the 68 (95)% expected test statistic ranges, and the black dots indicate the observed test statistic values.
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Figure 9.34: Observed test statistic values compared to the expected test statistic distributions for background-only fits to the output distributions
of the parametric neural network used to search for ﬁcig production with slepton-mediated superpartner decays at £ = 0.05 in 3¢A events. The
figure contents are described in the caption of Fig.[9.33
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Figure 9.35: Observed test statistic values compared to the expected test statistic distributions for background-only fits to the output distributions
of the parametric neural network used to search for )Zf)zg production with slepton-mediated superpartner decays at = 0.5 in 3/A events. The
figure contents are described in the caption of Fig. [0.33]
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The observed test statistic values match the expected distributions in the search regions as well
as in the majority of the parametric neural network evaluations. For ﬁcig production with slepton-
mediated superpartner decays there are a number of evaluations where the observed test statistic
value falls outside of the 95% expected test statistic range. In none of these evaluations a significant
excess of events over the SM expectation is seen, but rather small mismatches between the predicted
neural network output shape and the distribution observed in collision data that are not signal-like.
Given the large number of evaluations some deviations are expected. Each neural network evaluation
is neither fully uncorrelated from the others nor fully correlated, and evaluations of the data at close
by dm values are more correlated than those at far away dm values.
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Table 9.15: Summary of the event categories used for the interpretation of the results in terms of
different signal models, and references to the associated figures summarizing the observed and expected
95% confidence level upper limits on the superpartner masses and production cross sections.

Signal model Categories included in fits Figures

ﬁcig production, slepton-mediated decays

: 2088, 3¢A (search regions and
Flavor-democratic neural networks fit separately in 3/A) 0-3719-39
T-enriched 3CA-3(F 9.40[9.42
T-dominated 3(B-3(F 9.43(9.43
—t . . 2(SS, 3¢A (search regions and

+~0 ~ ’
Xi Xz production, WZ-mediated decays neural network fit separately in 3¢A) 0-46
ﬁcig production, WH-mediated decays 2SS, 3¢ A-3(F 9.47,
Effective Y9x! production 3CA-4IK 9.489.50

9.8 Interpretations

No significant excess of events over the SM expectation is observed in any of the event categories. We
proceed to use the observed event yields to put constraints on )zlifzg production and effective Y9x9
production. Each of the search categories provides sensitivity to one or more of the models introduced
in Section 9.2 The interpretation of the results in terms of a particular model is done by means of
a maximum likelihood fit to the analysis bins in the search categories providing sensitivity to this
model. An overview of which event categories are included in the fit for each signal model, as well as
a reference to the figures showing the exclusion limits for each signal model are given in Table

For each signal mass hypothesis a 95% confidence level upper limit on the cross section is computed
with CLg method [287, |288| following a similar approach to that described in Section where upper
limits on sterile neutrino production were determined. The asymptotic approximation of the distribu-
tion of the profile likelihood test statistic [291, 292] is used, and the systematic uncertainties introduced
in Section are included as nuisance parameters in the likelihood function. The template morphing
technique [289] with Gaussian probability density functions is employed to account for uncertainty
sources that affect the shape of the expected signal or background distributions. To model uncertain-
ties that only affect the normalization of processes, nuisance parameters with log-normal probability
density functions are used. The effects of the statistical uncertainties in the simulated samples and
the sideband data used to predict the sign misidentification and nonprompt lepton backgounds, are
included in the fit with the Barlow-Beeston method [290].

The expected cross sections for superpartner production decrease rapidly as a function of the
masses of the produced superpartners, as illustrated in Fig.[9.1} By comparing the upper limits set on
the production cross section at each combination of NLSP and LSP masses we can exclude the range
of superpartner masses for which the excluded cross section value is smaller than the expected one.
Note here that the expected signal production cross sections depend only on the NLSP mass while the
exclusion limits depend on both the NLSP and LSP masses because the latter affects the kinematics
of the final state particles. The theoretical reference cross sections used in the calculations are those
described in Section computed at NLO precision in perturbative QCD with a next-to-leading
logarithmic precision in the resummation of soft gluon emission.

The exclusion limits for )?%)Zg production with flavor-democratic slepton-mediated superpartner
decays are shown in Fig. to The sensitivity of the analysis to this scenario is dominated by
3¢A events. For compressed signal models the 2/SS search regions significantly boost the analysis reach
by recovering events in which one or more leptons fails to be selected. For signal models with x = 0.05
or x = 0.95, and dm values below 30 GeV, 2/SS events form the most important contribution to the
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search results. The exclusion limits for models with flavor-democratic slepton-mediated superpartner
decays are evaluated twice: Once by fitting the neural network output distributions at each dm value,
and once with the search region approach. The search region and neural network analyses use the
same set of events, so they can not be used simultaneously.

The neural network analysis provides more stringent exclusion limits than the search regions for
every signal mass hypothesis. The difference between the two approaches is largest when x = 0.95,
Le. my is close to msg. These are most compressed signal hypotheses. The expected neural network
exclusion limits are higher by up to 250 GeV in msy and 150 GeV in msgo when compared to the 3¢A
search region results. This corresponds to excluded cross sections that are two times lower, or in other
words a relative analysis improvement of 100%. Here it must be noted that the new search regions
themselves already improve the results by about 100% in the same data set when compared to the
search regions of the previous analysis iteration. In addition, the new search regions are inspired
by what the neural networks learned. Compared to the old analysis strategy the neural networks
thus reduce the excluded cross sections by up to a factor four in the same data set. The full Run 2
collision data set is about four times larger than the 2016 data set used previously, corresponding to
an expected analysis improvement by approximately a factor two. On can then conclude that the
new neural network analysis run on the 2016 data set would be roughly twice as powerful as the old
analysis run on the full Run 2 data set. When the slepton mass gets smaller (x = 0.5 and = = 0.05)
signal events are easier to distinguish from the background because of the harder lepton pr spectra,
and the improvements given by the neural network analysis become smaller. When compared to the
new search region analysis the neural networks extend the expected exclusion limits by up to 100 GeV
in msg and mso, a relative improvement of 50% in the excluded cross sections. The improvements
in the excluded cross sections at very low ém values are often greater than 100% at x = 0.5, and
smaller than 50% for models with x = 0.05 and x = 0.95. All in all, NLSP and LSP values up to
respectively 1450 GeV and 1000 GeV can be excluded by the neural network analysis under certain
model hypotheses. These are by far the highest direct exclusion limits on the masses of electroweak
superpartners achieved in any analysis, as shown in Fig. [9.3] and in any experiment. Compared to
the previous analysis iteration the exclusion limits are extended by up to 400 GeV in the NLSP mass,
corresponding to production cross sections that are a factor 9 lower.

The sensitivity to models of ﬁcig production with 7-enriched and 7-dominated slepton-mediated
superpartner decays is driven by search categories 3¢/B to 3/F. For 7-enriched models 3/A and 2/SS
events increase the reach of the search so these categories are also evaluated. For 7-dominated scenarios
these categories are not included in the fits. The exclusion limits for 7-enriched (7-dominated) scenarios
are shown in Fig. 9.40] to [9.42] (Fig. 9.43/t0[9.45). In the 7-enriched scenario mszy (m%?) values up to
1150 (1000) GeV are excluded. Compared to the previous analysis, the limits are extended by 150 GeV
in the NLSP mass, equating excluded cross sections that are two times lower. For 7-dominated
scenarios the exclusion limits reach up to msgg (msgo) values of 970 (450) GeV. The analysis is notably
less sensitive to compressed 7-dominated decay scenarios because of the large pr threshold of 20 GeV
imposed in the 73, candidate selection. In the previous analysis iteration relatively little effort was spent
on the optimization of the search for 7-dominated scenarios, so the improvements from the updated
search region strategy and 7, selection criteria are large. The excluded mass range is increased by

350 GeV in msg, equivalent to excluded cross sections that are a factor 10 lower, and 200 GeV in mso.

The reach of the search for models of ﬁcig production with WZ-mediated superpartner decays
is largely determined by 3f¢A events. The 2/SS event category adds a bit of sensitivity, mostly at
low édm values. As for the models with flavor-democratic slepton-mediated superpartner decays, the
computation of the excluded cross section for each mass point is performed twice: Once with the
parametric neural network analysis of 3¢/A and once with the search region approach. The exclusion
limits for this decay scenario are shown in Fig. The parametric neural network has a greater
sensitivity than the search region bins for all signal mass hypotheses, and results in excluded msy

(mgo) values that are up to 130 (50) GeV larger. The relative improvements in the excluded cross

sections that result from using the neural network range from 40 to 30% at medium to high dm values,
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Figure 9.37: Interpretation of the search results for models of ﬁc X9 production with flavor-democratic
slepton-mediated superpartner decays at x = 0.05. The colored shading, the red, and the black
lines in the figure are determined with the parametric neural network analysis of 3/A events. The
colors of the shading represent the 95% confidence level upper limits on the )Z%)?g production cross
sections, where the theoretical reference cross sections are those described in Section The lines
superimposed on the shaded area mark superpartner masses below which the excluded cross sections
are lower than the predicted ones. This means that )Zfig production is excluded in scenarios below
these lines. The thick and thin red dashed lines respectively show the expected exclusion limits in
the absence of signal, and the one standard deviation bounds from the experimental uncertainties
in the signal and background predictions as well as the theoretical uncertainties in the background
prediction. The thick and thin solid black lines respectively delineate the observed exclusion limit,
and the one standard deviation bounds due to the uncertainty in the signal production cross sections.
The solid blue line represents the expected exclusion curve obtained by using the search region based
analysis in 3¢A events. The solid green curve contains the results from the previous iteration of this
analysis that analyzed 35.9fb~! of 13 TeV pp collision data [5].
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Figure 9.38: Interpretation of the search results for models of ﬁc X9 production with flavor-democratic
slepton-mediated superpartner decays at = 0.5. The figure contents are explained in the caption of
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Figure 9.39: Interpretation of the search results for models of )ﬁt X9 production with flavor-democratic
slepton-mediated superpartner decays at x = 0.95. The figure contents are explained in the caption

of Fig. [9.37]
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Figure 9.40: Interpretation of the search results for models of ﬁc X9 production with T-enriched slepton-

mediated superpartner decays at x = 0.05. The figure contents are explained in the caption of Fig.
with the difference that only a search region based analysis is used for this model.

200
107t

CMS 137 fb™ (13 TeV) Lo
<) 10004_| | T T T | T I-I..,I T T T |~| T T | T T T | T T T | —0 _§ S
2 - pp — XX - WL BRKO- =1, m = 05mp+05m;, 4 4 £
O | ) 2 | . X ] -
~ - #===0Observed + 10y, NLO+NLL excl. 1 210 2
Eﬁk 800—= =2 Expected £ 10g,qimen — JHEP03(2018)166 obs.| 3 §
| ] =N | — (7))
- \\\ I 102 5
600— W\ - 3 G
L ! L N S
B \\ \ 4 510 =
B \\ “ n E g
400— — -
(4]
o
=)
_|
@)
S
Lo
(0}

01—||||||||||||||||||||

1 1 1 I 11— 10_2
200 400 600 800 1000 1200 1400
Mz = My (GeV
= M (GeV)

Figure 9.41: Interpretation of the search results for models of )?f X9 production with 7-enriched slepton-

mediated superpartner decays at x = 0.5. The figure contents are explained in the caption of Fig.
with the difference that only a search region based analysis is used for this model.
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Figure 9.42: Interpretation of the search results for models of )ﬁc X9 production with 7-enriched slepton-

mediated superpartner decays at © = 0.95. The figure contents are explained in the caption of Fig.
with the difference that only a search region based analysis is used for this model.
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Figure 9.43: Interpretation of the search results for models of gfgg production with 7-dominated
slepton-mediated superpartner decays at x = 0.05. The figure contents are explained in the caption
of Fig. with the difference that only a search region based analysis is used for this model. The
results of the previous iteration of this search were not evaluated in terms of this Xliig decay model,
so no corresponding exclusion curve is available.
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Figure 9.44: Interpretation of the search results for models of 55?558 production with 7-dominated
slepton-mediated superpartner decays at = 0.5. The figure contents are explained in the caption of
Fig. with the difference that only a search region based analysis is used for this model.
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Figure 9.45: Interpretation of the search results for models of Y X1 X9 production with 7-dominated
slepton-mediated superpartner decays at z = 0.95. The figure contents are explained in the caption
of Fig. [9.37] with the difference that only a search region based analysis is used for this model. The
results of the previous iteration of this search were not evaluated in terms of this 5('{5528 decay model,
so no corresponding exclusion curve is available.
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Figure 9.46: Interpretation of the search results for models of ﬁcig production with WZ-mediated
superpartner decays at x = 0.95. The figure contents are explained in the caption of Fig.

and are usually more than 200% at low dm values. The excluded mass range increases by 200 GeV in
msy compared to the previous analysis iteration, meaning cross sections a factor 6 lower are excluded,
and 130 GeV in mso. The reach of the previous analysis was extremely limited in the WZ corridor
(Section , resulting in a gap in the exclusion limits. This gap is almost completely closed by the
new search. The presented results are the most stringent exclusion limits available in the WZ corridor
at the time of writing.

The H boson has a highly diverse set of decay modes. All search categories are therefore combined
to search for )Zfig production with WH-mediated superpartner decays. Of particular importance is
category 3¢B, in which the search regions are designed to exploit the spin correlations in H - WW —
(Tvl~v decays (Section . The exclusion limits for scenarios with WH-mediated superpartner
decays can be found in Fig. The exclusion limits extend up to 260 GeV in mgo and 70 GeV
in mzo. Compared to the previous analysis iteration the excluded mgo range is extended by about
80 GeV, meaning the excluded cross sections are lowered by a factor 4. Meanwhile, the excluded mgo
range is increased by 40 GeV.

The search for models of effective Y7} production also makes use of all analyzed event categories.
For ZZ-mediated superpartner decays 4/G events are the main source of sensitivity. If the decay goes
via the emission of an H and a Z boson, all of the four lepton categories drive the sensitivity at low mso
values, while events with three leptons rise to prominence at high mso values. When both neutralinos
decay via the emission of an H boson the three lepton event categories are the most important ones.
The exclusion limits for all effective XX production models are shown in Fig. to Under the
hypothesis that both neutralinos decay to a Z boson, neutralino masses below 600 GeV are excluded.
For decays via an H and a Z boson, neutralino masses below 400 GeV are excluded, while the exclusion
limits only extend up to 200 GeV if both neutralinos decay by emitting an H boson.
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Figure 9.47: Interpretation of the search results for models of yfgg production with WH-mediated
superpartner decays at x = 0.5. The figure contents are explained in the caption of Fig. [9.37 with
the difference that only a search region based analysis is used for this model.
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Figure 9.48: Interpretation of the search results for models of effective x{x? production with ZZ-
mediated superpartner decays. The expected exclusion limits on the XX production cross section
are shown as a black dashed line, with the corresponding one and two standard deviation contours
shown in green and orange. These deviations come from experimental and theoretical uncertainties
in the background prediction as well as experimental uncertainties in the prediction of the expected
signal yields. The expected YUX! pair production cross sections with their associated uncertainties are
drawn in red. The solid black line represents the observed exclusion limits on the cross sections, and
any mso value to the left of the crossing of the red and black lines is excluded. The observed exclusion
limit for the previous iteration of the search is drawn as a blue dashed line.
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Figure 9.49: Interpretation of the search results for models of effective XJx? production with HZ-
mediated superpartner decays. The figure contents are explained in the caption of Fig.
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Figure 9.50: Interpretation of the search results for models of effective xJx? production with HH-
mediated superpartner decays. The figure contents are explained in the caption of Fig. @
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9.9 Summary and outlook

Supersymmetry is able to address many of the open problems in physics and was long deemed to be
one of the most likely candidates for physics beyond the SM. The theory predicts the existence of
superpartners: Fermionic partners to every SM boson and vice-versa for fermions. In the absence of
evidence for the production of strongly interacting superpartners in a deluge of searches by the ATLAS
and CMS collaborations, electroweak production of superpartners becomes the next search target.

An extensive search for the direct production of charginos and neutralinos, mass eigenstates com-
posed of the superpartners of the electroweak gauge and H bosons, is presented. The number of
possible manifestations of electroweak superpartner production is large, necessitating the analysis of a
legion of final states. The search covers events with three or more leptons, including up to two hadron-
ically decaying 7 lepton (73,) candidates, as well as events with two light leptons of the same sign. The
analyzed final states are relatively rare in the SM, while electroweak superpartner production might
have large branching fractions to multilepton events.

Events are divided into twelve different categories by their lepton flavor and charge content. Each
search category provides sensitivity to one or more distinct hypotheses of superpartner production. A
set of orthogonal search region bins is optimized in each of the search categories. In events with three
light leptons, at least two of which form an opposite sign and same flavor (OSSF) pair, parametric
neural networks are used to search for signal events. This technique is adopted for the first time in
such a search and results in massive improvements compared to using search region bins. For many
signal hypotheses the expected analysis sensitivity is increased by more than 100%, and sometimes
the improvements are even larger.

No significant excess of events over the SM expectation is observed in any of the search region bins
or parametric neural network evaluations. The observed yields are used to set limits on a number of
simplified benchmark models of chargino-neutralino pair production in which the lightest neutralino is
the lightest supersymmetric particle, and models of effective neutralino pair production with a nearly
massless gravitino as the lightest supersymmetric particle.

In supersymmetric scenarios where left-handed sleptons exist with masses lower than those of the
charginos and heavy neutralinos, the chargino and neutralino decays could be mediated by intermediate
sleptons. The branching fraction to multilepton events is high in such a scenario, and all lepton flavors
would occur in the final state with equal probability. Under these circumstances the search sensitivity
is dominated by events with three light leptons, at least two of which form an OSSF pair. With the
parametric neural network analysis, lower limits in the chargino mass up to 1450 GeV are set. For
compressed signal models, i.e. when some of the final state leptons are soft, events with two same-sign
light leptons add significant sensitivity.

If only right-handed sleptons are lighter than the charginos, charginos would predominately decay
to 7 leptons. Under these conditions chargino masses up to 1150 GeV can be excluded. Another
possibility is that the superpartners of the electrons and muons are out of reach, and only 7 lepton
superpartners are relatively light. In that case both charginos and neutralinos exclusively decay to
7 leptons, and the lower limits on the chargino mass range up to 970 GeV. The sensitivity to all
scenarios that favor 7 leptons in the final state is significantly enhanced by analyzing events with 7,
candidates.

All slepton flavors could be heavy and decoupled. If that is the case, charginos and neutralinos
have to decay via the emission of W, H, or Z bosons. For decays of chargino-neutralino pairs through
W and Z bosons, events with three light leptons, two of which form an OSSF pair, once again make
up the most important search category. The use of a parametric neural network in these events
leads to lower limits in the chargino mass that extend up to 650 GeV. If the neutralino emits an
H boson instead of a Z boson in its decay, chargino masses up to 300 GeV can be excluded. Given
the multiplicity of H boson decay modes, many of the analyzed final states provide signal sensitivity
under this decay hypothesis. The search region binning in events with three light leptons without an
OSSF pair is tailored for identifying signals with H boson decays by exploiting the spin correlations
in H— WW — (Tuvl~v decays.
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In the studied models of effective neutralino pair production, both neutralinos decay via the emis-
sion of an H or Z boson. The analysis of events with four leptons in the final state is important
for achieving maximum sensitivity to these models, but three lepton events also remain relevant.
Neutralino masses up to 600 GeV are excluded in these scenarios.

The results of this analysis provide the strongest constraints on the production of charginos and
neutralinos under several conditions. The exclusion limits under all hypotheses of slepton-mediated
superpartner decays are at the time of writing the most stringent in existence. Under the hypothesis
of chargino and neutralino decays via left-handed sleptons, superpartner masses up to 1450 GeV are
excluded. These are the highest excluded masses for electroweak superpartners in any analysis at
any experiment. When the chargino and neutralino decays are mediated by a W and a Z boson and
the difference between the masses of the chargino and the lightest neutralino approaches the Z boson
mass, the sensitivity of searches is significantly reduced. This is because signal events under these
hypotheses look highly SM-like. This analysis provides by far the strongest limits in that challenging
regime.

As in every analysis, further improvements can certainly be made. One area where there is a lot
of potential for enhancing the sensitivity of the search is extending the usage of the parametric neural
networks. Currently, parametric neural networks are only used in one final state and for a subset of
the probed signal hypotheses. Using parametric neural networks brings about large improvements to
the analysis sensitivity, in some cases more than 100% over the reach of search region bins, which
are themselves partially inspired by the features learned by the parametric neural networks. It is not
unlikely that similar improvements could be made for signal hypotheses for which the search currently
relies only on orthogonal search region bins. Introducing more parametric neural networks would not
come without cost: A great deal of additional complexity would be added to this already immense
analysis.

The identification of 7, candidates could be significantly improved, which would extend the search
results for superpartner decay scenarios favoring 7 leptons. Currently, we use BDT based 7, identi-
fication algorithms, but CMS has recently introduced the DEEPTAU algorithm [355]. This is a deep
neural network for identifying 7, candidates, which has a vastly superior performance compared to
BDT based methods. At a fixed efficiency for identifying prompt 7, candidates, the background rate
from misidentified jets could be reduced by about a factor two compared to the identification strategy
used in the current search. Given the fact that the reducible background from nonprompt 7, candi-
dates is by far the largest background in the final states that include 7, candidates this should be a
promising and straightforward avenue for improving the presented results.

Significantly improving the analysis techniques for events with three light leptons, two of which
form an OSSF pair, should be expected to be comparatively difficult. The parametric neural networks
can certainly be improved, but they went through an extensive optimization procedure and seem to
use all event information that could hint at the presence of charginos and neutralinos [?l Further
optimizations are likely to give only incremental improvements. Improving the lepton identification
or event selection strategy will also give limited results since the irreducible background from SM WZ
production already makes up the vast majority of background events.

Redoing the analysis once more data has been collected is a sure way of increasing the sensitivity
of the search. The returns of a larger data set collected at the same center of mass energy are
unfortunately quickly diminishing for supersymmetry searches such as this one. In the absence of
changes in the analysis techniques, the expected sensitivity increases roughly with the square root of
the data volume, as long as systematic uncertainties do not put a stop to this. Meanwhile, the cross
sections for superpartner production decrease rapidly with the superpartner mass as shown in Fig.
Vastly better analysis techniques are therefore needed every time one wants to considerably increase
the probed superpartner mass range. These odds are not favorable, and searches for supersymmetry
in their current incarnation seem likely to fall out of favor until higher energy collisions than those
currently provided by the LHC become available. Meanwhile, alternative final states, or kinematic

13 At least to the extent that our simulation of chargino-neutralino production captures these features.
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regions where the current sensitivity is limited seem to be more promising avenues for future work.
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Chapter 10

Summary and outlook

“You have not reached the end yet!
While you were on your way there
they were great marvels
three grievous wonders”

Elias Lonnrot, Kalevala

Several pressing questions remain open in the SM. This dissertation highlighted a small part of the
CMS Collaboration effort in addressing these questions. Three searches for distinct physical processes
in the 13 TeV proton-proton collision data set collected with the CMS detector from 2016 to 2018 were
presented. While the targets of the searches differ greatly, they share a large degree of experimental
similarity. All of them exploit events with multiple charged leptons in the final state. Leptons do not
interact via the strong interaction and therefore do not hadronize, providing an exceptionally clean
signal in the detector. They are reconstructed and identified with high efficiency and low background
rates. The added advantage of events with multiple leptons from the decay of heavy particles such as
electroweak bosons, is that they are rare in the SM. Small irreducible and reducible background rates
allow the presented searches to achieve a high sensitivity to their target signals, sometimes despite
relatively low branching fractions.

Two of the discussed searches target physics beyond the SM. The first search aims to find sterile
Majorana neutrinos in W 5 N¢ decays in which the sterile neutrino itself decays to two additional
leptons (Chapter . Searches for sterile neutrinos in the multilepton final state had never been
performed at the LHC up to the publication of this search. It was the first time sterile neutrinos with
masses exceeding 500 GeV were directly probed, and the first search at a hadron collider sensitive to
sterile neutrino masses in the range below 40 GeV. A more detailed summary of this analysis and a
corresponding outlook is given in Section

The last search presented in the dissertation targets the production of the superpartners of the
electroweak bosons (Chapter @I) This search is the first of its kind to use parametric neural networks.
The neural networks address difficulties in the optimization of orthogonal search region bins in searches
with a broad and complex range of signal event topologies. Compared to classical analysis techniques
based on orthogonal bins, the parametric neural networks result in large improvements to the reach of
the search. Under many conditions the improvements brought by the neural networks are greater than
what a quadrupling of the analyzed the data volume would bring. The rest of the analysis strategy is
also reoptimized compared to earlier work, and the search is the most powerful probe of electroweak
superpartner production to date for a multitude of signal hypotheses. A more thorough summary can
be found in Section [9.91

In neither the search for sterile neutrinos nor the search for electroweak superpartner production,
a significant excess of events over the SM expectation is observed. New physics remains elusive, and
the observed event yields are used to place constraints on possible beyond the SM physics scenarios.

Aside from searches for physics beyond the SM, this dissertation covers a search for an extremely
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rare SM process: Single top quark production in association with a Z boson (tZq). The process
remained unobserved before the analysis presented in Chapter [8 was published. The use of machine
learning in a crucial part of the analysis, the identification of signal leptons, proved to be the missing
ingredient in earlier attempts to discover the process. We observe tZq production with a significance
well above five standard deviations over the background-only hypothesis. The kinematics of the tZq
process are extraordinarily sensitive to modifications to the SM by new physics, even if said physics
would be beyond the direct reach of the LHC. We therefore study the Z boson pr spectrum in very
tZqg-like events, but see no deviations from the SM expectation. Section gives a comprehensive
summary.

The searches for tZq production and electroweak production of superpartners both showcase the
power of machine learning techniques. The main difference between the applied learning algorithms
and classical particle identification or search strategies is that modern machine learning uses gradient
based optimization schemes. The direction awareness in such optimization schemes results in perfor-
mance that tends to be unilaterally better than what can be achieved by tuning sets of orthogonal
thresholds. The search for sterile neutrinos that was presented could be improved greatly by taking
inspiration from the two newer publications. The use of a machine learning based lepton identifica-
tion, as well as a parametric neural network to identify sterile neutrino events, could probably make
the analysis sensitive to sterile neutrino production cross sections several factors lower than those
currently probed.

The analyses presented in this dissertation use the full 13 TeV proton-proton collision data set
collected with the CMS detector from 2016 to 2018, or subsets thereof. This data set has a total
integrated luminosity of 137fb™!, all of which is used in the search for electroweak superpartner
production. The searches for sterile neutrinos and tZq production only use 35.9 and 77.4fb~! of pp
collision data respectively because they were carried out while data was still being collected. Over its
lifetime the LHC is planned to deliver an integrated luminosity of approximately 3000 fb~* [372,1373].
This is an immense increase in the size of the data set, but not all of the covered research subjects
will benefit from this equally.

The horizon might look the brightest for future searches for sterile neutrino production. As men-
tioned above, the use of machine learning techniques in the right parts of the analysis could extend
the reach of the presented search by a similar amount as a data volume increase of several factors.
The total data set expected to be collected with the LHC is almost 100 times larger than what was
analyzed, so large improvements would obviously follow. The presented results also do not target
sterile neutrinos that have a significant lifetime before decaying. This necessarily limits the reach
at low sterile neutrino masses. This gap could be filled with dedicated searches for low-mass sterile
neutrinos that target decay products originating from a vertex displaced with respect to the primary
pp interaction vertex. Both ATLAS [276] and CMS [277| carried out such searches in the multilepton
final state. At sterile neutrino masses of a few GeV these searches set upper limits on the square
of the mixing parameter between sterile and SM neutrinos that are orders of magnitude lower than
those set with the presented analysis. Twice as many sterile neutrino decays result in hadrons as in
leptons, so further analyses of hadronic final states can further improve the coverage of sterile neutrino
searches. These searches might target both high-mass sterile neutrinos resulting in jets originating
from the primary pp interaction vertex and low-mass sterile neutrinos giving rise to displaced jets.

Sterile neutrinos with masses below several GeV can be probed at a number of different experiments
than the LHC. Many of these provide very stringent exclusion limits, and a brief overview was given
in Section As soon as the neutrino masses one wants to probe exceed a few GeV however, the
LHC is the only option. When it comes to the other two topics of the dissertation: Searches for tZq
production and direct superpartner production, the LHC is the only machine that is currently able to
provide results.

For tZq production we have now transitioned from searches to an era of precision measurements.
The work presented here measured the total tZq production cross section with a relative uncertainty
of 15%, twice as precise as any previous measurement. While the presented results constitute a
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tremendous improvement over its predecessors, further improvements to the analysis techniques in
the measurement of the integral tZq cross section will probably be small and incremental. This can
be seen from the results obtained with the full Run 2 data set by the ATLAS [308] and CMS [245]
Collaborations. The ATLAS result has the same relative uncertainty as the one presented in this
dissertation, although 80% more data is analyzed. The newer CMS result is roughly equivalent
to extrapolating the presented analysis to the greater integrated luminosity of the full Run 2 data
set. Simply adding even more data will not improve the precision much further because the total
statistical uncertainty in the latest tZq cross section measurements is almost as small as the systematic
uncertainty. A reduction in the systematic uncertainties is necessary, though it must be noted that a
larger data set might help with this indirectly. Differential tZq cross section measurements are a more
promising avenue for future work. The kinematics of tZq production are highly sensitive to deviations
from the SM [297], motivating such measurements. In addition, differential measurements of the tZq
cross section are statistically limited and should be expected to become increasingly precise with the
collection of more data for a long time to come. The latest CMS tZq measurement [245] sets the first
step in this direction.

Searches for superpartner production seem to go towards a relatively uncertain future. Every
search for both strong and electroweak superpartner production at the LHC has returned null results.
In most analyzed final states results are now available that exploit the full LHC Run 2 data set. The
search sensitivity one can gain from collecting more data is only proportional to the square root of the
data volume. Meanwhile, superpartner production cross sections fall off sharply with the superpartner
masses at a given collision center of mass energy. Any returns from the large data increase that is
expected by the end of the LHC’s operation should be expected to be small. Analysis improvements
can undoubtedly be made, but it will be a hard battle against the rapidly decreasing cross sections.
The situation could be somewhat improved if later runs of the LHC increase the center of mass energy
of the collisions to 14 TeV. The increase in the window we can probe by going from 13 TeV to 14 TeV
collisions is still rather limited. It might require a next generation collider becoming operational to
take another leap in our knowledge about supersymmetry. In the meantime, alternative superpartner
production and decay scenarios, and more exotic final states that are not covered by any of the current
searches might be explored.
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